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Resumen/ Abstract

RESUMEN

Los circuitos talamicos estan formados por neuronas de proyeccion excitadoras y neuronas
inhibidoras. De manera similar a como ocutrre en la corteza, las neuronas excitadoras
talamicas nacen de progenitores que se encuentran en la zona proliferativa del talamo en
desarrollo, mientras que las interneuronas inhibidoras locales nacen fuera del talamo y
necesitan migrar hasta ¢l para integrarse en el circuito. En ratdn, las interneuronas locales del
talamo se encuentran principalmente en el nacleo dorso-lateral geniculado (dLGN), el ntcleo
visual primario, encargado de recibir los axones retinales y proyectar a la corteza visual
primaria (V1). La integraciéon de estas interneuronas en el circuito comienza durante el
desarrollo postnatal temprano en ratén. A pesar del estado inmaduro de las conexiones
neuronales a esta edad, los circuitos son activos de manera espontanea, con patrones
definidos de disparo. Por lo general, se ha observado que la actividad periférica es relevante
para la correcta migracion e integracion de las interneuronas talamicas. Sin embargo, atn no
esta claro si estos procesos se ven afectados por patrones especificos de actividad que surgen
en paralelo y son mediadas por otras fuentes. En este proyecto, describimos cémo las
interneuronas se comportan de manera diferente a distintas etapas del desarrollo, desde
estadfos tardios embrionarios hasta estadios postnatales tempranos, tras interrumpir la
actividad retinal o talamica. El bloqueo de la actividad retinal mediante diferentes
procedimientos confirma resultados previos que sugieren que los axones retinales son
necesarios por la colocacion de las interneuronas en el dLGN. Asimismo, hemos observado
que la actividad intrinseca del tilamo es también importante para la velocidad de migracion
de estas interneuronas locales talamicas. Ademas, hemos visto que la actividad espontanea
talamica durante el desarrollo embrionario es necesaria para el correcto posicionamiento de
las interneuronas corticales en V1, principalmente aquellas que expresan SST y PV. Es
interesante observar que los resultados obtenidos combinando todos los modelos muestran
que el dLGN necesita llegar a un nimero concreto de interneuronas locales talamicas. Puesto
que hay evidencias previas que sugieren que la maduracién de la microglia y las interneuronas
podria estar conectada, buscamos también estudiar las células microgliales en nuestros
modelos. De esta forma, encontramos que la actividad intrinseca del talamo afecta a la
densidad de microglia talamica, asi como a la microglia cortical en estadios postnatales,
mientras que la supresion de la actividad retinal no afecta a estas células. Asi, la combinacion

de todos estos resultados sugiere que los patrones tempranos de actividad talamica son un



Resumen/ Abstract

factor novedoso involucrado en la correcta integracién de las interneuronas en el sistema

visual.
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Resumen/ Abstract

ABSTRACT

Thalamic circuits are formed by excitatory projecting neurons and inhibitory neurons. Both
cell types are essential for processing information. Similar to what happens in the cortex,
thalamic excitatory neurons are born from progenitors found in the proliferative zone of the
developing thalamus, while local thalamic inhibitory interneurons are born elsewhere and
need to migrate in order to integrate into the thalamic circuit. In mice, local thalamic
interneurons are mainly found in the dorso-lateral geniculate nucleus (dLGN), the primary
visual nucleus of the thalamus, which receives retinal axons and projects to the primary visual
cortex (V1). The integration of migrating interneurons into circuits starts during early
postnatal development in mouse. In spite of the rather immature state of neuronal
connectivity at this stage, circuits are spontaneously active with defined and different patterns
of firing. In general, peripheral activity has been shown relevant to the correct migration and
integration of thalamic interneurons. However, it is not clear whether these processes are
differentially affected by specific patterns of activity that arise at subsequent temporal
windows and are driven by different sources. Here, we describe how interneurons behave at
different developmental stages ranging from late embryonic to early postnatal days, upon
disruption of retinal or thalamic activity. The blockage of the retinal waves by different means
have confirmed previous results suggesting that retinal axons are necessary for the correct
allocation of interneurons into the dLGN. In addition, we have observed that thalamic
intrinsic activity is also important for the speed of migration of local thalamic interneurons.
Furthermore, we have seen that thalamic spontaneous activity during embryonic
development is necessary for the correct positioning of cortical interneurons in V1, mainly
somatostatin- and parvalbumin-expressing interneurons. Interestingly, the results obtained
using the combination of models show that the dLGN needs to reach a given number of
local thalamic interneurons. Because previous evidence suggests that the maturation of
microglia and interneurons might be connected, we sought to study microglia cells in our
models. We found that changes in intrinsic thalamic activity affect the density of thalamic
microglia, as well as cortical microglia at postnatal stages, meanwhile the ablation of retinal
activity does not affect these immune cells. Thus, all these results point at the early pattern
of thalamic activity as a novel factor involved in the correct integration of interneurons

within the visual pathway.
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Introduction

INTRODUCTION

1. Overview

The brain is a complex organ composed by many different structures that together conform the
Central Nervous System. The neurons, which can be either excitatory or inhibitory, assemble the
intricate network that directs the information coming from the environment and our own system
to the respective areas where it is processed. In addition to neurons, there are other cell types that
participate in this neural net, the glia. Among glia, we can find: 1) astrocytes, which are stellate cells
that exchange nutrients with neurons; if) oligodendrocytes, which wrap around the neuronal axons;

and iif) microglia, which are cells constantly surveilling the brain tissue.

In this thesis, we have studied two different populations of cells, inhibitory GABAergic
interneurons and microglia, and how neuronal activity can affect them during development. We
have focused on the thalamus, one of the main hubs for sensory processing, where interneurons
are mainly found in the visual nucleus. Thus, we have directed our attention towards the visual
pathway and how retinal activity or thalamic activity can influence the development of different

cell-types.

2. The development of the visual pathway

2. 1. General overview

During development, sensory information passes through different sensory centers and is directed
towards the cortex in a topographically organized manner. Neuronal activity plays an important
role strengthening the connectivity between neighbor cells and promoting point-to-point
topographical representations from the periphery to the cortex (Bednar & Wilson, 2016). Three
sensory modalities that relay in the thalamus follow this principle: the somatotopic map in the
somatosensory system, the retinotopic map in the visual system, and the tonotopic map in the

auditory system (Fig 1) (Woolsey 1978, Merzenich et al., 1975; Tusa et al., 1978, respectively).
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There are several mechanisms that regulate the construction of this organization, such as axon

guidance cues, axon competition, and neuronal activity.

Figure 1. Connectivity from the peripheral stations to the thalamus and cortex. Schema showing how the
primary sensory inputs from the peripheral sensory stations (whiskers, cochlea, and eye in mice) connect to the FO
thalamic nuclei (VPM, dLGN, MGv), and the connections from the thalamus into the corresponding primary sensory
cortices (S1, V1, Al). VPM: Ventral posteromedial nucleus; dLGN: dorso lateral geniculate nucleus; MGv: ventral
medial geniculate nucleus; S1: primary somatosensory cortex; V1: primary visual cortex; Al: primary auditory cortex.

Adapted from Martini et al., 2021.

2. 2. Neuroplasticity in the development of the sensory systems

During embryonic development, the topographical maps are established independent of sensory
experience. Nevertheless, the later arrival of external stimuli varies the position and size of these
areas (Huberman et al., 2008; Thompson et al., 2016). This plasticity has been described in different
models of peripheral deprivation, such as blindness or deafness. In these cases, there is a

compensatory mechanism increasing the processing power in the spared modalities, a
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phenomenon called cross-modal plasticity. This cross-modal plasticity has been well described in

different models of visual deprivation, where some existent or novel intermodal connections

appear (Bavelier & Neville, 2002; Pascual-Leone et al., 2005).

2. 3. The visual system: From the retina to the visual cortex

The function of the visual system is to receive, process and interpret visual information from the
environment. The retina, as a peripheral station, is the beginning of the visual pathway. Its function
is translating the light into biolelectrical signals. It is formed by three layers: a layer with retinal
ganglion cells, the inner nuclear layer; and the outer nuclear layer, which are intermingled with two
synapse layers. From the outside to the inside, the first layer is the outer nuclear layer. Cones and
rods are the photoreceptors that populate and form this layer, and they detect changes in the light.
The second layer is the inner nuclear layer, which has bipolar, horizontal and amacrine cells.
Amacrine and horizontal cells are in charge of filtering the visual information before it arrives to
the bipolar cells. Bipolar cells, which integrate the filtered input, send the information to the layer
of retinal ganglion cells (RGCs) (Masland, 2012). The RGCs are a wide population of cells
comprised of more than thirty different subtypes. These cells are highly specialized, and can
respond specifically to different stimuli, such as changes in light and darkness, or changes in
directions (Baden et al., 2016; El-Danaf & Huberman, 2019). RGC axons bundle all together in
order to form the optic nerve, which transmits the visual information to the central nervous system

(Erskine & Herreral, 2014).

In mice, the axons from the RGCs start migrating towards central brain structures at E12.5. Most
of the axons cross the optic chiasm and project to the contralateral side, while only a small
percentage of axons stay in the ipsilateral side (Drager & Olsen, 1980). Then, RGCs continue their
journey and arrive to the visual thalamus (dorso lateral geniculate nucleus - dLGN) at around E15.5,
and to the superior colliculus (SC) at E18.5 in order to control eye movement (Ackman et al., 2012;
Bickford et al., 2015; Godement et al., 1984). Axons from these structures project to the cortex,
from where projections are sent back to the thalamus. The visual thalamic nucleus receives both
contralateral and ipsilateral projections from RGC. Retinal axons arriving to the contralateral
dLGN occupy ~90% of the area, while ipsilateral axons cover ~10% of the area and reach the

nucleus later, at PO-P2. This segregation is maintained throughout the entire visual pathway. Thus,

23



Introduction

the dLGN and SC from both hemispheres have a topographical representation of the eyes, which
is essential for binocular vision (Fig 2) (Huberman et al., 2008). However, when they arrive to the
dLGN, contralateral and ipsilateral axons firstly overlap. By P4, their segregation starts out and
they are refined into non-overlapping areas by eye opening (Bickford et al., 2010; Huberman et al.,
2008; Pfeiffenberger et al., 2005a). Although retinal axons contribute to 5-10% of the synapses into
the dLGN, they are the main excitatory drive for thalamic relay cells. The rest of the input arriving
to the dLGN comes from primary visual cortex (V1) L6 projections, thalamic reticular nucleus

(TRN) and nuclei in the brainstem (Bickford et al., 2010; Sherman & Guillery, 2002).

All central brain structures along the visual pathway exhibit a spatial representation of the visual
field. This visual map reflects what was originally perceived by the retina, and therefore, it is known
as retinotopy. Retinotopy appears at early embryonic stages thanks organized by neuronal
spontaneous activity and guidance molecules, such as the pait Ephrins/Eph (Brown et al., 2000;
Ellsworth et al., 2005; Huberman et al., 2005; Pfeiffenberger et al., 2005b; Vanderhaeghen et al.,
2000).

Figure 2. Development of retinal axons in the visual system. The majority of axons from the retina cross the optic
chiasm, projecting into the dLGN in the thalamus. The dLGN receives binocular input and send projections towards
V1, which is formed by two zones (M and B) in mice. The monocular zone (M) receives information from the

contralateral eye, and the binocular zone (B) receives information from both eyes. Adapted from Seabrook et al., 2017.
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3. The retina: General aspects in the development of the visual

pathway

3. 1. Retinal activity during development

During the first postnatal week, the retina generates bursts of spontaneous activity that are
transmitted along the circuit and help to organize the visual pathway (Torborg & Feller, 2005). By
P14, when the eyelids open in mice, synchronous spontaneous activity desynchronizes and behaves
similarly to the adult stage. At this point, other properties of V1, such as the retinotopic
organization and the eye-specific segregation, are already established (Ko et al., 2013; Rochefort et
al., 2009; Smith & Trachtenberg, 2007).

It is well known that the immature retina presents waves of spontaneous activity way before eye
opening and visual experience (Akerman et al., 2002; Rochefort et al., 2011; R. O. L. Wong, 1999).
In fact, retinal axons projecting to the dLGN have mature synapses capable of transmitting
spontaneous activity already at perinatal stages (Ackman et al., 2012; Mooney et al., 1996). Light
passes through the closed eyelid and reaches intrinsically-photosensitive RGCs, cones and rodes,
which are cells that become functional after birth (Tu et al., 2005; Shen & Colonnese, 2016)). There
are three types of retinal waves characterized by the molecular mechanism involved: type 1, type
I1, and type I1I. Firstly, in mice, type I retinal waves appear embryonically from day E17 until ~P1,
and are mediated by gap-junctions in neighbor RGCs (Bansal et al., 2000; Syed et al., 2004). They
comprise large propagating events and small non-propagating events (Bansal et al., 2000; Voufo et
al., 2022). Our group has recently demonstrated, for the first time, the function of these early retinal
waves in sensory circuits development. We showed that visual and somatosensory circuits emerge
as intermingled modules and that they become functionally segregated by a mechanism that occurs
in the superior colliculus (SC) at perinatal stages in the mouse. This mechanism is triggered by the
arrival of retinal axons to the SC and the activity of the type I retinal waves (Guillamén-Vivancos
et al,, 2022) demonstrating a crucial role of the earliest retinal spontaneous activity in circuit
development and sensory-modality specification. Interestingly, it has been recently observed in
vitro that type I retinal waves seem not to be completely removed upon the administration of a
gap-junction blocker (Voufo et al., 2022) but further experiments need to be performed along this
line to demonstrate the genesis of this retinal activity. Secondly, type 1I retinal waves, which are

mediated by nicotin-cholinergic receptors in the amacrine cells, begin at ~P1 and last until ~P10,
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and they appear in parallel to the retinotopic and eye-specific refinement (Huberman et al., 2008;
Zheng et al., 2004). Finally, type III retinal waves start propagating from ~P10 until P14, and are
mediated by glutamatergic transmission (Fig 3) (Ackman et al., 2012; Blankenship et al., 2009;
Feller et al., 1996; Firth et al., 2005; Martini et al., 2021; Syed et al., 2004). Mice open their eyes
between P12 and P14, and therefore, stage III retinal waves coexist with sensory experience
mediated activity. Retinal waves type I, II, and III also transmit the spatial and temporal
information important for the refinement of the visual pathway (Ackman et al., 2012). At the same
time, they are regulating the growth velocity of the TCAs in a process mediated by DCC and Robo1
receptors (Castillo-Paterna et al., 2015; Mire et al., 2012). Strikingly, it has been observed in various
in vivo experiments that spontaneous retinal waves propagate through the entire visual system, from
the retina to the primary visual cortex (Ackman et al, 2012; Ackman & Crair, 2014,
Kerschensteiner, 2016). In fact, retinal activity is transmitted to the visual thalamus, superior
colliculus, the primary, and secondary visual cortices amplified by the corticothalamic loop (Murata
& Colonnese, 20106). It is also involved in the map formation and dendrite refinement in the visual
areas of the cortex (Burbridge et al., 2014; McLaughlin et al., 2003; Siegel et al., 2012). Both light-
evoked activity in the retina and the spontaneous retinal waves interact during the development of
the visual system in order to refine the retinogeniculate projections (Ackman & Crair, 2014; Renna

et al., 2011; Tiriac & Feller, 2022).

Figure 3. Retinal waves. Type I retinal waves are mediated by gap junctions, which start around E16.5 and propagate
until ~P1.Type II retinal waves, on the other hand, are mediated by nicotin-cholinergic receptors, start around P1 and
last until P10. Finally, Type I1I retinal waves start at around P10 and finish at around P14, and they are mediated by

ionotropic glutamate receptors. Adapted from Ford and Feller, 2012.

Throughout the last decades, several experiments have helped to understand the role of retinal
waves in the development of the visual system. For instance, tetrodotoxine (T'TX) was used to
block these spontaneous retinal waves by intraocular injection in cats (Shatz & Stryker, 1988). In
addition, the administration of epibatidine in ferrets, which prevents specifically stage II retinal
waves, affected eye segregation (Penn et al., 1998) and changed ocular dominance columns (ODC)

patterning. It also increased the size of the receptive field in the visual cortex (Huberman et al.,
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2000). Therefore, it is clear that retinal activity prior to eye opening is necessary and important for

eye-specific segregation along the pathway and ODC formation.

Finally, a microarray of the visual cortex from monocularly enucleated mice was performed at
different developmental stages and showed a group of genes that were downregulated (Majdan &
Shatz, 2000). Brain-derived neurotropic factor (BDNF), transcription factor Fos, early growth
factors 1 and 2 (Egrl and Egr2), and genes involved in the regulation of the MAPK signaling
pathway, were among those genes. Strikingly, it has also been observed that ephrinA5 was
downregulated in the dLGN of binocular enucleated mice (Dye et al.,, 2012). In addition, the
ablation of RGCs has shown that ADAMs metalloproteinases are differentially expressed in the
dLGN of sensory deprived mice (Brooks et al., 2013a). All these experiments suggest that retinal

activity is regulating the expression pattern of several dLGN genes (Brooks et al, 2013b).
y gulating P P g

3. 2. The importance of visual experience in the development of the

visual system

As it has been explained above, retinotopy and eye-specific segregation are also reflected in V1.
Back in the 1960s, several experiments performed by Hubel and Wiesel showed functional columns
in the cortex, which were defined as ocular dominance columns (ODCs). These columns have a
preference on a particular orientation of visual stimuli arriving to V1 (Hubel and Wiesel, 1963;
Hubel and Wiesel, 1968; Hubel and Wiesel, 1977; Hubel et al., 1977), and have been used to study
the role of visual experience in cortical plasticity (Katz and Crowley, 2002). To this aim, a plethora
of invasive and non-invasive approaches have been implemented, such as eyelid suturing,
intraocular injections of TTX, monocular and binocular enucleations, eye patching, dark rearing at
different stages, or alternating light-dark periods have been used and have allowed to study the role
of experience in the development of the visual pathway (Berlucchi & Rizzolatti, 1968; Gordon &
Stryker, 1996; Morales et al., 2002; Négyessy et al., 2000; Petrus et al., 2014; Toldi et al., 1994,
19906).

Ocular dominance plasticity refers to a developmental phase particularly sensitive to changes in the

visual experience that takes place from P20 to P35 (Gordon & Stryker, 1996; Sur et al., 2013). For

instance, it has been described that monocular deprivation during this critical period decreases the
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response from the deprived eye into the cortex and increases the response of the remaining eye.
Surprisingly, there are also changes in thalamocortical axon (TCAs) connectivity, since the TCAs
from the deprived eye are removed and the TCAs from the untouched eye expand (Antonini &
Stryker, 1996). Moreover, visual deprivation during the critical period changes the transcriptional
profile, activating genes involved in neuronal degeneration and growth factors (Lyckman et al.,

2008).

4. The thalamus

4. 1. General overview

The thalamus has always been considered as a mere relay station due to its location and the input
it receives. It is composed by several nuclei in charge of receiving all sensory modalities, but
olfaction. Visual, somatosensory and auditory stimuli firstly convey into the thalamus, and then are
sent to the respective cortical areas, where they are processed in a topographical manner
(Huberman et al., 2008; Petersen, 2007; Tsukano et al., 2017; Garel and Lopez-Bendito, 2014). The
thalamus is composed mainly of projecting excitatory neurons that integrate information from
different brain structures, as well as thalamic networks. In addition to excitatory neurons, there are
inhibitory projecting neurons and local inhibitory interneurons which also participate in this circuit,

shaping information processing.

The thalamus is composed of more than 40 anatomical nuclei or areas, each of them with different
functions. These functions can be classified into motor, associative and sensory, with subdivision
for each modality (visual: dLGN-LP, somatosensory: VBM-PoM, auditory: MGv-MGd). However,
the nuclei can also be classified based on the origin of their input into first order nuclei (FO) and
higher order (HO) nuclei. FO nuclei comprise the dorsolateral geniculate nucleus (dLGN), the
ventral medial geniculate nucleus (MGv), and the ventral posteromedial nucleus (VPM), which are
those that receive ascending input from the periphery (Fig 4). HO nuclei, on the other hand, are
the lateral posterior nucleus (LP), the dorsal medial geniculate nucleus (MGd), and the posterior
medial nucleus (PoM). They are considered modulators of the sensory signals since they receive
direct input from neurons in layer 5 of the cortex (Bickford et al., 2015; Sherman & Guillery, 2002),

and connect the thalamus with different cortical areas (Butler, 2008).
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Figure 4. Coronal sections showing thalamic first order (FO) nuclei at P7. A) Coronal section at a rostral level
in which the visual and somatosensory nuclei are depicted with dashed lines. B) Coronal section at a caudal level in
which the auditory nucleus is marked with dashed lines. dLGN: dorso laterogeniculate nucleus; VB: ventrobasal

nucleus; MGv: ventral medial geniculate.

4. 2. The development of the thalamus

The development of the thalamus is driven by genetic and activity-dependent mechanisms
(reviewed in Nakagawa, 2019). The process starts following the activation of the wingless-INT
proteins (Wnt), Sonic hedgehog (Ssh), and Fibroblast growth factors (FGF) signaling cascades
(Kataoka & Shimogori, 2008; Martinez-Ferre & Martinez, 2009, 2012). They act as morphogenes,
expressed in gradients of concentration (Martinez-Ferre & Martinez, 2012). The activation of these
cascades divides the diencephalon into three regions called prosomeres. Prosomere 1 gives rise to
the pretectum, in charge of the processing of visual information and the visual reflexes (Ferran et
al., 2009). The thalamus and the epithalamus will develop from prosomere 2, and prosomere 3 will
form the prethalamus, including the reticular nucleus (RTN) and the zona incerta (ZI) (Puelles &
Rubenstein, 2003). The zona limitans intrathalamica (ZLI) separates prosomere 2 and 3, and
expresses high levels of Shh, which is fundamental in prosomere 2 for the differentiation of the
prospective thalamus from the epithalamus (Chatterjee et al., 2014; Chatterjee & Li, 2012; Mallika
et al., 2015). The gradual exposure to these morphogenes makes, by E10.5 in mice, the prospective
thalamus to divide into two progenitor domains, the rostral and the caudal progenitor domains

(Fig 5) (R-pTh and C-pTh, respectively). Progenitors in the C-pTh are exposed to high
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concentrations of Shh and differentiate into glutamatergic projecting neurons that will compose
the thalamic nuclei and connect to the cortex (Price et al, 2012; Tou et al, 2007). R-pTh
progenitors, on the other hand, sense low concentrations of Shh and give rise to GABAergic
projecting neurons that will form the perthabenular nucleus (pHB) and the intergeniculate leaflet

(IGL) (Delogu et al., 2012; Fernandez et al., 2018).

Most of the neurons that will form the adult thalamus derive from the C-pTh. Some evidence
indicates that this population of progenitor cells is very heterogeneous, in order to generate the
neuronal diversity that will compose the thalamic nuclei (Nakagawa & Shimogori, 2012; Tou et al.,
2007; F. K. Wong et al., 2018). Moreover, it has been recently published that the cohorts found in
specific regions are derived from thalamic progenitors based on their position. Nevertheless, it is
also likely that the combination of the exposure to the gradient of morphogenes, and the location
of the progenitors might work together in order to control the cell fate of the neurons that will

populate the different thalamic nuclei (Shi et al., 2017).

Figure 5. Domain specification in the thalamus during early development. L ¢ff panel: Sagital section showing the
prosomeres pl, p2 and p3 early in brain development, and the distribution of the morphogenes. Right panel: The two

progenitor domains R-pTh and C-pTh are depicted. PTh: prethalamus, PT: pretectum.

After the area of the prospective thalamus is defined, the determination of thalamic nuclei that
project to the cortex is driven by the gradual expression of the Gbx2 transcription factor, which is
postmitotic. The expression of Gbx2 starts at E9.5 and is very dynamic in time and space. It defines
the borders of the thalamus, separating it from the prethalamus, the pretectum and the epithalamus,
and at the same time dividing the thalamus into its different nuclei (Fig 6) (Chen et al., 2009; K.
Li et al., 2012; Mallika et al., 2015; Nakagawa & O’Leary, 2001; Vue et al., 2009). The lack of Gbx2
expression affects the correct formation of the thalamus, inducing a wrong migration of

thalamocortical axons (TCAs) and defects in cell proliferation (Chatterjee & Li, 2012; Chen et al.,
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2009; Mallika et al., 2015). Recently, there has been an increased interest in the transcription factors
that give rise to the different parts of the thalamus and could be subject to genetic manipulations.
During the last few years, several nuclei-specific genes have been described in our laboratory
(Gezelius et al., 2017), which might be necessary for the organization of the TCAs and their

topographical targeting.

Figure 6. Gbx2 expression in the developing thalamus throughout time. A) Scheme showing the transgenic
mouse line Gbx2CreERT2; R26tdTomato which helps to study the expression pattern of Gbx2 in the developing thalamus.
B) Tamoxifen administration at E9.0 in the TdTomato Cre/Lox transgenic ¢57 mice labels the principal nuclei in red.
If the tamoxifen is administered at E14.5, the MGv is the only primary nucleus labeled. Modified from Gezelius et al.,

2016.

Neuronal activity is also important for the correct development of the thalamus, as it strengthens
the connections between adjacent cells. Activity-dependent mechanisms can be divided into
spontaneous intrinsic patterns of activity, and evoked activity due to an external stimulus. The
waves of spontaneous activity appear at different time points during thalamic development (Martini
et al., 2018) and are transmitted along the thalamocortical tracks to the neocortex, and therefore,

could impact its correct development.

4. 3. Spontaneous activity in the development of the thalamus
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In the developing thalamus, neuronal activity evolves at different stages. Firstly, spontaneous
activity is intrinsically generated during development, independent from the external stimuli and
necessary for early developmental processes. Later, peripheral sensory input evokes neuronal

activity and is necessary for the final assembly and refinement of the circuits.

The first stage in the development of neuronal activity occurs at the end of the second gestational
week in mice and is characterized by endogenous and uncorrelated activity. Manipulations in the
activity rate have shown changes in the expression of genes that are involved in the growth and
branching of thalamocortical axons (Antén-Bolafios et al.,, 2018; Castillo-Paterna et al., 2015;
Herrmann & Shatz, 1995; Mire et al., 2012; Moreno-Juan et al., 2017; Uesaka et al., 2007). In later
stages, the activity in the thalamus becomes more synchronous, and by E14 this synchronous
activity takes the form of waves. These waves of spontaneous activity firstly propagate among FO
nuclei, and subsequently engage HO nuclei (Moreno-Juan et al., 2017; Martini et al., 2021).
Spontaneous thalamic waves of activity cease at perinatal stages, as it has been described in acute
slices, first in the somatosensory and auditory nuclei, and then at P2 in the visual nucleus (Fig 7).
However, it remains to be determined whether thalamic waves follow this temporal pattern also
vivo. 'Thalamic waves are transmitted along the axons projecting into the cortex. Thus, early
thalamocortical input could impact cortical development by means of activity-dependent
mechanisms. For instance, the alteration of these patterns of activity by genetic manipulations
induces cross-modal changes in the development of sensory cortical areas, which might be
mediated by subplate neurons (Moreno-Juan et al. 2017, Antén Bolafios et al., 2018; Antén-
Bolafios et al., 2019; Barkat et al., 2011; Hanganu et al., 2002; Molnar et al., 2020; Viswanathan et
al., 2012; Zhao et al., 2009).

During the first two postnatal weeks, these electrical properties progressively mature, becoming
more continuous and uncorrelated (Murata and Colonnese, 2018; Martini et al., 2021; Murata and
Colonnese, 20106). This transition in thalamic activity might be critical for the processing of sensory
stimuli by the cortex, and might be associated with changes in the sensory organs, synaptic
maturation, or circuit remodeling due to the integration of inhibitory cells (Colonnese, 2014;

Demas et al., 2003; Sokhadze et al., 2019).
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Figure 7. Thalamic spontaneous activity during development. From E14 to E18, there are thalamic spontaneous
calcium waves that propagate between firstly among FO nuclei and then also to HO nuclei. Eatly postnatal, thalamic
activity is characterized by discontinuous activity, that is transformed to decorrelated later during the second postnatal

week. Adapted from Martini et al., 2021.

4. 4. Thalamocortical connections

4. 4. 1. Development of thalamocortical connections

The thalamus and the cortex are connected in both directions. These connections carry sensory

and motor information from the periphery to the cortex, where it is integrated and processed.

The thalamocortical connectivity starts developing at the end of the second embryonic week in
mice (E13.5), and it is tightly regulated by axon guidance cues, spontaneous calcium activity and
patterns of gene expression (reviewed in Lopez-Bendito, 2018; Antén-Bolafios et al., 2018;
Castillo-Paterna et al., 2015; Garel & Lépez-Bendito, 2014; Leyva-Diaz et al., 2014; Lépez-Bendito,
2018; Marcos-Mondéjar et al., 2012; Mire et al., 2012; Molnar et al., 2012; Dufour et al., 2003;
Quintana-Urzainqui et al., 2020; Callejas-Marin et al., 2022). TCAs must follow a particular path in
order to reach their cortical target. Firstly, they arrive to the internal capsule (IC) after crossing the
boundary between the telencephalon and the diencephalon, the diencephalic-telencephalic
boundary (DTB), guided by the repulsive cues Slit]l and Slit2 (Bagri et al., 2002; Bielle et al., 2011;
Braisted et al., 2009; Lépez-Bendito et al., 2007). At this point, TCAs are already organized in a
topographic manner due to the morphogenes and molecular cues (Molnar et al., 2012). They follow
the path formed by the corridor cells between the proliferative zone of the medial ganglionic
eminence (MGE) and the globus pallidus (Bielle et al., 2011; Lopez-Bendito et al., 2006). The
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corridor cells are guidepost cells, mostly composed by GABAergic neurons from the lateral
ganglionic eminence (LGE), which secrete a gradient of Neuregulin-1 (Nrgl) that direct the axons
towards the neocortex (Bielle et al., 2011; Lopez-Bendito et al., 2006). At E14.0, thalamocortical
axons continue their route towards the subpallium and reduce their speed at the pallial-subpallial
boundary (PSPD), where they wait to the corticofugal axons from subplate neurons (SuPNs) (de
Carlos & O’Leary, 1992; McConnell et al., 1989). This encounter of axons from both origins has
been proposed as the “handshake hypothesis” (Blakemore & Molnar, 1990). TCAs use the
corticofugal axons as a scaffold in order to reach their target in the cortex. Then, TCAs move
dorsally and by E15.5 they arrive into the neocortex, where they stop and wait at the subplate (SuP).
At this point, TCAs and SuPNs make temporary connections, a key mechanism for the formation
of the early circuit, which spreads until E17.5, the time at which TCAs start invading the cortical
plate (Fig 8) (Allendoerfer & Shatz, 1994; del Rio et al., 2000; Hoerder-Suabedissen & Molnar,
2015; Kanold & Luhmann, 2010; Little et al., 2009; Viswanathan et al., 2012, 2017; Molnar et al.,
2020; Pal et al., 2021; Kanold et al., 2019; ). Since corticogenesis is still ongoing and granular layers
are not completely formed, TCAs could act as an extrinsic influence to cortical development
(Molyneaux et al., 2007). This means that TCAs could act as an extrinsic influence to cortical
development. During the first postnatal week, the principal cortical target of TCAs are the granular
cells from L4, although they can also send collateral projections to L5b. Finally, TCAs get organized
into specialized structures, such as the barrels in the primary somatosensory cortex (S1) (Lopez-

Bendito & Molnar, 2003).

Figure 8. Development of thalamocortical connections. Schema showing the developmental time course of the
TCAs (black) from E12 to EI18. Axons from the thalamus cross major boundaries, such as the
diencephalic/telencephalic (D'TB) and the palial/subpallial (PSPB) boundaries following attractant and repulsive cues.
Adapted from Garel and Lopez-Bendito, 2014.
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4. 4., 2. Feed-forward connections between the thalamus and the cortex

First order nuclei (FO) receive sensory information from the peripheral sensory centers and act as
a relay station, connecting with the spiny-stellate neurons in L4, as well as neurons in L5b, and L6
(Swadlow & Alonso, 2017). Within a cortical column, information from 1.4 goes to L.2/3 and from
there to L5 and L6, layers that project out of the cortex. HO nuclei receive input from L5b and
Lo6b, and neurons in Lo6a project back to FO nuclei (Fig 9) (Hoerder-Suabedissen et al., 2018;
Sumser et al., 2017). All these connections form loops that conform the basis of sensory processing

in the thalamocortical system (Viaene et al., 2011).

Figure 9. Thalamocortical and corticothalamic connectivity. First order thalamic nuclei (FO) receive information
from the peripheral stations, and connect with neurons in 1.4 of the primary sensory cortex. Then, 1.4 neurons connect
with L2/3 neurons, which send cortico-cortical projections to 1.2/3 and L4 in the secondary areas. The thalamo-
cortico-thalamic loop is closed since high order nuclei (HO) send projections to L4 in the secondary area. On the other
hand, HO nuclei receive cortical input from L5 and L6 in the secondary areas. In addition, HO nuclei connect to L1

and L5 neurons in the primary cortical areas.

Morteover, the thalamus acts as a station that can transmit information to and from different
cortical areas (C. C. Lee & Murray Sherman, 2010; Reichova & Sherman, 2004; Sherman &

Guillery, 2002; Theyel et al., 2010). This connection between cortices that involves the thalamus
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allows the cooperation of different cortical areas in order to perform several cognitive functions
(Fries, 2009; Seidemann et al., 1998; Sherman, 20106). In fact, it has been seen using optogenetics
that cells from L5 can induce the appearance of waves of activity in other cortical areas (Stroh et
al. 2003). Therefore, the thalamus acts both as a relay station of sensory information, and as a
transmitter of this information between cortical areas, thus, contributing to information processing

(Sherman, 2016).

4. 4. 3. Early thalamic input influences cortical development

The thalamus and the cortex develop at the same time, and even though they are regulated by
different genetic programs, they can influence each other in the maturation process. The thalamus
can influence radial organization, cell proliferation, navigation of corticothalamic axons and
specification of cortical areas, as well as interneuron maturation and circuit assembly (Dehay et al.,
1996; Rakic, 1991; Zechel et al., 2016). For instance, it has been suggested that the release of
glutamate by TCAs is needed for the correct development of Reelin-expressing interneurons in the
cortex (de Marco Garcfa et al, 2015). The cortical integration of parvalbumin (PV) and
somatostatin (SST) interneurons is also regulated by thalamic input (Wamsley & Fishell, 2017).
Recently, it has been observed that SST interneurons are very important during the first postnatal
week for the correct arrival of thalamocortical input to L4 PV interneurons and pyramidal neurons.
This way, SST interneurons contribute to the assembly of the cortical excitatory-inhibitory circuit
(Che et al., 2018; de Marco Garcia et al., 2015; Marques-Smith et al., 2016; Takesian et al., 2018;
Tuncdemir et al.,, 2016). Not only interneurons in the cortex are regulated by TCA arrival.
Pyramidal neurons in 1.4 need TCA input in order to correctly segregate and form the barrel walls
in S1(Assali et al., 2017; H. Li et al., 2013). The close interaction between CTAs and TCAs has
been demonstrated using a mouse model lacking TCAs, in which CTAs acquire an aberrant
trajectory, and hence, confirming that TCAs are necessary for the correct pathfinding of the cortical

counterparts (Deck et al., 2013).

TCAs are also important for the differentiation of primary and secondary cortical areas, since the
genetic restriction that controls this specification relies on the arrival of thalamic input (Chou et
al., 2013). Thus, the removal of FO thalamic nuclei induces changes in the primary sensory areas,
which acquire the characteristic molecular and functional properties of the secondary cortical areas

(Pouchelon et al., 2014; Vue et al., 2013). For instance, the ablation of the somatosensory thalamic
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nucleus VPM provokes the POm to target neurons from L4 in the S1 (Pouchelon et al., 2014).
These observations point out the influence TCAs have on the identity of L4 cortical neurons, and

circuit assembly.

Neuronal transmission in the thalamocortical pathway can also influence the development of the
cortex, since it is important for the acquisition of neuronal identity, axon refinement and neuron
migration (Kirischuk et al., 2017; Luhmann & Khazipov, 2018; Martini et al., 2018). For instance,
there is a synchronization of the thalamus and the counterpart cortical area during the first
postnatal week led by early gamma oscillations (Minlebaev et al., 2011). In addition, the disruption
of TC activity at different levels affects the correct formation of the barrel map in S1 (H et al,,
2014; H. Li et al., 2013; Narboux-Néme et al., 2012; Suzuki et al., 2015). Furthermore, thalamic
spontaneous activity during embryonic development is essential to maintain the homeostasis
among the sensory systems. This way, cross-modal changes in the cortex might be directed by
waves of activity communicating thalamic nuclei (Moreno-Juan et al., 2017). Hence, variations in

thalamic activity during development can be translated into changes in the cortex.

4. 5. Thalamic interneurons

4. 5. 1. General overview

The thalamus, as other brain structures, is composed by different populations of cells. The main
population is formed by glutamatergic projecting neurons. However, there are also interneurons

(INs), astrocytes, and microglia.

Thalamic glutamatergic neurons receive the inhibitory input mainly from projecting GABAergic
neurons that reside in the reticular nucleus (RTN), the zona incerta (ZI) and the vLGN. There are
other extra-thalamic sources of inhibitory input, such as the basal ganglia, the SC, the
hypothalamus, and the pontine reticular formation (Halassa & Acsady, 2016). However, in addition
to the projecting GABAergic neurons, there are some local thalamic interneurons. The distribution
and the number of thalamic interneurons is not conserved across species. Interneurons are sparse
and mainly found in the dLGN of small mammals, such as mice and marsupials. However, in large
mammals they are abundant and widely distributed throughout the whole thalamus. Strikingly, non-

mammalian amniotes, such as crocodiles, lizards and snakes lack dLGN interneurons (Butler,
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2008). In addition to local thalamic GABAergic cells, there is a small subpopulation of GABAergic
cells that reside within the perthabenula (pHB) and intergeniculate leaflet (IGL) and project outside
the thalamus (Delogu et al., 2012; Fernandez et al., 2018; Harrington, 1997; Inamura et al., 2011;
Tou et al., 2007).

4. 5. 2. Origin of thalamic interneurons

In the last years several groups have focused on the development and understanding of thalamic
excitatory projecting neurons, their electrophysiology and connections. However, in the thalamus
there are also local GABAergic interneurons that exert an important role maintaining the balance
of excitation and inhibition. Compared to the excitatory thalamic neurons, little is known about

these inhibitory cells, which points towards a field that has to be explored.

In mice, thalamic INs in the dLGN receive retinal input and comprise less than 10% of the total
dLGN cell population (Evangelio et al., 2018). They establish the connections after excitatory relay
neurons have matured (Charalambakis et al., 2019a). Local thalamic interneurons that will integrate
into the circuit are born outside of the thalamus in other brain regions, and they migrate during the
last gestational week in mice from the origin towards their final destination, mostly the dLGN. On
the one hand, a stream of cells that will differentiate into local GABAergic cells populates the
thalamus migrating from the proliferative zone in the midbrain (Bakken et al., n.d.; Hayes et al.,
2003; Jager et al., 2021; Jones, 2002). They are born between E10 and E13 and belong to the
Engrailed] lineage, which is expressed in the midbrain and not in the forebrain (Jager et al., 2016,
2021; Sgaier et al., 2007). The neurogenesis of GABAergic neurons in this domain depends on the
expression of the lineage selector genes Gaza2 and Ta/2 (Virolainen et al., 2012). They start entering
the thalamus at ~E17, covering first the caudal tiers. These prospective GABAergic cells will
constitute the largest fraction of local thalamic interneurons, and also express the transcription
factors Orx2, SoxT14 and Gata2. Once they arrive into the thalamus, they populate mostly FO nuclei,

even though they can also be found in HO and rostral nuclei (Jager et al 2021).

On the other hand, the prethalamus is a second source of thalamic interneurons. The prethalamus
generates a number of GABAergic cells that will mostly populate prethalamic structures, such as
the vLGN and the RTN. However, some of them will invade the developing thalamus from rostral

regions (Golding et al., 2014; Jager et al, 2021). From the total number of local thalamic
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interneurons found in the mature thalamus, around 20% of them are originated in the prethalamus.
The fate of these GABAergic cells depends on the expression of the lineage selector genes D/x7/2
(Delogu et al., 2012; Le et al., 2017). These prethalamic interneurons express D/x5/6 and Foxd]l,
but not Sox74, and they are enriched in HO nuclei (Jager et al 2021). Thus, the fact that local
thalamic interneurons have two different origins, prethalamic and mesencephalic, indicates that
they are a cell population characterised by two large molecular identities: the Gata2/Tal2 lineage

that is entiched in FO nuclei, and the D/x7/2 lineage, enriched in HO nuclei.

While there are no intrinsic local inhibitory cells, the thalamus does generate projecting GABAergic
interneurons. The progenitors in the proliferative neuroepithelium of R-pTh generate a stream of
cells that express Sox74, Nkx2.2 and Tai1 (Tou et al., 2007; Jeong et al., 2011), and that will populate
the pHB and the IGL (Anastasides et al., 2021; Fernandez et al., 2018; Moore et al., 2000).

4. 5. 3. Genetic and activity-dependent control of thalamic interneurons

GABAergic cells follow different developmental genetic programs in order to acquire their final
identity. The molecular mechanisms that characterize thalamic GABAergic cells have not been
specifically studied. However, it is possible that the site of origin determines the genetic programs
that will confer the identity to a subpopulation. In the midbrain, for instance, the sustained
expression of Tu/2 and Gata2 by GABAergic precursors regulates the acquisition of the GABAergic
phenotype after the cell-cycle exit. These transcription factors activate the expression of genes
related to the maintenance of the GABAergic identity, such as Ta/l, Gata3, Six3, Gadl (Achim et
al., 2013; Delogu et al., 2012; Kala et al., 2009). Nevertheless, it is still unknown whether thalamic
interneurons that derive from the midbrain share a developmental trajectory similar to other
GABAergic neurons that also derive from this structure. Regarding thalamic interneurons that are
originated in the prethalamus, there are no direct studies to help understand their developmental
program. However, it is plausible that they follow a program similar to the GABAergic cells that
come from the rostral GABAergic domain, either by the direct control of the expression of the
GAD isoform by DIx7/2, ot by the indirect activation of D/x5 and D/x6 (Lindtner et al., 2019;
Cobos et al, 2007; Le et al., 2017).

Interestingly, a microarray of the dLGN performed at different postnatal stages showed that local

thalamic interneurons are characterized by the expression of Ozx2, Reelin, Meis2, Cplx3, a6nAChR,
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and P3nACHR (Golding et al., 2014). More specifically, Ozx2 controls the tangential migration and

the specification of dLGN interneurons, since mice lacking O#x2 present a thalamus devoid of

inhibitory cells (Jager et al., 2016; Jager et al., 2021).

Apart from the genetic programs, there are extrinsic factors that can modulate and influence the
development of local thalamic interneurons. In the last few years, several groups have observed
that the correct location and maturation of thalamic interneurons is influenced by retinal activity
(Charalambakis et al., 2019b; Golding et al., 2014; Su et al., 2020). Strikingly, visual deprivation by
optic nerve section at PO or using the anophtalmic mutant mice Ey7”, disrupts interneuron
migration, which gather in the upper tiers of the dLGN (Golding et al., 2014). Moreover, Math5
knock-out mice, a gene needed for the differentiation of the RGCs, showed that the absence of
retinal input disrupted the synaptic connectivity between thalamic interneurons and relay neurons,
and also showed an accelerated corticothalamic innervation (Charalambakis et al., 2019). Lastly, it
has recently been observed that FGIF15 expression by astrocytes also controls the entrance of
interneurons into the thalamus, which is, at the same time, induced by retinal axons. The ablation
of FGF15 expression produces an impairment in the migration of GABAergic interneurons into
the dLGN, which are then misrouted into the VB. Moreover, it seems that by the expression of
Shh RGCs control the correct migration of dLGN interneurons into the nucleus (Somaiya et al.,
2022). The disruption of Shh expression affected the expression of FGF15 by dLGN astrocytes,

and as a consequence, dLGN interneuron migration was impaired (Somaiya et al, 2022).

4. 5. 4. Intrinsic properties of thalamic interneurons

Several groups have tried to classify interneurons of the thalamus. As they mature, thalamic
interneurons increase the size of the soma, the number of processes, and the branches during the
first two postnatal weeks. So far, the most important parameter that can be used to group these
cells is the membrane capacitance. The levels of nNOS or the cell size can also help to group them
(Leist et al., 20106). Local thalamic interneurons make particular synaptic contacts with pyramidal
projecting neurons using dendro-dendritic synapsis called F2 terminals (Famiglietti & Peters, 1972;
Guillery, 1969; Hamos et al., 1985; Lieberman, 1973; Montero, 1986; Ohara & Lieberman, 1993).
Interestingly, these F2 terminals form a triadic synaptic structure that consist of the axon terminal

of a retino-geniculate neuron (coming from the retina), the distal presynaptic dendrite of the
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interneuron, and the proximal postsynaptic dendrite of the thalamocortical projecting neuron (Fig
10). This way, the retino-geniculate terminal makes an excitatory synapse with the proximal
dendrite of the thalamic projecting neuron, as well as contacts the distal dendrite of the interneuron.
Therefore, this innervation produces a disynaptic inhibition at that area of the thalamocortical
neuron dendrite (Cox & Beatty, 2017), shaping their receptive fields and augmenting the stimulus
selectivity, as well as refining the temporal precision of action potentials (Holdefer et al., 1989;
Sillito & Kemp, 1983; X. Wang et al, 2007, 2011). In addition to the F2 terminals, local
interneurons also present F1 terminals, which are axo-dendritic (Cox & Beatty, 2017). Recently, it
has been observed that one single local interneuron in the dLGN can participate in a number of
neuronal interactions using different synaptic motifs, and thus, giving rise to distinct synaptic

relationships within a single neuron (Morgan & Lichtman, 2020).

Figure 10. The triadic synapse in dLGN interneurons. Schema showing the F2 terminals formed between the
retino-geniculate axon (dark blue), the interneuron dendrite (IN, green), and the axon from the thalamocortical neuron
(TC, light blue). F1 monosynaptic connections come from both the TRN and dLGN IN onto the thalamic projecting
neurons. Adapted from Cox et al., 2017.

5. The cortex

5. 1. General principles
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In the neocortex there are two classes of neurons: glutamatergic neurons, which either project
locally or establish long range connections with intracortical or subcortical targets; and GABAergic
interneurons, which establish local interactions (Petreanu et al., 2009). The neocortex is divided
into different cortical areas which control sensory, cognitive and consciousness functions. Each
area is subdivided into six layers populated by neurons and radial glial cells. Cells in different layers
tend to form vertical connections with other cells above or below forming radial columns of
functional circuits. These columns are then attached into modules in order to form cortical
columns with the same physiological properties (Mountcastle, 1997). This columnar organization
relies on the radial glial processes, which are used as a scaffold during development by clonally
related neurons (Rakic, 1988; Rakic et al., 2009). This has been recently demonstrated using viral
and genetic tools that have helped tracing the progeny of a singular apical progenitor at different
times during development (Guo et al., 2013; Luskin et al., 1988; Zong et al., 2005; Gao et al., 2014,
Llorca et al., 2019).

The laminar organization of the cortex is developed in an inside-out manner, generating all the
heterogeneity as soon as they are born (Greig et al., 2013). In mice, excitatory neurons, which are
born from E10.5 to E18.5, start populating the cortex from the deepest layer (Jabaudon, 2017,
Molyneaux et al., 2007; Lodato and Arlotta, 2015; Di Bella et al., 2021). Having neurons at different
developmental stages in the same region has a functional consequence, as they respond differently
to signalling cues. Superficial neurons, which are less mature, are more prone to plastic changes

than deep layer ones (Fox & Wong, 2005).

However, it is still not well understood how newborn neurons reach their final destination and
therefore, two hypotheses have been made. The first one, called The Protocortex Theory, is
focused on how the environmental changes and cues could refine the final synaptic organization
(O’Leary, 1989). In this case, equipotent cells would be forming the embryonic cortical plate, which
receives innervation from subcortical areas modulating the final cell fate. The second option is
called the Protomap hypothesis, and suggests that the progenitors are born with an intrinsic genetic
program, which defines the area specification of neurons and is not based on external cues (Rakic,
1988). Nowadays, both theories are combined, and it is widely accepted that there is an interaction
between intrinsic and extrinsic mechanisms during neocortical development (Oberst et al., 2019).
Extrinsic mechanisms, such as the membrane potential of the apical progenitors (Vitali et al., 2018),
or the thalamocortical innervation (Monko et al., 2021; Ohtaka-Maruyama et al., 2018; Vue et al,,

2013), modulate spatially and temporally the rough protomap established through intrinsic genetic

42



Introduction

mechanisms. Therefore, the specification and plasticity of cortical areas can be influenced by the
manipulation of TCA innervation and peripheral input, as it was suggested by classic graft studies
(Schlaggar & O’Leary, 1994). Intrinsic genetic programs are also important, since they provide
identity and positional information to new-born neurons (Telley et al., 2019). Finally, it has been
recently suggested that radial glial cells do not follow the exact number of cells divisions, and do
not generate the exact same progenitor cells, therefore, creating collectively the diversity of neurons

found in the cortex (Llorca et al., 2019).

5. 2. Corticothalamic projections

All the different cortical areas project back to the thalamic nuclei (Caviness & Frost, 1980). From
all the synaptic input that arriving to the thalamus, 50% comes from corticothalamic projections
(CTAs). The CTA input into the thalamic nuclei shapes the information that would be processed
afterwards in the cortex (Briggs & Usrey, 2008; Olsen et al., 2012; Sherman & Guillery, 2002). The
specificity of the corticothalamic projections into the thalamus depends on the laminar identity of
the cortex, which are SuPNs, L6 and L5 neurons. SuPNs provide the structural scaffold for the
axons coming from L5 and L6 (Kim et al., 1991; McConnell et al., 1989). L5 and L6 neurons, as
soon as they are born, start projecting to their subcortical targets (Grant et al., 2012; Hoerder-
Suabedissen & Molnar, 2015). L5 neurons project to FO nuclei, while L6 neurons project to HO
thalamic nuclei (del Rio et al., 2000; Molyneaux et al., 2007; Price et al., 2000).

Post-mitotic neurons in the cortical plate give rise to the corticothalamic projections at E10 in
mice. In the corticothalamic pathway, corticofugal axons pass through the intermediate zone (1Z),
where they experiment the first waiting period at E13.5 (Jacobs et al., 2007). Later, at E15.5, they
continue towards the IC, where the corridor cells guide also the CT'As (Lopez-Bendito et al., 2006).
Once they cross the DTB, they arrive to the prethalamus at E16.5 through the RTN and
perireticular (PRN) nuclei, where they wait until E17.5 (Deck et al., 2013; Garel & Rubenstein,
2004; Lokmane et al., 2013; Lokmane & Garel, 2014; Molnar et al., 2012; Simpson et al., 2009). At
this point, corticofugal axons are sorted: the cerebral peduncle receives most of the axons from
L5, while the remaining axons from L5 and those coming from L6 are directed to the respective
thalamic target (Fig 11) (Clasca et al., 1995; Jacobs et al., 2007; Molnar & Cordery, 1999). CTAs
arrive slowly to the thalamic nuclei during the first postnatal days, a process that correlates with

the acquisition of the functionality and sensory processing. The VPM and ventrolateral nuclei (VL),
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which are the FO nuclei involved in the reception of sensory and motor inputs, are innervated by
TCAs between E18.5 and PO. The MGv and dLGN are completely the innervated by P8 (Grant et
al., 2012; Jacobs et al., 2007).

The mechanisms behind the development of CT'As are still poorly understood. It has been recently
observed that there is a premature entrance of L6 projections into the dLGN upon removal of
retinal input. Under this condition L5 neurons, which usually innervate the HO nucleus LP, were
invading the FO visual nucleus dLGN in a cross-hierarchical manner (Grant et al, 2010).
Interestingly, aggrecan, a repulsive chondroitin sulfate proteoglycan, is enriched in the dLGN at
perinatal stages and regulates the invasion of CTAs into this nucleus (Brooks et al., 2013b).
Furthermore, the connections in the FO nuclei depend on peripheral input, since the removal of
the peripheral input leads to HO transcriptional programs in the FO thalamic nuclei, and induces
a rewiring of the CTAs into the FO nuclei and not the HO thalamic nuclei. This network
connectivity is conserved in all the sensory modalities (Frangeul et al., 2016). Thus, peripheral
sensory activity might also be important for the correct development of the cortico-thalamic

circuitry.

Figure 11. Development of corticothalamic connections. Schema showing the developmental time course of the
corticothalamic projections (green) from E12 to E18. Axons from the neocortex cross the DTB and the PSPB

boundaries. Adapted from Garel and Lopez-Bendito, 2014.
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5. 2. 1. Cortical influence on thalamic development

Cortical activity can also influence thalamic development. Cortical patterns of activity appear
during development and are necessary for layer formation, and the arborization and navigation of
dendrites and axons (Simi & Studer, 2018). Several studies have shown that disrupting cortical
activity with knock-out models of NMDA receptor 1 (NMDART1), metabotropic glutamate
receptor 5 (mGluR5), and adenylyl cyclase 1 (AC1), generates deficiencies in TCAs, inducing
smaller barrels with blurry borders in S1, and also disrupting the neuronal organization (Antén-
Bolafios et al., 2019; Ballester-Rosado et al., 2010; Datwani et al., 2002; Iwasato et al., 2000, 2008;
L. J. Lee et al., 2005; Martini et al., 2018). Therefore, it appears that the thalamus and the cortex
have a close relationship necessary for the correct development of the functional sensory

connections.

5. 3. Cortical interneurons

Excitatory cortical neurons constitute ~80% of all the neurons, while the remaining ~20% of
neurons are inhibitory (INs). It is well established that INs are necessary for the maintenance of
the excitation/inhibition balance in the brain. During the last decades it has become clearer that
cortical interneurons are a wide and heterogeneous population. They appear with different
morphologies, electrophysiological and neurochemical properties, which help classifying them

(DeFelipe, 1997; Markram et al., 2004).

5. 3. 1. Origin, migration and types of cortical interneurons

The first studies revealing that there are inhibitory neurons comes from the first half of the XX
century (Brown, 1914; Eccles & Sherrington, 1931; Renshaw, 1941). For a long time, it was thought
that these cells derived from the same progenitors as excitatory neurons (Rakic, 1988). However,
later it was described that neurons expressing GABA were actually born in the subpallium, the
ventral region of the embryonic brain (Lavdas et al., 1999; Marin et al., 2001a; Pleasure et al., 2000;

Wichterle et al., 1999). The origin of cortical interneurons is conserved throughout vertebrates
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(Anderson et al,, 2002; Brox et al., 2003; Gonzalez et al., 2002). Immunohistochemical and
bromodeoxiuridin  (BrdU) experiments have shown that GABAergic interneurons migrate
tangentially from their site of origin towards the cortex (DeDiego et al., 1994; van Eden et al,,
1989) and that these cells are from a different lineage than those migrating radially, i.e., radially-
migrating neurons are glutamatergic and tangentially-migrating neurons are GABAergic (Mione et
al., 1997; Tan et al, 1998). During their journey towards their final destination, GABAergic

interneurons acquire their biochemical markers.

Several transcriptomic analyses have shown that there are around 50 different interneuron
transcriptional signatures that can be distinguished (Harris et al., 2018; Tasic et al., 2016; Zeisel et
al., 2015). However, cortical interneurons can be classified into major classes depending on their
morphology, the neurochemical, and electrophysiological properties (Defelipe et al., 2013; Llorca
and Deogracias, 2022). Cortical interneurons are born in the medial ganglionic eminence (MGE),
the lateral ganglionic eminence (LGE), the caudal ganglionic eminence (CGE), and preoptic area
(POA) (D. M. Gelman & Marin, 2010). A number of evidences have shown that the MGE, LGE
and CGE generate non-overlapping types of cortical interneurons. Regarding the neurochemical
properties, interneurons can be divided into three big groups: parvalbumin (PV), somatostin (SST)
and 5HT3a-receptor interneurons (S5HT3aR). 5HT3aR interneurons are, at the same time,
subdivided into Reelin and vasoactive intestinal peptide (VIP) interneurons (Rudy et al., 2011).
SST- and PV-expressing interneurons are born in the MGE and the POA, and constitute 60% of
the total population of interneurons (Ferrer & de Marco Garcia, 2022; D. Gelman et al., 2011;
Lavdas et al., 1999; Wichterle et al., 2001; Xu et al., 2004, 2008). The CGE gives rise to 5H3aR and
neuropeptide-Y (NPY) interneurons (Butt et al., 2005; Lim et al., 2018; Nery et al., 2002; Niquille
et al,, 2018; Xu et al., 2004). The POA also gives rise to NPY and a subset of 5HT3aR interneurons
(D. M. Gelman et al., 2009; Niquille et al., 2018), and the LGE generates interneurons that will
populate the olfactory bulb (OB) and the striatum (Fig 12) (Bandler et al., 2017). Interestingly,

cortical interneurons acquire their morphological and functional features later at postnatal stages.
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Figure 12. Main population of interneurons and their developmental origin. The main populations of cortical

interneurons can be classified into PV, SST, VIP, Reelin and NPY. Adapted from Bartolini et al., 2013.

During development, cortical INs migrate tangentially from its origin towards the cortex. There
are three temporal waves of migration (Fig 13): 1) Around E11.5 there is a first wave of
GABAergic cells that are born in the MGE (Cossart, 2011; Marin et al., 2001a), which take a
superficial trajectory towards the cortex along the marginal zone (MZ) and the subventricular zone
(SVZ). This migration depends on the expression of the Sazb7 and Lhx6 genes (Babij & de Marco
Garcia, 2016); 2) Between E12.5 and E14.5, there is a second big wave of tangential migration of
interneurons generated in the MGE, which appears to be the principal source of cortical
interneurons (Rubenstein and Marin, 2001). In fact, there is a peak of neurogenesis at E13.5 in the
MGE (Mayer et al., 2018a). These cells migrate using both the superficial and the deep layer routes
(Anderson et al.,, 2001). At the same time, at this embryonic stage, LGE-derived interneurons
migrate towards the olfactory bulb; 3) Late-born interneurons, which are those generated from
E14.5 to E16.5, derive from the LGE and MGE, and they mostly take the route towards the SVZ.
Interneurons from the CGE are born from ~E12.5 until ~E17.5. There is a peak of neurogenesis

at E14.5 in the LGE and CGE (Mayer et al., 2018).
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Figure 13. Temporal waves of cortical interneuron tangential migration. A) Coronal section showing the location
of LGE, MGE, CGE, and POA. B) The first wave of tangential migration takes place around E11.5, and interneurons
originate from the MGE and take a superficial route. C) The second wave has a peak at E13.5, when interneurons
originated from the MGE take mainly the deep route. D) At E15.5 both MGE and LGE can give rise to cortical
interneurons, which take the SVZ route. NCx, neocortex; POA, preoptic area; LGE, lateral ganglionic eminence;
MGE, medial ganglionic eminence; Str, striatum; MZ, marginal zone; 1Z, intermediate zone; VZ, ventricular zone;

SVZ, subventricular zone; PCx, pitiform cortex. Adapted from Flames, 2005.

Allinterneurons take the same stereotyped tangential routes towards the cortex irrespective of their
site of origin, avoiding other regions of the subpallium and the striatum. For this process they use
the same molecular mechanisms (Martini et al., 2009; Yanagida et al., 2012). There are three
migratory streams from the ganglionic eminences towards the neocortex: 1) the more superficial
route goes near the marginal zone (MZ); 2) the deeper route goes near the subventricular zone
(SVZ); 3) there is a small proportion of interneurons that migrate through the subplate (SP).
Interestingly, it has been described that the expression of the chemokine Cxcl12 is required for the
tangential migration of cortical interneurons (H. Li et al., 2008; Lépez-Bendito et al., 2008;
Sanchez-Alcaniz et al., 2011; Stumm et al., 2007; Tiveron et al., 2006; Y. Wang et al., 2011; Llorca
and Deogracias, 2022). This process has been well studied in MGE interneurons, in which the
transcription factor NAx2-1 controls the expression of chemorepulsive receptors Sema3A and
Sema3F, which is necessary for the MGE-derived interneurons to avoid the striatum (Marin et al.,
2001b). In addition to chemorepulsive molecules, interneurons also follow chemoattractant cues
such as neuregulin-1 (Nrgl) (Flames et al.,, 2004). Strikingly, interneurons that take different
migratory routes also present different transcriptional profiles, which means that they do not

choose the MZ or the SVZ routes randomly (Antypa et al., 2011).

Once they reach the neocortex, interneurons switch to radial migration in order to get to their final

destination. This change in the trajectory from tangential to radial could be due to the loss of
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responsiveness to the Cxcl12 chemokine (Li et al., 2008). Recent work has also demonstrated that
pyramidal neurons express neuregulins, such as Nrg3, which help interneurons to reach their final
destination (Bartolini et al., 2017). Interestingly, at the time when the respective pyramidal cells are
beginning to differentiate into a specific layer, interneurons start acquiring their laminar distribution
(Hevner et al., 2004; Miyoshi & Fishell, 2011; Pla et al., 2006). Thus, the disruption in the layering
of pyramidal cells could impact the laminar distribution of interneurons in the cortex (Lodato et

al., 2011; Pla et al., 2006; Ye et al., 2015; Wester et al., 2019).

Neuronal activity might also have a role in the radial migration of interneurons. On this regard, the
KCC2 channel, a potassium/chloride exchanger found in interneurons, has been widely studied.
This channel reduces the speed and eventually stops the migration of interneurons by decreasing
the frequency of the calcium transients in response to GABA (Bortone & Polleux, 2009).
Therefore, the reduction in the excitability of interneurons changes their laminar positioning (de
Marco Garcia et al., 2011), and thus, suggests that the upregulation of the KCC2 channel is part of

the maturation program of all types of interneurons (Inamura et al., 2012).

In the developing neocortex, there is increasing evidence that different types of interneurons are
found across distinct brain regions. Not only that, but the same progenitor can generate
interneurons that will populate different telencephalic areas (Harwell et al., 2015; Mayer et al.,
2015). As a result, pools of progenitor cells at the ganglionic eminences can give rise to different
types of interneurons. For instance, it has been shown that progenitors in the MGE generate most
of the SST neurons in the first part of the neurogenic period, while PV interneurons are produced
constantly. Even though the ganglionic eminences generate different types of interneurons, these
cells pass through conserved precursor states once they become postmitotic. These precursor states
will give rise to interneurons or projecting neurons (Mayer et al., 2018b). Related to this, it has been
recently suggested that even a few hours after they are born they are already transcriptionally
heterogeneous both at the MGE and CGE, and have a defined fate long before they are allocated
at their final position in the neocortex (Mi et al., 2018; Miyoshi et al., 2010; Petryniak et al., 2007,
Allaway et al., 2021). Interestingly, within the same cortical area a wide number of different

interneuron subtypes can be found (Gouwens et al., 2020).

MGE-derived interneurons populate the neocortex in an inside-out manner following the

birthdates of the pyramidal cells (Miyoshi et al., 2007). In contrast, CGE-derived interneurons
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contribute in a 75% to the superficial layers and 25% to the deep layers consistently and
independent on their birth (Miyoshi et al., 2010). Recently, it has been described that the final
destination of cortical interneurons does not depend on their birthdate, but on the ganglionic
eminence where they are born. Thus, MGE interneurons that are born at E12.5 will populate
deeper layers of the neocortex, while E12.5 CGE-derived interneurons will migrate towards
superficial layers (Miyoshi & Fishell, 2011). However, there is not obvious preference towards the
superficial or the deep migratory route in both E12.5 MGE- and CGE-derived interneurons; it is
irrespective of their site of origin (Miyoshi & Fishell, 2011). Moreover, it has been observed that

different types of interneurons use different streams to get into the cortex (Lim et al., 2018).

5. 3. 2. The importance of neuronal activity and sensory input for
cortical interneurons

A big proportion of all the interneurons (more than 30%) generated in the subpallium follow
programmed cell death between the first and second postnatal week (Southwell et al., 2012). This
cell death occurs progressively and seems to be linked to the integration of interneurons into the
cortical circuits that are emerging and to the excitability of the interneurons themselves (Close et
al., 2012; Priya et al.,, 2018; F. K. Wong et al., 2018). Several studies have shown that the maturation
of interneurons requires excitatory input during the first postnatal week from local and afferent
pyramidal cells, and that the integration into a functional circuit is necessary for their survival
(Anastasiades et al., 2016; Cobos et al., 2005; de Marco Garcia et al., 2011, 2015; Modol et al., 2020,
Tuncdemir et al., 2016; Duan et al., 2020). For instance, in the somatosensory cortex there is a peak
of interneuron apoptosis between P7 and P9. Experiments inducing the overexpression of the
potassium channel Kir2.1 on interneurons have shown that they are less active in the cortical circuit

and that the proportion of interneuron apoptosis is increased (Duan et al., 2020).

As it has been explained above, interneurons require neuronal activity and the emergence of
sensory experience in order to mature and integrate correctly in the circuit. In fact, GABAergic
cells in the cortex work as a functional network with coordinated activity and temporal dynamics
(Modol et al., 2020). As an example, experiments inducing whisker deprivation have shown an
impact on the functional organization of these circuits, affecting differentially deep and superficial

layers (Modol et al., 2020).
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In the cortex, layer 4 receives thalamocortical input, and thus, it has a significant role in the
processing of sensory information (Douglas & Martin, 2004). PV basket cells from layer 4 are in
charge of the feedforward inhibition, although the connectivity between the excitatory and the
inhibitory neurons remains weak until the second postnatal week, when PV cells receive direct
input from thalamic neurons (Chittajallu & Isaac, 2010; Daw et al., 2007). On the other hand, SST
neurons in layer 5 receive dense and transient thalamic input during the first postnatal week, while
innervating layer 4 and layer 5 excitatory neurons, as well as PV interneurons (Marques-Smith et
al., 2016; Tuncdemir et al., 20106). Interestingly, it has been observed that these SST interneurons

in layer 5 are necessary for the maturation of deep layers PV basket cells (Tuncdemir et al., 2016).

In the visual cortex, interneurons play an important role in the correct development of this cortical
area. For example, it has been recently described that SST interneurons restrict the spread of low
frequency events by the beginning of the second postnatal week, which would help to preserve the
retinotopy and the plasticity before PV interneurons mature (Leighton et al., 2021). Furthermore,
in order to acquire the binocular vision, retinal and callosal contralateral activity drive apoptosis in
a subtype of PV interneurons called Chandelier cells in V1 (B. S. Wang et al., 2021). In the adult
V1, the connectivity of cortical interneurons has been already established: PV cells inhibit
pyramidal cells and vice versa, and are involved in cortico-cortical feed -back and -forward
inhibition between V1 and higher order visual areas (Gonchar & Burkhalter, 2003; Ibrahim et al.,
2021); SST cells inhibit both pyramidal cells and 5HT3aR interneurons (Adesnik et al., 2012); and
VIP neurons, on the contrary, disinhibit SST cells (Pfeffer et al., 2013).

Similar to the visual cortex, there are several groups that have studied interneurons in the
somatosensory cortex. For instance, it has been recently observed that sensory deprivation by
whisker plucking, or the reduction of Cajal-Retzius cells (CRc) in L1 by the expression of diphteria
toxin in these cells, induced a decrease in the density of PV but not of SST interneurons in L5 and

L6 in the somatosensory cortex (Genescu et al., 2022).

Furthermore, it has also been described that L1 transient CRc are important for the correct
allocation of interneurons found in the upper layers. In fact, embryonic thalamic activity was shown
to control CRc density in LL1. Transgenic mouse models lacking prenatal thalamic waves showed a
reduction in the density of .1 CRc, which in turn affected the distribution of 1.2/3 interneurons
expressing NPY, Calretinin or Reelin markers, whose densities were increased (Genescu et al.,

2022).
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Finally, Kastli and colleagues have described that the activation of VIP and SST interneurons in S1
depends on the arrival of stimuli. VIP cells are able to differentiate between single-whisker and
multi-whisker stimulation before P14 but not after that time point. Meanwhile, SST interneurons
respond to multi-whisker stimulation before and after P14. This difference in the response is due
to a change in the thalamic connections that innervate these interneuron types (Kastli et al., 2020).
Interestingly, it has been recently described that depending on their developmental trajectory and
the cortical area they will populate, interneurons are organized in different connectivity circuits

(Pouchelon et al., 2021).

6. Microglia
6. 1. General overview

The central nervous system is formed by a wide variety of cells apart from neurons. One of these
populations is the microglia. Even though it was firstly thought that microglia were just the immune
cells in the nervous system, it is now widely accepted that microglia present several different

functions.

Firstly, microglia do not have the same embryonical origin as neurons. Back at the end of the 19
century and early 20" century, F. Nissl, W. Robertson, Ramén y Cajal and Pio del Rio-Hortega
proposed that microglia had a mesodermal origin (Ginhoux et al., 2013). It is now widely accepted
that microglia derive from the primitive macrophages that are born in the yolk sac (YS), which is
where the first hematopoiesis takes place at E7 in mice (Bertrand et al., 2005; Gomez Perdiguero
et al., 2015; Hoeffel et al., 2012, 2015; Kierdorf et al., 2013; Palis et al., 1999; Schulz et al., 2012).
Between E8 and E10 the circulatory system begins to appear, and the primitive macrophages,
which are found in the Y§, start propagating into the embryo before the closure of the blood brain
barrier at E13 (Ginhoux et al., 2010; Hoeffel & Ginhoux, 2018). Once they enter the brain
parenchyma, they start proliferating rapidly at the clusters that they form in the white matter
(Monier et al., 2006; Swinnen et al., 2013; Varney et al., 2011). The entrance of microglia into the
CNS corresponds with the vascularization of the brain tissue, E9.5 in rodents, and therefore, the
interaction between microglia and vascular sprouts could facilitate microglial migration and

population of the brain areas (Earle & Mitrofanis, 1998; Monier et al., 2006; Rigato et al., 2011).
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However, it has also been proposed that, since there is no vascular network at this embryonic stage,
microglia precursors might enter the CNS using extravascular routes (Arnold & Betsholtz, 2013;
Chan et al., 2007; Streit, 2001). Between E14 and E16, there is a huge rise in microglia numbers
that cannot be explained by an increase in the proliferation solely. In fact, it is thought that there
is a second entrance of microglial progenitors that would contribute to this increment (Chan et al.,
2007; Arnold and Betsholtz, 2013; Swinnen et al., 2013; Kierdorf et al., 2013). Microglia continues
proliferating until E17.5, and by this time they migrate and scatter throughout all the regions
(Santos et al., 2008; Swinnen et al., 2013).

Microglial precursors start invading the CNS from E8.5 in rodents in two phases, using tangential
migration followed by radial migration (Alliot et al., 1999; Ginhoux et al., 2010; Schulz et al., 2012).
First, there is an initial tangential migration along the deep layers of the neocortex in which
microglial precursors move using radial glia feet and the axonal bundles of the cortex (Cuadros &
Navascués, 2001; Pont-Lezica et al., 2011; Squarzoni et al., 2014a). However, before entering the
CP around E16.5, microglia is found in the VZ and IZ, which are the regions with progenitor cells
(Sorokin et al., 1992; Squarzoni et al., 2014b; Swinnen et al., 2013). Second, microglial precursors
change from tangential to radial migration in order to reach all the regions. Therefore, in the
developing cortex, they start accumulating between the cortical plate and the subplate (Monier et
al., 2007), and then populate all the layers. Strikingly, in addition to the local cues that might be
controlling the trajectory of microglia, it has been recently observed that this can be influenced by

signals derived from the microbiota or inflammation, as well as sexual identity (Hanamsagar et al.,

2017; Thion et al., 2018).

Microglia proliferation can be observed until the second postnatal week in rodents, when there is
a peak in microglia density. The proliferation nearly disappears later in the adult brain (Arnoux et
al., 2013; Dalmau et al., 2003; Marin-Teva et al., 1999), and there is a reduction in microglia density
that is maintained throughout time (Nikodemova et al., 2015; Paolicelli et al., 2011). There is an
increase in microglia apoptosis which coincides with a reduction in the proliferation, and both
factors, therefore, contribute to decrease the overall microglia numbers (Askew et al., 2017,
Nikodemova et al., 2015; Tay et al., 2017). Elmore and colleagues identified in 2014 the progenitor
cells that in the adult brain are responsible for the repopulation of microglia when it is depleted
(Elmore et al., 2014) suggesting that microglia is self-renewing throughout life (Hashimoto et al.,
2013).
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Some years ago, microglia was classified into three developmental stages in which the cells were
expressing different set of genes, such as CSF-1, IL-34 and TGF-$, mainly due to the signals
secreted by the growing CNS (Q. Li & Barres, 2018). Early microglia appears between E10.5 and
E14.5, followed by a second stage that is observed between E14.5 and P9. Finally, the adult
phenotype is observed after 4 weeks (Holtman et al., 2017; Matcovitch-Natan et al., 2016).

Microglia presents transcriptomic and epigenetic markers that distinguish them from other
macrophages (Gosselin et al., 2014; Lavin et al., 2014). Correct microglia development depends on
the expression of the transcription factor Pu.l and the interferon regulatory factor Irf8. Both
factors form a heterodimer that is essential for microglia phenotype (Beers et al., 2006; Kierdorf et
al., 2013; Minten et al., 2012). In addition to Pu.l and Itf8, the transcription factor Runx1 and
microRNA 7#/RN.A24 might also be involved in microglia proliferation (Zusso et al., 2012), motility
and morphological changes (Ponomarev et al., 2011; Svahn et al, 20106), respectively. CSF1
receptor (CSF1-R) is also essential for microglial numbers, and it can bind CSF1 and IL-34. It has
been observed that IL.-34 is more important than CSF1 for regulating microglia density in the adult
brain (Greter et al., 2012; Y. Wang et al., 2012). Most of the experiments that have helped to unravel
the role of CSF1-R in microglia development and adulthood have tried to deplete microglia, such
as the CSF1-R inhibitors (Elmore et al. 2014), and DAP12-deficient mice, in which the CSF1-R
adapter protein DAP12 is removed (Kierdorf et al., 2013; Otero et al., 2009). Finally, microglia
express exclusively the fractalkine receptor CX3CR1 (Cardona et al., 2008), which is involved in
the infiltration, distribution and proliferation of microglia into the developing brain (Hoshiko et

al., 2012; Paolicelli et al., 2011).

It is now clear that, in physiological conditions, microglia is not resting, but they are instead
continuously extending and retracting their processes in a surveillance state. By doing this, they are
able to sense and check the surrounding cells in order to respond faster to any insult or sudden
change in the microenvironment (Davalos et al., 2005; Haynes et al., 2006; Nimmerjahn et al., 2005;
Orr et al,, 2009). For instance, right after an acute injury, microglia move towards the damage by
retracting their processes and becoming more amoeboid and motile (Stence et al., 2001; Davalos
et al.,, 2005; Nimmerjahn et al., 2005). The expression of the microglial purinergic receptor P2Y12
seems to be involved in the chemotaxis, since damaged neural cells secrete ATP or ADP (Davalos
et al., 2005; Haynes et al., 2006). Moreover, by doing this surveillance, it has been suggested that
microglia support the survival, proliferation and maturation of neuronal progenitors and neurons

(Davalos et al., 2005; Frost & Schafer, 2016; Ueno et al., 2013).
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6. 2. Microglia, apoptosis and synapsis pruning

When neurons become apoptotic, they secrete several signals that attract peripheral macrophages
and can, at the same time, attract surrounding microglia. Some of these signals are fractalkine
(CX3CL1), lipid lysophosphatidylcholine (LPC), sphingosine 1 phosphate (S1P), ATP and UTP
(Elliott et al., 2009; Gude et al., 2008; Lauber et al., 2003; Truman et al., 2008). It has to be
considered that neuronal apoptosis does not influence or mediate microglia entering into the CNS

during embryonic development (Eyo et al., 2016).

Microglia are in charge of eliminating apoptotic cell debris (Fig 14). Their cellular processes contact
apoptotic cells expressing activated Caspase-3 during the first two postnatal days in mice (Mosser
et al., 2017). This is a process likely mediated by DAP12 and CD11b, since it has been observed
that DAP12 or integrin CD11b depletion induces a reduction in neuronal apoptosis. Moreover, it
has been shown that microglia localize within some neurogenic niches, where they control neuronal
progenitor cells (NPC) numbers by selective engulfment at the postnatal SZ and neocortex
(Cunningham et al., 2013), as well as promoting active apoptosis and the removal of debris from
the dying NPCs (K. Ashwell, 1990; Marin-Teva et al., 2004; Sedel et al., 2004). In the adult brain,
microglia is also important for clearing dead cells and those in excess via phagocytosis. This,

nevertheless, does not seem to require cell activation (Sierra et al., 2010).

Recently, it has been described the importance of microglia in synapsis refinement and pruning in
the healthy brain (Fig 14) (Hoshiko et al., 2012; Paolicelli et al., 2011; Schafer et al., 2012; Tremblay
et al, 2010; Wake et al, 2009a; Zhan et al,, 2014). During CNS development, there is an
overproduction of synapses. This excess of synapses is then refined in an activity-dependent
manner (Hua & Smith, 2004). For instance, it has been observed that dark rearing during the critical
period in mice increases the proportion of phagocytic structures in visual cortex microglia
(Tremblay et al., 2010). Moreover, it has been demonstrated that during eye specific segregation,
microglia in the visual cortex is carrying out a selective pruning of weak synapses through an
activity-dependent process that requires the P2Y12 receptor (Schafer et al., 2012; Sipe et al., 2016).
However, it seems that microglia does not only remove weak synapses, but it is also in charge of

remodelling the circuits (Tremblay et al., 2010; Wake et al., 2013).
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Apart from the activity-dependent removal, serotonin is also known to be involved in the
refinement of the visual system (van Kleef et al., 2012). In fact, microglia express the serotonin
receptor 5-HT2B, which promotes the extension of microglial processes towards a source of
serotonin. This has been observed in mice lacking this receptor, which have shown defects in the
refinement of the synapsis in the retinal projections (Kolodziejczak et al., 2015). In addition to
serotonin, microglial expression of BDNF has also been observed to facilitate synapse formation.
BDNF controls the expression of proteins involved in the synapse itself, such as AMPA and
NMDA receptors subunits (Parkhurst et al., 2013; Roumier et al., 2004). Tumor necrosis factor
alpha (TNFa) secreted by microglia can also impact synapses. Its expression can promote the
endocytosis of GABA4 receptors during inhibitory synapsis (Stellwagen et al., 2005). Finally, it has
been recently shown that I1.-33 secreted by astrocytes can regulate the phagocytosis of neuronal
spines by microglia. This demonstrates an astrocyte-microglia interaction that has neuronal output
(Vainchtein et al., 2018). Importantly, it has been also seen 7 vitro that the depletion of microglia
induces a reduction in the numbers of newly generated astrocytes (Antony et al., 2011), and that

astrocyte proliferation and differentiation can be stimulated by factors secreted by microglia

(Giulian & Ingeman, 1988; Nakanishi et al., 2007).

An example of the role of microglia in the maintenance of neuronal circuits occurs in the barrel
tield of the somatosensory cortex. The barrels in layer 4 are formed at P3. Two days later, at P5,
microglia enters into the barrels in order to interact with the thalamocortical synapses and favour
their functional maturation (Hoshiko et al., 2012; Thion et al., 2019). Altogether, these studies
suggest that changes in the normal function of microglia can have consequences in the maintenance
of synaptic networks, since these cells have an important role during embryonic development of

the CNS.

6. 3. Microglia and brain wiring

It has been observed in several species that microglia is found close to developing axonal tracks
(K. W. S. Ashwell et al., 1989; Cuadros et al., 1993; Herbomel et al., 2001; Innocenti et al., 1983;
Pont-Lezica et al., 2014; Rezaie et al., 1999; Verney et al., 2010). For instance, in mice, microglia
has been found in the MZ close to the axon fascicles (Cuadros et al., 1993; Soria & Fairén, 2000),
at the subpallium (Squarzoni et al., 2014), the corpus callosum (Pont- Lezica et al., 2014), and the

hippocampal commisure (Dalmau et al., 1998). Moreover, microglia appear in parallel to the axonal
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tracks, where they acquire the ramified phenotype and mature (Cuadros et al., 1993; Dalmau et al.,

1998; Torres-Platas et al., 2014).

Back in 2014, several groups observed that apart from the role of microglia in the maintenance of
cell numbers by promoting proliferation and apoptosis, and its role in circuit refinement and
synapse pruning, microglia was also important in brain wiring (Fig 14). This was suggested by loss-
of-function and knock-out experiments of the DAP72 and Px.1 genes, respectively, which led to
the defasciculation of axons in the corpus callosum (Pont- Lezica et al., 2014). Moreover, it was
observed that manipulating microglia during embryonic development affected the normal growth
of dopaminergic axons and the distribution of a subpopulation of cortical interneurons (Squarzoni

et al,, 2014).

6. 4. Microglia and activity

Microglia is a population of cells that are continuously extending and retracting their processes in
order to contact the synapses and check the surrounding microenvironment. Several groups have
shown that the duration of these microglia-synapse contacts depends on network activity and could
be influenced by the fate of these synapses (Y. Li et al., 2012; Pfeiffer et al., 2016; Sipe et al., 2016;
Tremblay et al., 2010; Wake et al., 2009b). Interestingly, it has been recently observed that microglia
can sense and respond to neuronal activity due to the expression of several receptors (Helmut et
al., 2011). One of these receptors, P2Y12R, appears to be important in this context (Sipe et al.,
20106).

Microglia can sense both hyperexcitability and hypoexcitability:
0 Hyperexcitability:

Under physiological conditions, microglial processes are recruited by active neurons, such
as those activated upon a visual stimulation (Akiyoshi et al., 2018a; Y. Li et al., 2012). When
neuronal activity is increased throughout a long period of time, neurons secrete ATP and
ADP, which are sensed by the P2Y12-R, which in turn engages process extension in
microglial cells (Haynes et al., 2006; L. J. Wu et al., 2007). This P2Y12/ATP-ADP signalling

pathway is also part of the response of microglia to tissue damage. However, in healthy
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tissue the increase in neuronal excitability eventually increases the recruitment of microglia
and the interaction between microglia and neuronal synapses, therefore, reducing this
neuronal activity as a consequence (Akiyoshi et al., 2018b; Y. Li et al., 2012; Wan et al,,
2020). Thus, it has been observed that the ablation of microglia during seizures has
deleterious effects (Badimon et al., 2020; W. Wu et al., 2020). Moreover, CX3CR1-knock
out mice, which do not express the fractalkine receptor in microglia, resulted in an
increased seizure severity (Eyo et al., 2016). The ablation of the P2Y12 receptor caused a
reduction in the microglia-neuron interactions along with more severe seizures as well
(Badimon et al., 2020; Eyo et al,, 2014). Finally, it has also been seen that the close
apposition between microglia and neurons reduces neuronal hyperexcitability through a

mechanism that is still unknown (Kato et al., 2010).

Hypoexcitability:

In addition to hyperexcitability, the hypoexcitability of neuronal networks can be sensed
by microglia as well. In this case, the microglial response to hypoexcitability has been
observed under anaesthetized conditions. In anaesthetized animals and with different
anaesthetics, microglial dynamics are increased. Interestingly, under these circumstances,
microglial cells increase the surveillance state a few minutes after the administration of the
anaesthesia (Liu et al., 2019). It seems that the levels of norepinephrine (NE) regulate the
motility and process extension of microglia in the hypoactive stated (Liu et al., 2019;

Mishima et al., 2019; Stowell et al., 2019).

6. 5. Microglia and interneurons

As it was introduced before, it has been observed that the depletion or over-proliferation of

microglia during embryonic development affects the distribution of a subpopulation of cortical

interneurons postnatally (Squarzoni et al.,, 2014). After this first result, several studies have

deepened into how microglia can affect GABAergic inhibitory neurons, and therefore, the

network. In addition to this, the role of microglia in controlling and maintaining the

excitatory/inhibitory balance in the brain has been widely studied in pathological conditions such

as seizures.
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The first findings relating microglia and interneuron at early developmental stages appeared in
2014. Squarzoni and colleagues observed that embryonic depletion or overproduction of microglia
affected Lhx6-positive interneurons, and in particular fast-spiking interneurons. They observed
that under these circumstances, fast-spiking interneurons were not correctly allocated in the
developing neocortex, mainly in the upper layers (Squarzoni et al., 2014). Later, in 2019, it was
described that either depletion or over-proliferation of microglia during embryonic development
had an impact on PV cells in layer 4 of the barrel cortex. In fact, these PV cells had a reduced
inhibitory drive onto their targets in the adult brain, while in contrast, in juvenile mice there was a
higher density of this subpopulation of interneurons and the inhibitory drive onto the targets was
increased (Thion et al., 2019). In addition, and supporting this microglia-interneuron interaction, it
has been very recently demonstrated that during mouse postnatal development there is a
subpopulation of microglia which specifically binds GABA due to the expression of the GABAs
receptor on their surface, and therefore remodels inhibitory synapses, and not excitatory (Favuzzi

et al., 2021).
Altogether, these studies suggest that cortical interneurons are sensitive to changes in microglia,

and at the same time, microglia is important during development for the correct formation of

neuronal circuits.
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Figure 14. Some key functions of microglia. Microglia has several functions, such as surveillance and phagocytosis
of apoptotic cells and debris. They are also important during inflammation and synapse pruning. Adapted from Sierra

etal.,, 2019.
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OBJECTIVES

The general objective of this thesis is to study whether local thalamic interneurons and
microglia are sensitive to peripheral or thalamic activity during early stages of development
in the mouse. In order to pursue this general objective, we had the following specific

objectives:
0 To decipher whether peripheral spontaneous activity, in particular type I and type 11

retinal waves, impact thalamic interneuron migration into the dLGN during

development.

0 To decipher whether thalamic spontaneous activity during embryonic development

impacts thalamic interneuron migration into the dLGN.

0 To study whether thalamic microglia is sensitive to changes in peripheral or thalamic

spontaneous activity.

0 To determine whether changes in retinal or thalamic spontaneous activity impact

cortical interneurons in V1.

0 To decipher whether retinal or thalamic activity would impact cortical microglia in

V1.
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MATERIALS AND METHODS

Mouse strains

All the transgenic mice used in this thesis were maintained in the ICR/CD-1 genetic
background. They have been genotyped by PCR. We assumed E0.5 for the day of the plug.
The R26tdTomato Cre-dependent mouse (stock number 007908) was from Jackson
Laboratories. The GADG67-GFP mouse model expresses the fluorescent protein GFP under
the interneuron promoter GADG7 (Tamamaki et al., 2003; Wu et al.,, 2011), which labels the
whole population of interneurons in the brain. The R26Kir2.1-mCherry floxed mice were
crossed with the Gbx2CreERT/+ mouse line, which is a specific thalamic promoter. Double
mutants for Kir2.1 and Gbx2 are referred here as ThKir. They are obtained by tamoxifen
administration (gavage, Smg dissolved in corn oil) at E10.5, which labels all the primary
sensory nuclei in the thalamus (Moreno-Juan et al., 2017; Antén-Bolafios et al., 2019). The
triple mutant GADG7:GFP-Gbx2-Kir2.1 was obtained as the double mutant Gbx2:Kir2.1.
Given that tamoxifen leads to eatly birth, progesterone was administered intraperitoneally at
E14.5 (125mg/kg DEPO-PROGEVERA®). At E19.5 we petformed C-sections was done
on pregnant females and the pups were placed with a foster mother. All the CreERT2-
negrative littermates were used as controls for all the experiments carried out for this thesis.
In these animals, all the interneurons are labelled in green. On the other hand, SertCre:Kir
animals express the Kir2.1 potassium channel under the serotonin transporter (Sert)
promoter. In these animals, Kir2.1 is expressed gradually in the different thalamic nuclei at
the end of the gestational period and extends until early postnatal days without tamoxifen

administration (Antén-Bolafios et al., 2019).

In utero bilateral enucleation

The surgery was performed on pregnant females at E14.5, which were deeply anesthetized
with isoflurane as previously described. The uterine horns were exposed after a midline
laparotomy. Both eyes were cauterized in half of the litter, and then the embryos were placed
back in the abdominal cavity. The surgical incision was closed and the embryos developed

normally until birth date and postnatal stages.
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All the animal procedures were approved by the Committee on Animal Research at the
Universidad Miguel Hernandez de Elche, and in compliance with the Spanish and European

Union regulations.

Immunohistochemistry

Mice were perfused with paraformaldehyde (PFA) 4% in PBS 0.01M. The brains were
dissected and postfixed overnight. In contrast, brains at embryonic stages were directly
dissected and fixed in 4% PFA overnight. Coronal sections 60 um thick were obtained with
the vibratome. Brain slices were then treated with a citrate buffer at pH=06 to unmask the
antigens. Then, slices were washed and the blocking solution containing 10% normal goat
serum (NGS) and 0.3% Triton X-100 (Tx100) was placed for 1h. Slices were incubated
overnight at 4°C with the respective primary antibodies, 3% NGS, 0.3% Tx100 in PBS
0.01M: guinea pig anti-vGlut2 (1:5000, Synaptic Systems, #135404), chicken anti-GFP
(1:2000; Aves Labs, #GFP-1020), rat anti-RFP (1:1000 Chromotek, #5F8), mouse anti-
NeuN (1:1000 Merk-Millipore, #MAB377), rabbit anti-Ibal (1:1000, Wako #019-19741),
mouse anti-Otx2 (1:50, courtesy of Prosziank lab), rabbit anti-PV (1:1000, Swant #PV27),
rat anti-somatostatin (1:50, Merck # MAB354), rat anti-CD68 (1:1000, Abcam # AB53444).
Sections were washed several times with PBS 0.01M and incubated 2h at room temperature
with seconday antibody, 3% NGS, 0.3% Tx100 in PBS 0.01M: Alexa488 donkey anti-guinea
pig (1:500, ThermoFisher, #A11073), Alexa546 donkey anti-guinea pig (1:500,
ThermoFisher, #A11040), Alexa488 goat anti-chicken (1:500, ThermoFisher, #A11039),
Alexa594 donkey anti-rat (1:500, ThermoFisher, #A21209). Brain slices were rinsed in PBS

0.01M and then staind with DAPI for 5 min. Finally, they were mounted with Fluoromont.

In situhybridation

Mice were perfused, dissected and postfixed as before. Coronal sections 60 um thick were
obtained with the vibratome. Brain slices are then treated with H>O: 1.5% for 30 minutes
and washed with TNT buffer. They are treated with Proteinase K (5ug/ml) for 8 minutes,
and glycine (2mg/ml). Then, the slices are washed with TNT buffer and incubated overnight

with the hybridation solution containing the Re/z probe (1:100). The next day, brain slices

66



Materials and Methods

are washed several times with a solution containing formamide, SSC and SDS 1%, followed
by washes with another solution of formamide with SSC. After this, the tissue is washed with
TNT buffer and incubated with a blocking solution with 10% FBS for lhour at room
temperature. Later, brain slices are incubated with anti-DIG-antibodies (1:500) over night.
The day after, the slices are washed with TNT buffer and developed with the TSA-Cy Kit
(1:500). They were washed with PBS several times and mounted with Fluoromont.
Forward primer Reelinn TCAGCTGGAGAAAATTAGAGCC. Reverse primer Reelin:
CAAGCACTCAGTGTGGAGTAGG

Nissl staining

Brain slices were 60um thick and they were mounted in Ultrafrost Super Frost. When they

are completely dried, the slides are left in Cressyl violet staining for in between 30 seconds

and 2 minutes. After, slides are washed for 1 min with dH,O, and incubated in 70% EtOH

for 3 minutes, followed by an incubation in 90% EtOH, and 100% EtOH, 3 minutes

respectively. Finally, slides are washed with Xylol twice for 5 min. Slides are then drained on

a paper and mounted with EuKitt Quick-hardening mounting medium (Sigma Aldrich).

IMARIS image processing

Sholl analysis and microglia morphology was obtained with the IMARIS 9.1 software

provided by the Imaging Facility, using 63x magnification.

Confocal microscopy

Images were taken with an inverted confocal Olympus with a 20x, oil immersion objective.
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Image quantification

Images were analyzed using the FIJI (FIJI is just Image ]) software. The quantification of the
cells in the dLGN was done with the Cell Counter plugin, selecting a particular ROI at four
different rostro-caudal levels for each brain. Then, an average for the area and the total
number of interneurons was calculated per brain. The same was done for microglia
quantification.

For cortical interneurons and microglia, three different rostro-caudal levels were selected. In
each layer, the average was done analyzing three ROIs of 100x100um for each rostro-caudal

level. Then, the average was calculated using all the levels.

Microglia depletion during development

To deplete microglia during development, we administered PLX3397 (500 mg/kg) with the
normal chow from E4.5 to birth to Gbx2CreERT control and Gbx2CreERT:Kir2.1 mice.
Gbx2CreERT:Kir2.1 mice (ThKir) were also treated with tamoxifen at E10.5 and
progesterone as explained above. Gbx2CreERT control mice were fed with PLX3397 (500

mg/kg) also after giving birth in order to deplete microglia postnatally.

In vivo intraocular injections

For the pharmacological ablation of type I retinal waves 7 vivo, Carbenoxolone (10mM; Cbx,
Merck, C4790) or saline were injected into the vitreous humor of the eye both at PO and P1
with a pulled glass micropipette. Each eye received 0.3uL of Cbx per injection through a
small incision. These early postnatal pups were anesthetized using ice, and they were
recovered in a heating pad. For the pharmacological ablation of type II retinal waves,
Epibatidine at 0.5mM was used (Epib, Merck, E1145). 0.42-0.49 uL of 0.5mM Epib or saline
were injected into the vitreous humor of the eye both at P3 and P4 with pulled glass pipettes.
To do that, pups were anesthetized with ice and a small incision was performed in the eyelid

to expose the eyeball. Pups recovered in a heating pad.
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Statistics

The statistical analysis was carried out using SPSS and R. The statistical comparison between
two specific populations was done using a two-tailed Student’s t test with Welch correction
(we did not assume equal variances). When data was not passing the Kolmogorov-Smirnov
normality test, the Mann-Whitney test for non-parametric data was applied instead. When
comparing the density of cells and the number of cells between mutant and control mice
throughout ages, the data was fit to a generalized linear model with a negative binomial
distribution, and analyzed using a Chi square test, followed by a Tukey post-hoc. For the
area, the data fit a generalized linear model with a Gamma distribution, and was analyzed
using a Chi square test and a Tukey post-hoc. For the ratios, a 2-way ANOVA was chosen.
In addition, in order to compare cortical data between the genotypes, the data was fitting
into a 2-way ANOVA with repeated measures. For these analyses, P values < 0.05 were
considered statistically significant and set as follows: *P < 0.05; *¥P < 0.01 and ***P < 0.001.
The sample size was not pre-determined with a statistical method. However, the number of
samples were considered adequate for the experimental design pursued and consistent with

previous studies.
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RESULTS

CHAPTER 1: INTERNEURONS IN THE VISUAL PATHWAY

1.1. — Thalamic interneurons

1. 1. 1 Interneurons from the dLLGN can be identified by Otx2 and Ree/in

In mice, GABAergic local neurons, or interneurons, are mainly found in the primary visual nucleus
(dLGN). These inhibitory cells are originated outside the thalamus and start migrating into the
nucleus from ~E17, reaching their final destination by the end of the first postnatal week (Golding
et al., 2014; Jager et al, 2016). As explained previously, one of the sources of local thalamic
interneurons is the midbrain proliferative zone. Thalamic GABAergic interneurons from this origin
are born between E10 and E13, and belong to the Engrailed] lineage (Jager et al., 2016, 2021). They
are characterized by the expression of O#x2, Gata2, and Sox14 transcription factors, and are mainly
found in FO nuclei, constituting the vast majority of local interneurons in the adult thalamus (Jager
et al., 2021). These interneurons migrate from the midbrain into the thalamus from the caudal tiers.
The second source of local thalamic interneurons is the prethalamus. The stream of cells coming
from the prethalamus populates the thalamus from the rostral tiers at the end of embryonic
development (Golding et al., 2014; Jager et al., 2021). These interneurons that are originated in the
prethalamus constitute 20% of the total number of local thalamic interneurons in the adult
thalamus, and express Foxd1, Dix1/2, and DIx5/6. In contrast to the thalamic interneurons that
come from the midbrain, this population is enriched in HO nuclei (Jager et al., 2021). Given this,
in order to reveal thalamic interneurons, we used a transgenic mouse line that expresses GFP fused
to GADG7, the enzyme responsible for the synthesis of GABA. To corroborate their identity as
midbrain- and prethalamic-derived cells, we used known markers that label both subpopulations
of thalamic interneurons: Otx2 and Ree/in (Golding et al., 2014). In order to confirm that these
markers can be used at different developmental stages, we chose two different postnatal time
points, P6 and P20. We observed that all dLGN interneurons, and some from the vLGN, were
exclusively labelled by the anti-Otx2 antibody (Fig. 1). In addition, we observed by i situ
hybridization (ISH) that these interneurons contained Ree/in mRNA. Finally, by doing a double

immunostaining, we confirmed that all Otx2" cells in the dLGN were also positive for Ree/in. Thus,
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we corroborated that thalamic interneurons from the visual nucleus, and not excitatory projecting

neurons, express both Otx2 and Ree/in and, thus, they can be used as specific markers.

Figure 1. Thalamic interneurons in the dLGN express OTX2 and Reelin. A) Double staining with
immunohistochemistry and ISH shows that thalamic interneurons express Otx2 and Reelin. B) Graph showing the
proportion of GFP and Otx2 positive cells at P6 in the GAD67-GFP model (n=4). C) Graph showing the proportion
of GFP and Re/r positive cells at P20 in the GAD67-GFP model (n=5). D) Graph showing the proportion of Otx2
and Re/n positive cells at P20 in a WT animal (n=3). Scale bar = 100um.
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1. 1. 2. Retinal input influences the distribution of interneurons in the

dLGN

It has been previously reported that the absence of retinal input affects the migration of thalamic
interneurons in the dLLGN. Thereby, after optical nerve section at P0, or in Ey7”" mutant mice, it
was observed that interneurons do not distribute evenly throughout the dLGN; they remain in the
upper tiers of the dLGN (Golding et al., 2014). Abnormal retinal input also disrupts the
morphology and the synaptic connectivity of dLGN interneurons (Charalambakis et al., 2019).
One of main objectives of our project is to find out the contribution to the development and
integration of thalamic interneurons of peripheral input/activity versus central electrical activity.
To study the effect of peripheral input, we performed bilateral enucleation in mice at embryonic
stages (EmbBE). This way, we remove the retinal axons before they innervate thalamic cells, which
are then deprived of receiving retinal input from early stages of development. We compare here
the effects with previous reports from anophthalmic mice or upon retinal input removal at later
stages (Golding et al., 2014).

We cauterized the eyes of GADG67-EGFP mice at E14.5. Brain tissue was collected at different
developmental stages, from E18.5 — time at which interneurons normally start migrating into the
dLGN - to P15, when eyes are already open. We firstly measured the dLGN area and observed
that there was a reduction in the size of the dLGN in EmbBE compared to control animals as eatly
as P2, a difference that was maintained along the first two postnatal weeks (Fig 2C). Looking at
the average density of interneurons at different rostro-caudal sections of the dLGN, we observed
that there were significantly less interneurons in the dLGN of EmbBE mice compared to control
littermates at P6 (Fig 2D). Strikingly, the difference observed at P6 was due to a significant
reduction in the total number of interneurons (Fig 2E), which were accumulating in the upper
tiers of the visual nucleus (Fig 2F), as it has been previously described (Golding et al., 2014).
However, there were no significant differences at P15 between EmbBE and control animals,
suggesting that the reduction in the number of interneurons was proportional to the reduction of

size of the dLGN.
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Figure 2. Embryonic bilateral enucleation changes de distribution of dLGN INs but not the density. A)
Coronal sections showing the distribution of thalamic interneurons at different time points. B) Graph showing the
differences in the area of the dLGN between Ctrl and EmbBE littermates (GLM Gamma distribution). C) The density
of interneurons is significantly low in EmbBE at P6 compared to Cttl animals (GLM Negative Binomial). D) Graph
showing the average total number of interneurons per section of dLGN at different developmental stages in Ctrl and
EmbBE littermates (GLM Negative Binomial). E) Graph showing the ratio between cells in Binl and Bin2 (2-way
ANOVA). E18.5 n=7, P2 n=8, P6 n=10, P15 n=6. B, C, and D represent the mean and the confidence intervals. E
represents the mean and the SEM. Scale bars = 100um.
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1. 1. 3. Interneuron migration into the dLGN does not depend on

neonatal spontaneous retinal activity

There are three different types of retinal waves in mice: type I (~E16 - P1), type 1I (~P1-P10), and
type III (~P10 until eye opening at ~P14). Interneurons invade the dLGN while type I and type
IT retinal waves are activating the cells of the visual thalamus. In the EmbBE model, both patterns
of spontaneous activity are suppressed due to the early removal of the eyes. To separately assess
their role, we decided to abolish type I or type II retinal waves using a pharmacological approach,
without damaging the axons. In order to study whether type I retinal waves are specifically involved
in interneuron migration, we used carbenoxolone (Cbx), a drug that has been widely used on brain
slices 7z vitro to remove activity. We decided to use Cbx zz vivo at 10mM, which blocks type I retinal
waves while maintaining the morphology of the eye (Guillamoén-Vivancos et al., 2022). Cbx was
injected in both eyes at PO and P1, when thalamic interneurons start migrating into the dLGN. In
brains collected at P2 and P6, we observed that neither the average area, nor the average density
of interneurons were affected (Fig 3C and 3D). In addition, interneurons distributed evenly
throughout the nucleus (Fig 3E). Thus, our results showed that blocking type I retinal waves does

not affect neither interneuron density nor their location in the visual nucleus.

Figure 3. Blockage of type I retinal waves does not affect interneuron migration into the dLGN. A) Schematic

representation of the surgery performed at PO and P1. B) Coronal sections showing the distribution of thalamic
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interneurons at P6. C) Graph showing the differences in the area of the dLGN between Saline and Cbx animals (GLM
Gamma distribution). D) The density of interneurons does not change between Saline and Cbx littermates (GLM
Negative Binomial). E) Interneurons distribute similatly in saline and Cbx injected animals (2-way ANOVA). P2 n=5,
P6 n=5. C, and D represent the mean and the confidence intervals. E represents the mean and the SEM. Scale bar =

100pm.

1. 1. 4 Interneuron migration into the dLGN does not depend on type 11

retinal waves

Epibatidine (Epib) is a drug widely used to block type II retinal waves (Rossi et al., 2001; Huberman
et al., 2002; Penn et al., 1998; Cang et al., 2005; Pfeiffenberger et al. 2005; Sun et al., 2008; Ackman
etal.,, 2012). In mouse, Epib binds to the nAchRs decorrelating spontaneous activity and, therefore,
disrupting waves. We injected Epib in both eyes at P3 and P4 when type II retinal waves are already
established and interneurons massively invade the dLGN. Immunostaining for interneurons
showed no significant changes in their density between animals injected with saline or epibatidine
(Fig.4C and 4D), suggesting that blocking type II retinal waves acutely does not affect the

migration and distribution of interneurons into the dLGN.

Figure 4. Blockage of type II retinal waves does not affect interneuron migration. A) Schematic representation

of the surgery performed at P3 and P4. B) Coronal sections showing the distribution of thalamic interneurons at PG6.
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C) Graph showing the differences in the area of the dLGN between Saline and Epib injected animals (GLM Gamma
distribution). D) The density of interneurons does not change between Saline and Epib littermates (GLM Negative
Binomial). E) Interneurons distribute similarly in saline and Cbx injected animals (2-way ANOVA). P6 n=5. C, and D

represent the mean and the confidence intervals. E represents the mean and the SEM. Scale bar = 100um.

1. 1. 6 Interfering with the thalamic spontaneous activity perturbs the

migration of interneurons into the dLGN

Retinal axons project mainly to the primary visual nucleus of the thalamus, the dLGN. The
developing thalamus exhibits spontaneous patterns of synchronous activity in the form of waves
from very early stages (Moreno-Juan et al., 2017; Antén-Bolanos et al.,, 2019). Therefore, we
wondered whether this intrinsic activity would have any effect on interneuron migration into the
dLGN. To that end, we took advantage of the Th** model in which the inward rectifying potassium
channel 2.1 (Kir2.1) is overexpressed in thalamic cells after cell cycle exit, driven by the Gbx2
promoter (Antén-Bolafios et al., 2019). In this mouse, thalamic calcium waves are eliminated at the
embryonic life and thus, activity in the thalamus is switched from synchronous to an asynchronous
mode before birth (Antén-Bolanos et al., 2019). Using this model, we analyzed the migration of
dLGN interneurons at different time points (E18.5, P2, P6 and P15) in control and Th™"
littermates. We firstly looked at the area of the dLGN and we observed that it was significantly
reduced in Th*" animals compared to the controls as soon as P2, and this reduction was maintained
throughout time (Fig 5B). In fact, the nucleus was not growing from P2, keeping the same size
two weeks later, at P15. Moreover, we observed a significant increase in the density of these
inhibitory cells at P6 and P15 in Th™* animals compared to control littermates (Fig 5C). This
increase was mainly due to a significant difference in the total number of interneurons, which was
reaching the peak already at P6 (Fig 5D). Interestingly, interneurons in Th™* animals were evenly
distributed throughout the dLGN (Fig 5E). Given that the density of interneurons was higher in
Th"* animals, we then quantified the ratio of excitatory versus inhibitory cells by analyzing the
proportion of Otx2" cells (interneurons) compared to NeuN" cells (excitatory projecting neurons).
We observed that there was a significant decrease in the excitatory versus inhibitory ratio in Th*"
animals compared to control littermates (Fig 6B). However, the overall density of cells was

unaffected, as we could observe by Nissl staining (Fig 6D).
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Figure 5. Perturbing embryonic thalamic activity affects dLGN interneurons. A) Coronal sections showing the
distribution of thalamic interneurons at different time points. B) Graph showing the differences in the area of the
dLGN between Ctrl and Th®* animals (GLM Gamma distribution). C) The density of interneurons is significantly
increased in Th® littermates (GLM Negative Binomial). D) Graph showing the average total number of interneurons
per section of dLGN at different developmental stages in Cttl and ThK" littermates (GLM Negative Binomial). E)
Interneurons distribute similatly in Cttl and ThXir animals. E18.5 n=6, P2 n=8, P6 n=8, P15 n=10. B, C, and D

represent the mean and the confidence intervals. E represents the mean and the SEM. Scale bars = 100pm.
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Figure 6. ThXir animals have decreased E/I ratio but no differences in cell density. A) Immunostaining for
NeuN and Otx2 at P6 and P15. B) ThKir animals present a significant decrease in the E/I ratio compated to control

littermates (P6 n=5, P15 n=5, 2-way ANOVA). C) Coronal sections of dLGN dyed with Nissl. D) Nissls staining

81



Results

shows that the density of cells is comparable in the dLGN of Ctrl and Th®r animals (P2 n=7, P6 n=7, P15 n=>5, 2-
way ANOVA, representing the mean and the SEM. Scale bar = 100pm.

To determine whether the changes we were observing were driven by the embryonic or the
postnatal perturbation of the thalamic activity, we decided to use the SertCre:Kir mouse model.
These animals overexpress the Kir2.1 potassium channel in the thalamus gradually, in accordance
with the expression of the serotonin transporter in thalamic relay neurons. As a result, and as a
difference with the Th™* model, the SertCre:Kir mice overexpress the Kir2.1 channel from E17.5
(in the VP) and progressively cover all thalamic nuclei at postnatal stages (Anton-Bolafios, 2019).
In the visual thalamus, its expression begins at E18.5 in caudal regions of the nucleus, and by P4 it
covers the whole dLGN. We observed that, like in Th™* mutants, the area of the dLGN did not
grow in SertCre:Kir animals compared to controls from P2 (Fig 7B). Furthermore, SertCre:Kir
animals showed a significant increase in the density of INs at the end of the second postnatal week
(Fig 7C), later than in the Th™" model, most likely due to the small area, since the number of INs
did not change between SertCre:Kir and control littermates (Fig 7D). Similarly, dLGN INs were
widely distributed throughout the nucleus (Fig 7E).
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Figure 7. Postnatal ablation of thalamic activity does not affect dLGN interneurons as much as embryonic
activity. A) Coronal sections showing the distribution of thalamic interneurons at different time points. B) Graph
showing the differences in the area of the dLGN between Ctrl and SertCreKir animals (GLM Gamma distribution).
C) The density of interneurons is significantly increased in SertCreKir littermates at the end of the second postnatal
week (GLM Negative Binomial). D) Graph showing the average total number of interneurons per section of dLGN
at different developmental stages in Ctrl and SertCreKir littermates (GLM Negative Binomial). E) Interneurons
distribute similatly in Cttl and SertCreKir animals (2-way ANOVA). E18.5 n=4, P2 n=7, P6 n=7, P15 n=5. B, C, and

D represent the mean and the confidence intervals. E represents the mean and the SEM. Scale bars = 100pm.

When we plot the number of interneurons versus the area of the dLGN in EmbBE, Th** and
SertCre:Kir animal models, we observe that the animals overexpressing Kir2.1 — Th™" and
SertCre:Kir — follow a different tendency in comparison to controls and EmbBE animals (Fig 8).
Ctrl and EmbBe animals present a progressive growth in the number of interneurons and area until
they reach a plateau at P6 - P15, while Th™" and SertCre:Kir animal models do not increase the

area meanwhile the number of interneurons tises.
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Figure 8. Temporal representation of the main changes observed in the area and the number of interneurons
in the EmbBE, Th¥ and SertCre:Kir models. Graph showing how the different models and their respective control

littermates grow the area of the dLGN and increase the number of interneurons along time.

All these results suggest that thalamic spontaneous activity is more relevant than retinal activity for
interneuron migration into the dLGN, and that it is at embryonic stages, rather than after birth,

when disrupting thalamic activity causes a stronger impact into the migration of INs.

1. 1. 7. The increase in the frequency of embryonic thalamic waves does

not affect dLGN interneurons

We observe a significant increase in the density of INs in the dLGN of Th™" and SertCre:Kir mouse
models. Thus, we wondered whether an increase in the frequency of the waves instead of their
elimination could also modify INs migration into the dLGN. A few years ago, our lab showed that
the embryonic overexpression of Kir2.1 specifically in the auditory nucleus of the thalamus
(MGv™), suppresses thalamic calcium waves in this nucleus but also induces a cross-modal increase

in the frequency of waves that cover the FO nuclei, including the dILGN (Moreno-Juan et al., 2017).
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In this mouse model the dLGN size is not reduced, as compared to previous models. Therefore,
we decided to study whether the increase in the frequency of waves in the MGv™* mouse would
trigger any effect on local thalamic interneurons. However, we did not observe any significant
difference neither in the area of the dLGN, the average total number of interneurons, nor the
density of these inhibitory cells (Fig 9B, 9C and 9D). These results indicate that, in contrast to
activity suppression, the embryonic increase in the frequency of spontaneous waves does not affect

the postnatal interneuron migration into the dLGN.
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Figure 9. Increase in the frequency of waves in the dLGN does not affect the density of thalamic interneurons.
A) Coronal sections showing the distribution of thalamic interneurons at different time points. B) Graph showing the
differences in the area of the dLGN between Ctrl and MGvKir animals (GLM Gamma distribution). C) The density of
interneurons is comparable between MGvSr and Ctrl littermates along time (GLM Negative Binomial). D) Graph
showing the average total number of interneurons per section of dLGN at different developmental stages in Ctrl and
MGvHr littermates (GLM Negative Binomial). E) Interneurons distribute similatly in Ctrl and MGvK* animals (2-way
ANOVA). P2 n=5, P6 n= 5, P15 n= 5. B, C, and D represent the mean and the confidence intervals. E represents the
mean and the SEM. Scale bar = 100pum.

1. 2 — Cortical interneurons in V1

We have seen that changes in the pattern of activity in the thalamus during embryonic development
affects interneurons in the dLGN. The thalamus projects directly to the respective sensory cortices,
and it has been shown that it can affect cortical development before sensory onset (Moreno-Juan
et al., 2017; Antén-Bolanos et al., 2019). Hence, we wondered whether changes in peripheral and
thalamic activity during embryonic development would have any effect on cortical interneurons.
To do that, we decided to look at PV™ and SST" interneurons, which are the two main populations

of cortical interneurons in the primary visual cortex (V1).
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1. 2. 1. Embryonic bilateral enucleation changes the proportion of SST

and PV interneurons in deeper layers of V1.

First, we studied how PV™ and SST" subpopulations of interneurons distribute across the cortex
after embryonic bilateral enucleation. Eyes were cauterized at E14.5 and brains were collected at
P6, P15 and P30, to cover from early postnatal to young adult stages. While interneurons express
SST as soon as P6, however, PV starts to be expressed at ~P14 (del Rio et al., 1994). We observed
that SST* INs increased in the L6 of P6 EmbBE mice compared to control littermates, and that
this difference disappeared later at P15 (Fig 10B and D). On the other hand, there was a significant
difference in PV" cells at P15, also in L6, that disappeared at P30 (Fig 10E and H). Therefore,
removing peripheral input at embryonic stages affected the distribution of cortical interneurons in

L6, even though these changes disappear later in development.
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Figure 10. Embryonic bilateral enucleation changes the proportion of interneurons in L6. A) Coronal section
of V1 showing the distribution of SST interneurons at P6. B) Distribution of SST interneurons at P6 in V1 of Ctrl and
EmbBE animals. EmbBE present a significant increase in SST interneurons in L6 compared to Ctrl littermates. C)
Coronal section of V1 showing the distribution of SST and PV interneurons at P15. D) Graph showing the distribution
of SST interneurons at P15 in V1 in Ctrl and EmbBE littermates. E) Graph showing the distribution of PV
interneurons at P15 in V1 in Ctrl and EmbBE littermates. There is a significant increase in PV interneurons in L6 of
EmbBE littermates. F) Coronal section of V1 showing the distribution of SST and PV interneurons at P30. G) Graph
showing the distribution of SST interneurons at P30 in V1 in Ctrl and EmbBE littermates. H) Graph showing the
distribution of PV interneurons at P30 in V1 in Ctrl and EmbBE littermates. P6 n=5, P15 n= 5, P30 n= 5. 2-way
ANOVA. Graphs represent the mean and the SEM. Scale bar = 100um.
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1. 2. 2. Lack of embryonic thalamic waves affects the distribution of PV”

and SST* interneurons in V1.

When embryonic thalamic waves are experimentally removed, the cortex becomes more excitable
(Anton-Bolafios et al., 2019). Therefore, we wondered whether PV™ and SST" interneurons in the

visual cortex were affected by changes in the thalamic activity.

Firstly, we looked at the total density of interneurons, marked by the GADG7 reporter gene. We
observed a transient increase at P15, which disappeared later at P30 (Fig 11). Then, looking at
SST" interneurons, we observed that at PG there was already a significant difference in 1.4 and L5,
being increased in Th™* animals compared to control littermates (Fig 12B). However, later at P15,
this difference disappeared, and there was a similar distribution of SST* interneurons in both Th**
and controls that was maintained at P30 (Fig 12D and G). On the other hand, PV" interneurons
were not significantly different in any layer in Th™* compared to control animals at P15.
Nonetheless, there was a significant difference at P30 in 14, where Th™" animals presented

increased density of PV" interneurons compared to controls (Fig 12E and H).
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Figure 11. Ablation of embryonic spontaneuous thalamic activity does not change the overall proportion of
interneurons in V1. A) Coronal section showing the distribution of GADG67 interneurons in V1 of controls (GADG67-
GFP) and ThXt-GADG67-GFP littermates (GADG67-GFP:ThX¥) at P6. B) Graph showing that there are no significant
differences between GADG67-GFP:Th®r and control littermates at P6. C) Coronal section showing the distribution of
GADG7 interneurons in V1 of controls and GADG7-GFP:ThX littermates at P15. D) Graph showing that there are
significant differences between GADG67-GFP:ThXr and control littermates in 1.4 at P15. E) Coronal section showing
the distribution of GADG7 interneurons in V1 of controls and GADG67-GFP:Th*" littermates at P30. F) Graph
showing that there are no significant differences between GADG67-GFP:Th®r and control littermates at P30. P6 n=7,

P15 n=3, P30 n=3. 2-way ANOVA, showing mean and SEM. Scale bar = 100um.
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Figure 12. Elimination of embryonic spontaneous thalamic waves changes the proportion of interneurons in

the postnatal V1. A) Coronal section of V1 showing the distribution of SST interneurons at P6. B) Distribution of
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SST interneurons at P6 in V1 of Ctrl and Th®r animals. Th™* present a significant increase in SST interneurons in 1.4
and L5 compared to Ctrl littermates. C) Coronal section of V1 showing the distribution of SST and PV interneurons
at P15. D) Graph showing the distribution of SST interneurons at P15 in V1 in Ctrl and ThK littermates. E) Graph
showing the distribution of PV interneurons at P15 in V1 in Cttl and Th®¥ littermates. There is a significant increase
in SST interneurons in L4 of Th littermates. F) Coronal section of V1 showing the distribution of SST and PV
interneurons at P30. G) Graph showing the distribution of SST interneurons at P30 in V1 in Ctrl and ThX¥ littermates.
H) Graph showing the distribution of PV interneurons at P30 in V1 in Cttl and Th®¥ littermates. There is a significant
increase in L4 PV interneurons in ThX* compared to Cttl littermates. P6 n=7, P15 n= 6, P30 n= 5. 2-way ANOVA.
Graphs represent the mean and the SEM. Scale bar = 100um.

When we looked in an overview at how these cells behave throughout time we could observe that,
although SST* cells begin to be more numerous in deeper layers of the cortex in Th™* compared
to controls, there is a significant reduction afterwards that leads to a comparable density of SST*
interneurons in L5 of Th™* and Ctrl animals (Figl2B, D and G). However, SST" interneurons in
L4 did not decrease from P6 to P15 as those in L5, and instead, they decreased later from P15 to
P30 (Fig 12D and G). Parvalbumin interneurons, however, performed differently. In the control
condition, PV™ cells covered the whole cortex and later they were removed from superficial layers,
while the density was maintained throughout time in deeper layers, in accordance to their role
controlling the excitation of projecting neurons (Butt et al., 2017). In Th™* mice, however, PV*

interneurons behaved differently, this is, they were not removed from L4 at later stages (Fig 12H).
These results suggest that overall, the disruption of embryonic thalamic waves did not affect the

total quantity of cortical interneurons, but instead changed the layering of specific subpopulations

of inhibitory cells (PV" and SST* INs) in V1.
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CHAPTER 2: MICROGLIA IN THE VISUAL PATHWAY

2.1 - "Thalamic microglia

The elimination of thalamic waves, and thus, the change of the pattern of activity from mainly
synchronous to asynchronous during embryonic development, modifies the expression of several
genes, some of which correspond specifically to microglia (unpublished results from Lopez-
Bendito’s lab). As it is clear that microglia senses changes in activity (Kettenmann et al., 2011; Sipe
et al, 2016), we decided to study how microglia responds to disrupting peripheral input or

spontaneous thalamic waves.

2. 1. 1. Microglia in the dLGN senses changes in spontaneous thalamic

activity

Unpublished results from our laboratory show that specific microglial genes are upregulated in the
absence of thalamic activity during embryonic development. Thus, we decided to study how
microglia cells behaved in the Th™* model. We looked in the dLGN at different time points, from
embryonic development to early postnatal stages (E16.5, E18.5, P2, and P6). We decided to start
looking at E16.5 because it is close to the onset of thalamic waves (Moreno-Juan et al., 2017;
Antén-Bolafios et al., 2019). For each brain, we selected four rostro-caudal levels to quantify the
average number and density of microglia per section. The immunofluorescence of anti-Iba 1 (Ibal),
a well-known marker for microglia, showed that the density of microglia was increased in Th™"

animals compared to the control littermates at different stages (Fig 13B).

Figure 13. Th¥r animals showed an increase in the density of dLGN microglia. A) Coronal sections showing

the distribution of thalamic microglia at P6. B) The density of microglia is significantly increased in ThX littermates at
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early developmental stages. E16.5 n=7, E18.5 n= 7, P2 n= 7, P6 n=6; GLM Negative Binomial; B, represents the

mean and the confidence intervals. Scale bar = 100um.

Microglial morphology varies throughout time. It can be amoeboid-like with short processes and
drop-like soma, or it can be highly branched, with long processes. The morphology of these cells
is tightly related to their function at that specific moment (Nayak et al., 2014; Schafer and Stevens,
2015; Prinz et al., 2019). Usually, in an amoeboid form, they are either immature or more active,
phagocyting cellular debris or pruning synapses, among other functions. Since we had observed an
increase in the density of microglia in the Th™* mutant, we also wondered whether the morphology
of microglia in this model was changed in comparison to microglia in the control condition. We
used a sholl analysis to describe the morphology of microglia and found a reduction in the number
and length of branches. Thus, these results suggest that the change in the pattern of thalamic

spontaneous activity had an impact on dLGN microglia, increasing its density and changing its

morphology (Fig 14B and 14C).

As we have previously reported here when we were studying thalamic interneurons, the area of the
dLGN does not grow from P2 onwards in Th** animals. In addition, it has been recently published
that dLGN in Th"* mice exhibits an increase in cell death (Moreno-Juan et al., 2022). Therefore,
we wondered whether microglia in this model becomes more phagocytic compared to the control
condition. To do that, we used the CD68 marker, which labels phagocytic vesicles inside microglia.
We observed that CD68 increased in microglia from the dLGN of Th™* mice compared to control
animals, suggesting that microglia has a more phagocytic phenotype when embryonic thalamic

waves are removed (Fig 14E and 14F).
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Figure 14. Microglia in the dLGN of Th¥Xr animals is more phagocytic and presents different morphology. A)
High magnification of dLGN microglia. B) Sholl analysis comparing Ctrl and Th®* microglia. C) The total process
length is significantly smaller in Th®r microglia compared to Ctrl microglia. D) High magnification images of the
distribution of the lysosomic marker CD68 in the dLGN. E) Graph showing a significant increase in the volume of
CD68 in dLGN microglia. F) Th®r microglia has a significant increase in the proportion of CD68 inside the cells.
n=18, 2-way ANOVA, representing the mean and the SEM. Scale bar = 20um.

In order to refine the temporal window that affects microglia, we quantified the density of microglia
in the SertCre:Kir model where activity becomes disrupted at later stages (perinatally) as compared
to Th™" mice. In this case, we observed an increase in microglia density in the dLGN at PG, later
than in Th™" animals (Fig 15B), suggesting that microglia is more susceptible to the elimination of

embryonic thalamic waves versus the postnatal component of these activity.

Figure 15. The effects observed in SertCre:Kir microglia appear later than in ThXranimals. A) Coronal sections
showing the distribution of thalamic microglia at P6. B) The density of microglia is significantly increased in SertCreKir
littermates at the end of the first postnatal week. E18.5 n=4, P2 n= 7, P6 n= 5, GLM Negative Binomial. B, represents

the mean and the confidence intervals. Scale bar = 100um.

95



Results

Finally, our group has observed that there is a progressive appearance of thalamic waves when
tamoxifen is diminished (unpublished). This means that the frequency of thalamic waves correlates
with the dose of tamoxifen. Therefore, we were interested in studying whether microglia could
sense such subtle changes. For that, we administrated tamoxifen testing two doses, 1.5mg and 2.5
mg, both lower doses than the 5mg needed to completely remove thalamic waves as in the Th*"
model. Then, we analyzed microglia in the dLGN at E16.5, E18.5 and P2. We observed that the
area did not change in comparison to control littermates (Fig 16B), but the 2.5mg of tamoxifen
induced a similar phenotype to the normal dose of 5mg with increased microglial density in the
dLGN at P2 (Fig 16C). However, when we lowered the dose to 1.5mg, the density of microglia
resembled to the density found in control littermates (Fig 16F). Altogether, these results suggest
that microglia is able to sense thalamic activity levels and/or changes in their pattern and react to

them.

Figure 16. Microglia senses changes in the frequency of thalamic waves. A) Coronal section showing the
distribution of thalamic microglia at P2 upon administration of 2.5mg of tamoxifen. B) Graph showing changes in the
area of the dLGN along time administering 2.5mg of tamoxifen (GLM Gamma distribution). C) Graph showing the
density of microglia in the dLGN upon administration of 2.5mg. There is a significant increase in dLGN microglia at
P2 (GLM Negative Binomial). D) Coronal section showing the distribution of thalamic microglia at P2 upon
administration of 1.5mg of tamoxifen. E) Graph showing changes in the area of the dLGN along time administering

2.5mg of tamoxifen (GLM Gamma distribution). F) Graph showing the density of microglia in the dLGN upon
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administration of 2.5mg. The density of microglia does not change along the time (GLM Negative Binomial). 2.5mg

tamox n=5; 1.5mg tamox n=5. B, C, E and F represent the mean and the confidence intervals. Scale bar = 100um.

2. 1. 2. Thalamic microglia does not control interneuron migration into

the dLGN.

There is evidence that microglia depletion or hyper-proliferation during embryonic development
changes the distribution of Lhx6" cortical interneurons in the somatosensory cortex (S1), and
decreases the inhibition of PV cells onto their targets in L4 (Squarzoni et al., 2014; Thion et al.,
2019). Thus, we thought that similar effects may occur in the Th™* model. As we observed that the
density of microglia increased first in the Th** model followed by an accumulation of interneurons,
we wondered whether microglia would mediate the migration of thalamic interneurons into the
visual nucleus. To that end, we administered PLX3397, which binds to the microglial receptor
CSF1R, in order to block microglia proliferation and survival (Elmore et al.,, 2014; Kuse et al.,
2018). We gave PLX3397 at 500mg/kg to pregnant females from E4.5 in order to deplete microglia
during the whole embryonic development. Brains were collected at P2 and P6 and the density of
interneurons was quantified. We first checked that microglia was successfully depleted also at early
postnatal stages (Fig 17C). However, we did not observe changes in interneuron density between
control littermates and those fed with PLLX3397 (Fig 17D). Therefore, it seems that microglia is

not involved in the migration of interneurons into the dLGN.

We were also interested in determining whether the increase in INs density found in the dLGN of
Th** mice did depend on microglia. To that end, we fed Th™" animals with PL.X3397 from E4.5
and activated the Kir.2.1 over-expression by the administration of 5mg of tamoxifen at E10.5.
Unfortunately, we realized that both treatments were deleterious for the embryos and we could not

test this hypothesis.
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Figure 17. Microglia depletion during development does not affect thalamic interneuron. A) Coronal section
showing the distribution of thalamic microglia (Ibal) and interneurons (Otx2) at P2 and P6 upon administration of
P1X3397. B) Graph showing that there are no significant changes in the area between PLX3397-treated and control
mice (GLM Gamma distribution). C) Graph showing no significant differences in the density of interneurons in the
dLGN upon administration of PLX3397 (GLM Negative Binomial). D) Graph showing that PL.X3397 depletes the
brain from microglia (GLM Negative Binomial). n=5. B, C, and D represent the mean and the confidence intervals

Scale bar = 100pm.

2. 2. 3. Perturbing retinal activity does not affect dLGN microglia

Embryonic bilateral enucleation changes the frequency and duration of thalamic waves (Moreno-
Juan et al., 2022). Thus, we also wondered whether changes in retinal activity would affect the
density or distribution of thalamic microglia in the dLLGN, as we had observed in the Th** model.
To that end, we first quantified the density of microglia in the dLGN of EmbBE, and we observed
an increase in the density of microglia at embryonic stages, that disappeared later at P2 and P6 (Fig
18B). Then, we decided to study how microglia would react upon removal of type I or type 11
retinal waves specifically, injecting Cbx or Epib, respectively. When we injected Cbx 10mM at PO
and P1, we did not see any significant changes in microglial cell density at P2 and P6, and the same

happened after injecting Epib at P3 and P4 (Fig 18D and 18F).
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Therefore, perturbing retinal activity using different strategies does not affect microglia density in

the dLGN.

Figure 18. Perturbation of retinal activity does not affect thalamic microglia. A) Coronal section showing the
distribution of thalamic microglia (Ibal) in EmbBE and control mice. B) Graph showing significant differences in the
density of microglia at embryonic stages in EmbBE mice (GLM Negative Binomial). C) Coronal section showing the
distribution of thalamic microglia in Cbx-injected and Saline-injected mice. D) Graph showing that there are no
differences in the density of microglia between Cbx and control littermates (GLM Negative Binomial). E) Coronal
section showing the distribution of thalamic microglia in Epi-injected and Saline-injected mice. F) Graph showing that
there are no differences in the density of microglia between Epib and control littermates (GLM Negative Binomial).
EmbBE: E16.5 n=7, E18.5 n=7, P2 n=8, P6 n=9; Cbx: P2 n=5, P6 n=5; Epib: P6 n=5. B, D and F represent the

mean and the confidence intervals Scale bar = 100um.
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2. 2 — Cortical microglia

2. 2. 1. Lack of embryonic thalamic waves produces a reduction in the

density of cortical microglia in V1

Since we had observed that in the thalamus the disruption of patterned thalamic activity increased
the density of microglia, we wondered whether cortical microglia were also affected. We did not
find changes in the density of microglia in any of the layers of Th** mice at P6 (Fig 19B). However,
at P10 we observed that the density of microglia was significantly decreased in all the layers in Th™"
mice compared to control littermates (Fig 20B). Then, we decided to look at the morphology of
cortical microglia. For this analysis, microglia in L5 was selected. The sholl analysis revealed that
Th™* microglia had less branched processes and shorter arborization compared to control cells

(Fig 20C-F).

Figure 19. Lack of embryonic thalamic waves does not induce changes in the density of V1 microglia before
P10. A) Coronal section showing the distribution of cortical microglia in V1 in ThX and control littermates at P6. B)
Graph showing significant differences in the density of microglia in V1 in ThKir animals compared to controls. 2-way

ANOVA, n=8. Graph showing mean and SEM. Scale bar = 100um.
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Figure 20. Lack of embryonic thalamic waves induces a reduction in the density of microglia in V1. A) Coronal
section showing the distribution of cortical microglia in V1 in Th®r and control littermates at P10. Scale bar = 100um.
B) Graph showing significant differences in the density of microglia in V1 in Th®r animals compared to controls. 2-
way ANOVA, mean and SEM, n=6. C) Coronal section showing high-magnification images of L5 microglia. Scale bar
= 20um. D) Sholl analysis comparing Ctrl and Th®* V1 microglia. E) Graph showing a significant reduction in the
number of branch points of ThXr microglia compared to control animals (t-test, mean and SEM). F) Graph showing
a significant reduction in the total process length of Th®r microglia compared to control animals (t-test, mean and

SEM), n= 5.
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2. 2. 2. Lack of retinal input does not affect microglia distribution in V1

We also wondered whether the disruption of retinal input from very eatly in development would
have any impact on cortical microglia. To do that, we analyzed this population of cells directly at
P10 in the bilateral enucleated model. We did not observe differences between EmbBE and control
animals. Therefore, these results suggest that intrinsic thalamic activity has a bigger effect on

cortical microglia than peripheral activity.

Figure 19. Lack of retinal input does not affect cortical microglia in V1. A) Coronal section showing the
distribution of cortical microglia in V1 in EmbBE and control littermates at P10. B) Graph showing no significant
differences in the density of microglia in V1 in EmbBE animals compared to controls. 2-way ANOVA, n=4. Scale bar
= 100um.
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DISCUSSION

The thalamus is a key element in the sensory pathway: it is in charge of receiving sensory
inputs and has a direct connectivity with the cortex (Petersen, 2007; Huberman et al., 2008;
Tsukano et al., 2017). In the thalamus, excitatory “relay” neurons convey the information
into the sensory. However, there is also a small population of local inhibitory interneurons
that also plays an important role in the processing of sensory information (Hirsch et al.,

2015).

The thalamus is formed by a number of nuclei with different functions. In small mammals,
such as the mouse, the visual nucleus dLGN has most of the population of local
interneurons. However, interneurons are found throughout the whole thalamus in higher
mammals. It has been recently described that the thalamus presents waves of spontaneous
activity during embryonic development that are necessary for the correct connectivity
between the thalamocortical system and the sensory cortices (Moreno-Juan et al., 2017,
Antén-Bolafios et al., 2019). However, the visual pathway starts already in the retina, where
there are bursts of spontaneous activity generated also during development (Torborg and
Feller, 2005). Therefore, we found interesting to understand to what extent peripheral and

thalamic activities were important in the migration and integration of thalamic interneurons.

During this project, we first focused on how interneuron respond to changes in peripheral
or central thalamic activity. In addition, we have also studied the changes in microglial cells,
the immunity cells in the brain. In sum, our results point out to the importance of neuronal
activity in the organization of the nervous system and all of its different cell types, not only

neurons.

In the following paragraphs I will proceed to discuss the results obtained.

Are thalamic interneurons more affected by changes in peripheral or

central activity?
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During the last few years there has been an increase on the interest about thalamic
interneurons, especially on their morphology, hodology, and the region of birth. Several
groups have suggested that while migrating, immature local thalamic interneurons of the
visual nucleus dLGN respond to changes in retinal activity, which affects their migratory
route into the nucleus (Golding et al.,, 2014; Su et al., 2019; Charalambakis et al., 2019).
However, we wanted to decipher whether changes in intrinsic thalamic activity would also

affect thalamic interneurons.

To that end, we firstly confirmed whether thalamic interneurons do respond to changes in
peripheral activity, as it had been published. For that we used the EmbBE model, in which
both eyes are removed embryonically and therefore, the retino-thalamic axons do not grow.
According to previous findings, we observed that the distribution of interneurons in the
dLGN was changed, gathering in the upper tiers of the nucleus. However, we also observed
a significant reduction of the total number of interneurons at P6, which was translated into
a reduction of interneuron density at this age. This is not in controversy with previous
published results, since we have analyzed late embryonic and early postnatal stages (E18.5,
P2, P6, and P15) instead of focusing on young adult animals (Golding et al., 2014).
Interestingly, our results are in accordance to what has been recently published in Mazh5'"
mice, a model that presents an overall reduction of thalamic interneurons in the dLGN and
vLGN (Su et al., 2019; Charalambakis et al., 2019). This reduction in the number of
interneurons could be due to a lower speed of migration, since interneurons keep increasing,
but at a slower pace in comparison to control mice. It would be interesting to analyze the
number of interneurons at adult stages in order to see whether they reach a quantity

comparable to control littermates, or whether they stay in lower numbers.

Furthermore, the injection of Cbx in both eyes at PO and P1 in order to remove type I retinal
waves 7 vivo did not change the distribution nor the density of interneurons in the dLGN.
However, we cannot discard that a continuous injection of Cbx over several days would be
necessary to have an effect. In addition, it has been recently published that visual thalamo-
cortical circuits are altered in Cbx-injected mice (Guillamén-Vivancos et al., 2022). Whether

retino-thalamic axons are correct in this scenario remains to be determined.

In order to remove type II retinal waves specifically, we injected epibatidine at P3 and P4

and we did not observe any changes, in contrast to what has been previously suggested
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(Golding et al., 2014). It is possible that a sustained blockade of type II retinal waves with
epibatidine might be necessary in order to affect thalamic interneurons, instead of an acute

injection for two days.

The combination of these results suggests that the arrival of retinal axons into the dLGN is
necessary for the correct allocation of thalamic interneurons in the nucleus, more than retinal
activity. It is possible that retinal axons secrete several trophic factors that interneurons might
sense and help them migrate into the thalamus, which we are removing with the embryonic
bilateral enucleation. Nevertheless, the ablation of retinal waves either by Cbx or Epib does
not perturb the arrival of retinogeniculate projections (Guillamén-Vivancos et al., 2022) and

therefore, might explain the lack of changes in the distribution of dLGN interneurons.

Finally, previous work from our lab has shown that embryonic bilateral enucleation increases
the frequency and duration of thalamic thalamic waves (Moreno-Juan et al., 2017). This way,
it could also be thought that the changes we see in thalamic interneurons in EmbBE animals
could be related to changes in thalamic activity. This way, an increase in the frequency of
thalamic waves due to the bilateral enucleation could be reducing the speed of migrating
interneurons and their distribution into the dLGN. However, the results obtained with the
MGv™" model, in which the frequency of thalamic waves is increased similar to the EmbBE
model (Moreno-Juan et al., 2017), show that thalamic interneurons do not respond to this
increase in the frequency of waves. Therefore, it is possible that the combination of the lack
of retinal axons, plus the increase in the frequency of thalamic waves might be causing the

reduction of interneurons at P6 in EmbBE.

Related to this, it could be interesting to study whether there are changes in thalamic
spontaneous activity upon Cbx or Epib injection. This could help us understand whether
ablating specifically type I or type II retinal waves has an effect on thalamic activity similar

to the removal of retino-geniculate axons.

On the other hand, in order to study whether local interneurons could sense changes in
thalamic activity, we used two mouse models: Th"", in which the embryonic over-expression
of the potassium channel Kir2.1 makes thalamic spontaneous waves disappear, inducing a
change in the activity from synchronous to asynchronous; and SertCre:Kir, in which thalamic

spontaneous activity is altered at late embryonic and early postnatal stages. In the Th™"
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model, but not in the SertCre:Kir model, we observe a significant increase in the density of
interneurons from P6. This change at P6 could be related with the speed of migration, i.e.,
in the absence of embryonic spontaneous waves, thalamic interneurons migrate faster into
the dLGN. It has been already published that the frequency of calcium waves is associated
with the speed of the growing TC axons in their journey towards the cortex. The reduction
in the frequency of calcium waves induces the expression of Robol, which at the same time
functions as a break for these TC axons (Mire et al., 2012). Following this thought, it could
be possible that in the Th™* model the calcium waves were acting as a “water dam”,
controlling the migratory speed of interneurons. The lack of these waves would function as
opening the gates of the water dam, increasing the speed of migration of thalamic
interneurons. It is also noteworthy that both models, Th™" and SertCre:Kir, present a
reduction in the size of the dLGN from perinatal stages. This reduction is, surprisingly, since
the nucleus is not growing throughout time, which can be observed in the graph that shows
the evolution of the area at P2, P6 and P15 (Fig 5B and Fig7B). This might be caused by
the overexpression of the potassium channel Kir2.1 at postnatal stages, which might induce
morphological changes in the excitatory cells where it is expressed, and might also increase
the proportion of cell death. It has already been published that, indeed, Th** dLGN has
increased Casp3 from P2 to P7 (Moreno-Juan et al., 2022). However, the quantity of Casp3”
cells in the Th™" model might not explain fully the huge size difference that we observe
compared to control animals. In fact, we do not know whether there are changes in the
arborization and the shape of the cells that compose this thalamic visual nucleus, glia and

neurons.

Th"* animals present an augmented density of interneurons in the dLGN. However, the
Nissl staining at different time points suggests that there are no changes in cell density in the
nucleus. If there are more interneurons and the size is smaller, what is it happening with the
surrounding cells that compose the nucleus? Is the shape of the cells the same under these
conditions? How does this affect the E/I balance in the circuit? It is possible that: 1) there
is more cell death that we are not observing with the Casp3 immunostaining, which only
labels apoptotic cells. It would be convenient to do TUNEL staining in order to study all
types of cell death and see which cells are dying apart from the excitatory neurons; 2) in
addition to the cell death, there is a reduction of proliferation. Preliminary experiments done
with the Ki67 antibody suggest that Th™* dLLGN presents a lower ratio of positive cells at

P2, which is the time point at which we start seeing this difference in the size of the nucleus.
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At this point in development neurons are already post-mitotic in the thalamus, so it is
possible that glia cells are the ones that are not proliferating enough; 3) there are
morphological changes in the cells that conform this nucleus, performing smaller dendrite
trees and branches, which in combination with the higher cell death ratio, could reduce the

size of the nucleus.

Looking at the results obtained with all these different animal models, in which we remove
peripheral or central activity, it is feasible to think that the dLGN has a genetic program that
establishes its final number of interneurons. Peripheral or central changes might modulate
the speed of migration but at the same time, the system will try to reach a given number of
interneurons, similar to the control conditions. Moreover, the EmbBE and Th™" models
point at P6 as a key age in the establishment of the local inhibitory circuit in the dLGN, since

it is the time at which we see the major changes in both models.

Nevertheless, the important outcome is the resultant density of interneurons in the dLGN,
since it can be related to the E/I balance. In the models of petipheral input deprivation, such
as the EmbBE, Cbx, and Epib (Fig 2, 3 and 4) the density of interneurons is maintained
throughout the first two postnatal weeks, similar to the control condition. However, the Th*"
model, and the SertCre:Kir to a lesser extent, exhibit a remarkable increased density of
interneurons in the dLGN (Fig 5 and 7). These results indicate that the perturbation of the
wave patterns, rather than the higher wave frequency, has a larger impact on thalamic

interneurons.

Are cortical interneurons in V1 sensitive to changes in peripheral and

thalamic activity?

During brain development, the thalamic nuclei send projections and makes connections with
the respective sensory cortices. It is now well stablished that changes in the thalamus during
embryonic stages can affect the correct development of the cortex (Moreno-Juan et al., 2017;
Antén-Bolafios et al., 2019). We have seen that the ablation of spontaneous thalamic waves
during embryonic development changes the morphology of the visual nucleus dLGN and
the density of interneurons in this nucleus. In comparison, perturbation of peripheral input

from the retina, did not affect the density of interneurons even though there was a significant
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reduction of these cells at the end of the first postnatal week. Thus, we wondered whether
the blockade of peripheral activity from the retina or spontaneous thalamic waves would
produce changes in the distribution and the number of cortical interneurons in V1, focusing
on the two main subpopulations, SST- and PV-expressing interneurons. We consider that
the number of interneurons in V1 stabilizes around the third postnatal week (Williams et al.,

2021).

Firstly, in the Th*"model, we observed a significant increase in 1.4 and 1.5 SST interneurons
as soon as P6 (Fig 11). It is known that SST interneurons in L5 are very important during
the first postnatal week for the correct development of PV cells that will integrate into the
circuitry (Tuncdemir et al., 2016). In the Th™* model, it has been previously described in the
lab that TCA arrive intermingled to S1 and do not refine to form the barrels (Antén-Bolafios
et al., 2019). Something similar could also be occurring in the visual cortex. It might be
possible that thalamic axons would arrive to V1 intermingled, and therefore this could affect
the distribution of SST in I.4 and L5. It is now known that there are two types of SST in L5,
Martinotti cells, which inhibit pyramidal cells in L5, and non-Martinotti cells, which make
connections with L4 pyramidal neurons in order to be activated (Naka et al., 2019; Nigro et
al., 2018). Therefore, the potential incorrect arrival of thalamocortical axons into the cortex

might affect both the number and the activation of SST cells in 1.4 and L5.

It has been described that the Th*" cortex is more hyperexcitable under a certain stimulus
(Anton-Bolafios et al., 2019). L4 SST interneurons are known to make a disinhibitory circuit,
inhibiting .4 PV interneurons and therefore, enhancing the output from the pyramidal
neurons (Xu et al., 2013). Thus, the early increase in the density of SST, when the cortical
connections and maps are being formed, might be related to the hyperexcitability we see in
the cortex of Th™" animals: the hyperexcitability could be a consequence of the increase in
the SST subpopulation in L4. On the other hand, it has also been observed that non-
Martinotti cells in 1.4 and L5 increase their activity when the cortex enters the active state in
adult mice (Mufioz et al., 2017; Pala and Petersen, 2018). Hence, it could also be an opposite
effect, the hyperexcitability of the cortex could be leading to an increase in this subpopulation
of cortical interneurons in these specific layers. However, it has now been described that
most of the SST interneurons in mouse V1 are Martinotti cells (Scala et al., 2019), and
therefore, it would be interesting to confirm whether the SST interneurons increased in the

V1 of ThKir animals are Martinotti or non-Martinotti cells.
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Furthermore, SST cells make connections with PV interneurons in L5 and 1.6 already at the
end of the first postnatal week, and thus, changes in SST in these layers could affect the input

onto PV cells and involve a general change in the circuit.

On the other hand, it could also be possible that the increase in this subpopulation of
interneurons were associated with the role of projecting neurons found in these layers. SST
interneurons could be inhibiting the projecting neurons in L5 and L6, which would affect

the feedback connection to the thalamus.

Moreover, the differences observed in Th** SST disappear at later stages. It could be feasible
to think that eye opening is a key moment during development, since it is well known that
visual experience is very important for the maturation of the visual system (Hensch, 2005;
Hofer et al., 2009). This way, eye opening might activate a compensatory mechanism, helping

SST to reach the homeostasis and be comparable to the control condition.

Finally, if we see more SST already at P6 and the total amount of GADG67 interneurons does
not change in the Th™" condition, what is it happening with other populations of
interneurons? Do they decrease? Is the connectivity among the subpopulations of

interneurons well maintained?

PV interneurons display a different behavior compared to SST cells. In the adult mouse
cortex, PV cells tend to gather in .4 and L5 (Almasi et al., 2019). It is well stablished that
inhibitory interneurons in the neocortex undergo programmed apoptosis, firstly in deep
layers, and some days later in supragranular layers (Southwell et al., 2012; Bartolini et al.,
2013; Wong and Marin, 2019). Interestingly, the lack of input from pyramidal neurons induce
programmed cell death in interneurons, while those that receive the input survive and
integrate into the circuit (Anastasiades et al., 2016; Wong et al., 2018). Here, in the control
condition we observe that PV cells start occupying upper as well as deep layers, but they
remain numerous in L5 and undergo apoptosis in 1.2/3 and L4 at young adult stages (P30).
In contrast, in Th™" animals we observe that PV cells are abundant in L4 at P15 and later at
P30. It is possible that in Th™* animals PV interneurons do not mature correctly and they do
not undergo programmed cell death, remaining in high numbers at supragranular layers like

the immature circuit. This could also be related to the intermingled arrival of TCAs into L4,
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as previously explained, or maybe due to the increase in SST during the first postnatal week,
since it has been described that L5 SST interneurons are very important during these days
making connections with PV cells, an interaction that is necessary for the correct integration

of PV interneurons into the circuit (Marques-Smith et al., 2016).

Strikingly, we observe that the overall density of GADG7" interneurons increases patticularly
at P15 in L4 in Th™" animals compared to control littermates. This could be due to the

changes related to eye opening and the arrival of visual evoked input into the circuit.

On the other hand, the ablation of peripheral input and retinal activity using the EmbBE
mouse model induces different results in V1 interneurons. In the EmbBE we observe
changes in the interneurons from L6. EmbBE animals present an increase in SST in L6 that
disappears later, and an increase in L6 PV cells at P15 which also disappears later at P30 (Fig
10). Cortical PV interneurons are important for the closure of the critical period; an increase
in the inhibition from these cells accelerates the closure of the critical period of plasticity,
and a decrease in the inhibition from these cells delays it (Fagiolini et al., 2004; Hensch et al.,
2005). Moreover, it has been observed that ocular deprivation changes the onset of this
critical period through the perineural nets of these PV cells (Faini et al., 2018). Therefore, we
might be able to observe consequences in the critical period of these animals through the
changes happening in PV interneurons. However, it is also possible that these results might
be related to the feedback loop from the cortex to the thalamus right after eye opening. In
addition, embryonic bilateral enucleation also affects how CTAs arrive to the dLGN; CTAs
cover a bigger area of the dLGN during the first postnatal week in EmbBE animals
compared to control littermates (Moreno-Juan et al., 2022). Thus, there might be a
compensation in the system, i.e., CT'As arrive earlier to the dLGN covering a wider area, and
the system tries to overcome this early entrance by an increased inhibition in deep layers of
the cortex. Finally, it should also be considered that the EmbBE has an increased frequency
of waves in the dLGN that are also prolonged in time in comparison to control littermates,
and therefore, the effect we see on cortical interneurons could be due to the changes in the

frequency of thalamic activity during embryonic development.
Analyzing the total GADG67" population of cells helps us to understand whether the changes

we see in the distribution of specific subpopulations of interneurons are related to global

changes in the whole GADG7" population. Therefore, it would have been interesting to
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perform a GADG7 immunostaining at P6, P15, and P30 in the EmbBE mouse model in
order to see whether the total number of cortical interneurons would change in distribution

ot number along time, as we have done in the Th"™* model.

Finally, as it has been previously explained, interneurons require neuronal activity and the
emergence of sensory experience in order to mature and integrate correctly in the circuit. In
fact, GABAergic cells in the cortex work as a functional network with coordinated activity
and temporal dynamics (Modol et al., 2020). It has been observed that whisker deprivation
impacts the functional organization of these circuits, affecting differentially deep and
superficial layers (Modol et al., 2020). Hence, something similar might be happening upon

bilateral enucleation in V1.

The results obtained in the primary visual cortex of Th™* and EmbBE models suggest that
the perturbation of the visual pathway both at its peripheral station (eye) and at its central
station (thalamic activity) has a consequence in the development of the cortical circuit in V1,
changing the distribution of the two main populations of interneurons, SST and PV, in
different cortical layers: embryonic bilateral enucleation affects mainly the distribution of

these cells in L6, while the removal of embryonic thalamic waves affect L4 and L5.

How does microglia sense changes in retinal and thalamic activity?

Recently, there has been an increasing interest on studying microglia. Now, it is widely
accepted that they have many different functions: they are capable of sensing changes in
neuronal activity, they interact with neurons, they are involved in the correct wiring of the
brain during development, they are in charge of synapse pruning, phagocytosis of debris, and
they are monitoring the system to maintain its good function (Nayak et al., 2014; Thion et
al., 2014; Favuzzi et al., 2021; Umpierre et al., 2020; Thion et al., 2019). Therefore, given that
we are affecting thalamic activity during development when we perturb retinal input and
thalamic activity itself, we wondered whether microglia would sense these changes. We found
surprising that microglial density was not changing in the dLGN upon bilateral embryonic
enucleation, Cbx, and Epib injections. However, we did see an increase in microglial density
in the Th™" model from early in embryonic development. This increase was accompanied by

changes in microglial morphology. Since the data in the Th™* model suggests that there are
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changes in microglia before the effect we observe in interneurons, and in addition, it has
been published that microglia is involved in interneuron location in the cortex (Thion et al.,
2014), we thought that it was likely that similar effects could be observed in the thalamus.
However, the depletion of microglia did not show any defect on thalamic interneurons,
suggesting that the effect we saw in microglia was independent of that observed in

interneurons.

Interestingly, we could observe that the depletion of microglia plus the blockade of
spontaneous thalamic waves during embryonic development was deleterious. If we consider
our previous results, we see that microglia reacts to the absence of spontaneous thalamic
waves and all the morphological changes related to it increasing its density, most likely trying
to maintain the homeostasis in the system. Therefore, it could be possible that the ablation
of microglia during development was too much for the system, which would not be able to
counteract the changes in thalamic activity and morphology. Thus, this suggests that, indeed,
microglia might be involved in some homeostatic processes during brain embryonic

development.

In the Th™* model microglial cells suffer morphological changes. Under this condition, their
arborization and their total length of the processes is smaller in dLGN microglia. It is well
described that morphological variations are related to microglial function (reviewed in Nayak
et al,, 2014). The changes we observe in microglia at P6 in the dLLGN of the Th™" model
might be related to the function they are performing at that moment. In fact, during these
early postnatal stages there are morphological changes occurring in the dLGN itself, and
microglia could be more active at that moment, maintaining the system. On the other hand,
during embryonic stages, the dLGN does not present morphological alterations in the Th™"
model compared to the control condition. Therefore, the increase in the density of microglia
this early during development could be related to the changes in the pattern of spontaneous
activity. This way, it could be suggested that microglia is taking two different functions at
different developmental times in the Th™* model: at embryonic stages microglia would
respond to the lack of spontaneous waves of activity and therefore the change in the pattern
of spontaneous activity, while during the first postnatal week it would be responding to the
morphological changes occurring in the dLGN. Moreover, at the end of the second postnatal

week, we observe that the density of microglia stabilizes and is comparable to the control
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condition, which starts to be anticipated at P6. Thus, it is possible that after the first postnatal

week the system reaches the homeostasis and microglia returns to a surveillance state.

On the other hand, embryonic bilateral enucleation affects microglia only at embryonic
stages, and neither the injection of Cbx or Epib changes microglial density in the dLGN. It
is plausible to think that the increase in microglia density at embryonic stages in EmbBE is
related to the lack of retinal afferents reaching the dLGN, and the subsequent cell death in
the nucleus due to the lack of input. In addition, EmbBE animals present an increased
frequency of thalamic waves and these waves are present in the thalamus until around P2, in
contrast to the control condition in which thalamic waves disappear at around PO. The fact
that we see less changes in the density of microglia upon peripheral activity deprivation
(EmbBE, Cbx and Epib models) compared to the results obtained in Th™* animals suggests
that microglia is more sensitive to changes in the pattern of activity (no waves) rather than

in the frequency (waves with increased frequency).

Following this thought, we were interested in studying to what extent microglia senses the
changes in the pattern of activity in the thalamus. To that end, we did a titration experiment
in which we gave lower doses of tamoxifen to the pregnant Th™* females. Previous findings
in the lab have shown that lower doses of tamoxifen do not totally block thalamic waves,
and that the frequency of these waves is proportional to the given dose of tamoxifen, i.e., a
bigger dose corresponds to a lower frequency of waves (unpublished results). While the
standard dose to activate the Th™* condition, which is 5mg, totally blocks thalamic waves,
3mg gives rise to a thalamus with a lower frequency of waves. Reducing gradually the dose
of tamoxifen, we observed that microglia also responded. With low doses of tamoxifen
(1.5mg) microglia behaved comparable to the control condition; however, with half of the
total dose (2.5mg), it was responding similarly to a total blockade of waves. This led us think
that microglia might have a threshold to sense activity, i.e., there is a frequency of activity
that microglia senses as “control” and therefore do not respond to it, and if the frequency
goes below that threshold, it senses as “no activity” and reacts trying to maintain the

homeostasis.
Finally, we were also interested in studying how cortical microglia was behaving in the

EmbBE and Th*" conditions. We observed that embryonic bilateral enucleation did not

change the density or disposition of cortical microglia. However, in the Th** model we
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observed a reduction in microglia in V1. Surprisingly, this reduction appeared at P10, but not
before. It could be feasible to think that the hyperexcitable cortex in Th** animals might be
affecting microglia, which also presents a different morphology compared to the control
condition. Moreover, it has been recently published that changes in the composition of layer
specific pyramidal cells in the cortex is associated to changes in the density of subpopulations
of microglia (Stogsdill et al., 2022). Therefore, it could be interesting to study whether the
Th"* model has a different distribution of pyramidal neuron subtypes to understand whether
the changes we see in cortical microglia are related to the hyperexcitable properties of cortical

neurons, or to a new distribution of these neurons.

The combination of these results suggests that upon peripheral deprivation, the system has
enough time and space to counteract the alterations. However, modifications in the activity
of a central station like in the Th** model, leads to a bigger effect in the system and cortical

microglia is one of the populations that responds to this alteration.
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CONCLUSIONES

10.

11.

12.

13.

14.

Las interneuronas talamicas del dLGN se identifican por la expresiéon de Otx2 y
Reelin.

La enucleacién bilateral embrionaria reduce el area del dLGN vy la densidad de las
interneuronas a P6, y provoca que las interneuronas talamicas se acumulen en las
capas superiores del nucleo visual.

La supresion de las ondas de actividad retinal tipo I mediante la inyeccion de Cbx a
PO y P1 no afecta a la migracion de las interneuronas en el dLGN.

La supresion de las ondas retinales tipo II de manera aguda no afecta a las
interneuronas del dLGN.

La modificacion de los patrones de actividad espontanea en el tilamo mediante la
eliminacion de las ondas de calcio talimicas durante el desarrollo embrionario reduce
el area e incrementa la densidad de las interneuronas del dLGN.

Los animales Th*" muestran un incremento del ratio E/I sin cambios en la densidad
de células.

La modificaciéon de los patrones de actividad espontanea en el tilamo a estadios
perinatales en el modelo SertCre:Kir incrementa la densidad de interneuronas en el
dLGN al final de la segunda semana postnatal sin afectar al nimero total de
interneuronas.

El incremento en la frecuencia de las ondas talamicas sin modificar la morfologia del
dLGN no afecta a la densidad de interneuonas.

La enucleacion bilateral embrionaria incrementa temporalmente las interneuronas
SST y PV en la capa 6 de la corteza visual primaria.

La poblacién general de interneuronas GADG7 en la corteza visual primaria de los
animales Th** solo cambia a P15 en la capa 4.

Sin embargo, el cambio en el patrén de la actividad talimica en el raton Th™" altera
la proporcion de interneuronas SST y PV de capa 4 en la corteza visual.

Hay un incremento en la densidad de la microglia a estadios embrionarios y
tempranos postnatales en el dLGN de los ratones Th™".

La microglia del modelo Th™" presenta una morfologia diferente y parece mas
fagocitica.

La microglia es mas sensible a cambios en el componente embrionario de la actividad

talamica en comparacion al componente postnatal.
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17.

18.

Conclusiones/ Conclusions

La microglia no controla la migracién de las interneuronas en el dLGN.
La alteracién del input y actividad periféricos no afecta a la microglia talamica.
Hay una reduccion en la densidad de microglia y hay cambios en su morfologfa a P10

en la V1 de los ratones Th*",

La falta del input retinal no afecta a la microglia en V1.
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CONCLUSIONS

1. Thalamic interneurons in the dLGN are identified by Otx2 and Ree/in.

2. Embryonic bilateral enucleation reduces the area of the dLGN, and the density of
interneurons at P6, and allocates thalamic interneurons in the upper tiers of the visual
nucleus.

3. Ablation of type I retinal waves by Cbx injection at PO and P1 does not affect
interneurons migration into the dLGN.

4. Ablation of type II retinal waves acutely does not affect interneurons in the dLGN.

5. Modifying the pattern of spontaneous activity in the thalamus by eliminating thalamic
calcium waves during embryonic development reduces the area and increases the
density of interneurons in the dLGN.

6. Th™" mice showed a decreased E/I ratio with no changes in the overall cell density.

7.  Modifying thalamic spontaneous activity at the perinatal stage as in the SertCre:Kir
model increases the density of interneurons in the dLGN at the end of the second
postnatal week, without affecting the overall number of interneurons.

8. Increasing the frequency of thalamic waves without changing the morphology of the
dLGN does not affect the density of thalamic interneurons.

9.  Embryonic bilateral enucleation increases temporally the SST and PV interneurons
in L6 in the primary visual cortex.

10.  The overall population of GADG7 interneurons in the primary visual cortex of the
Th"* animals only changes at P15 in L4.

11. However, the change of thalamic patterned activity as in the Th™* mouse, alters the
proportion of 1.4 and L5 SST and PV interneurons in the visual cortex.

12. There is an increase in the density of embryonic and early postnatal microglia in the
dLGN in the Th™" mouse.

13.  dLGN microglia in the Th** model present different morphology and seems to be
more phagocytic.

14.  Microglia is more sensitive to changes in the embryonic component of thalamic
activity, rather than in the postnatal component.

15.  Microglia is not controlling interneuron migration into the dLGN.

16.  Perturbation of peripheral input and activity does not affect thalamic microglia.

17. There is a reduction in the density of microglia and a change in its morphology at

P10 in the V1 of Th** mouse.
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18.  Retinal input deprivation does not affect cortical microglia in V1.
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The thalamic nuclear complex contains excitatory projection neurons and inhibitory
local neurons, the two cell types driving the main circuits in sensory nuclei. While
excitatory neurons are born from progenitors that reside in the proliferative zone of
the developing thalamus, inhibitory local neurons are born outside the thalamus and
they migrate there during development. In addition to these cell types, which occupy
most of the thalamus, there are two small thalamic regions where inhibitory neurons
target extra-thalamic regions rather than neighboring neurons, the intergeniculate
leaflet and the parahabenular nucleus. Like excitatory thalamic neurons, these
inhibitory neurons are derived from progenitors residing in the developing thalamus.
The assembly of these circuits follows fine-tuned genetic programs and it is
coordinated by extrinsic factors that help the cells find their location, associate
with thalamic partners, and establish connections with their corresponding extra-
thalamic inputs and outputs. In this review, we bring together what is currently
known about the development of the excitatory and inhibitory components of the
thalamocortical sensory system, in particular focusing on the visual pathway and
thalamic interneurons in mice.

thalamus, development, mouse, thalamocortical, interneurons

Introduction

The thalamus has classically been considered a relay station in the brain due to its central
location and patterns of connectivity. Excitatory neurons in sensory nuclei receive ascending
information from peripheral organs and they project their axons beyond the thalamus, mainly
into the sensory cortices and avoiding intrinsic connections (Petersen, 2007; Huberman et al.,
2008; Tsukano et al,, 2017). As the vast majority of cells in sensory nuclei are excitatory
neurons, the thalamus could be considered to be merely a relay station of sensory information,
transferring messages from the periphery to the cortex. However, there is an increasing
body of evidence demonstrating a key role of thalamic nuclei in processing information and
gating messages to the cortex. In addition to the ascending sensory information, excitatory
neurons integrate signals from other brain structures and from the intrinsic thalamic networks.
GABAergic neurons represent an important element in these intrinsic networks and despite their
small number, the GABAergic neurons in the interconnected networks shape the output of the
sensory thalamus (Hirsch et al., 2015).
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Thalamic circuits develop progressively in embryonic stages and
they finally assemble during postnatal life (Jhaveri et al, 1991;
Schlaggar and O’Leary, 1994). Excitatory neurons are born in the
ventricular zone of the developing thalamus, thereafter migrating
toward the mantle zone where they start to extend dendrites and
axons. Along their route toward the cortex, the axons of excitatory
neurons project through different brain territories, bundling into
fascicules, branching and making synaptic connections (Crowley
and Katz, 2000; Hannan et al.,, 2001; Hevner et al., 2002; Lopez-
Bendito and Molnar, 2003; Gurung and Fritzsch, 2004; Hensch,
2004; Pfeiffenberger et al., 2005; Miko et al., 2008; Hanganu-Opatz,
2010). By contrast, the spatiotemporal developmental trajectory of
local GABAergic neurons differs considerably. These GABAergic
neurons are not derived from thalamic progenitors but rather,
they are born and migrate from neighboring midbrain and pre-
thalamic domains, invading the thalamus and integrating into its
circuits some time after excitatory neurons. In this review, we bring
together what is currently known about the development of the
excitatory and inhibitory components of the thalamocortical sensory
system, focusing particularly on the visual pathway and on thalamic
interneurons in mice.

The functional organization of the
sensory thalamus

Thalamic neurons are organized into spatial clusters or nuclei
that can be characterized through the subcortical origin of their
afferents. Some of these afferents carry sensory information derived
from peripheral organs, which adopt a modal organization to
define the primary sensory nuclei of the thalamus: the dorsolateral
geniculate nucleus (dLG) that receives visual information; the ventral
posteromedial nucleus (VPM) for somatosensory input; and the
ventral medial geniculate nucleus (MGv) for auditory input. While
the dLG, VPM and MGy are classified as first-order (FO) nuclei
since their main driving stimuli arrive directly or indirectly from
the peripheral sensory organs (Sherman, 2017; Halassa and Sherman,
2019), the thalamus also contains higher-order (HO) nuclei that
receive driving inputs from subpopulations of projection neurons
in Layer 5b (L5b) of the respective cortical areas (Sherman and
Guillery, 2002; Bickford, 2016). HO nuclei mainly process unimodal
information, even though they can integrate inputs from other
modalities too. Among the HO nuclei, the lateral posterior nucleus
(LP, visual), posterior medial (PoM, somatosensory), and the dorsal
medial geniculate nucleus (MGd, auditory) not only further process
sensory information but they also help the thalamus to connect
different cortical areas (Figure 1; Butler, 2008; Halassa and Sherman,
2019).

The patterns of connectivity between the thalamus and cortex
are similar for the different sensory modalities. Thus, sensory stimuli
ascending from the peripheral organ arrives at the corresponding
FO nucleus, which in turn projects to the L4, L5b, and L6 of the
corresponding sensory cortex (Swadlow and Alonso, 2017). Within a
cortical column, information flows from L4 to L2/3 and from there
to L5 and L6, the layers that project out of the cortex. Neurons
from L5b and Léb send projections to HO nuclei, and neurons in
Lé6a project back to the FO nuclei (Sumser et al.,, 2017; Hoerder-
Suabedissen et al., 2018). Therefore, these connections form feedback
and feedforward loops that establish the basis of sensory processing
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in the thalamocortical system (Viaene et al,, 2011). As a result, the
thalamus represents a hub that can send information to and from
different cortical areas (Sherman and Guillery, 2002; Reichova and
Sherman, 2004; Lee and Murray Sherman, 2010; Theyel et al., 2010).

The formation of the thalamocortical
system

Patterning of the diencephalon

Early in development, the diencephalon subdivides into three
transverse regions called prosomeres, each of which can be further
subdivided into four longitudinal bands or plates: roof, alar, basal, and
floor (in a dorsoventral order, Figure 2A). This percolation relies on
the presence of gradients of diffusible molecules, such as the wingless-
INT proteins (WNTs), bone morphogenetic proteins (BMPs), Sonic
hedgehog (SHH), and fibroblast growth factor proteins (FGFs)
(Kataoka and Shimogori, 2008; Martinez-Ferre and Martinez, 2009,
2012). Prosomeres are evident at E10 in mice and their respective
alar plates develop into different brain structures: prosomere 1 gives
rise to the pretectum, which includes multiple domains of the adult
brain that are involved in processing visual information and in the
execution of visual reflexes (Ferran et al., 2009); prosomere 2 develops
into the epithalamus and thalamus; and lastly, prosomere 3 gives
rise to the prethalamus, which includes GABAergic structures like
the reticular nucleus (RTN) and the zona incerta (ZI) (Puelles and
Rubenstein, 2003).

FIGURE 1

The thalamus transmits peripheral sensory information to primary
sensory areas and retransmits the processed sensory message to
secondary cortical areas. The schema represents the major
feed-forward connections of the mouse whisker system. Stimuli from
peripheral sensory organs arrive at first order thalamic nuclei (FO)
which connects with L4 neurons in the primary sensory cortex. The
information then spreads to other cortical areas both through direct
cortico-cortical connections (red arrows) and through the
trans-thalamic pathway using higher-order thalamic nuclei (HO) as
relay stations (blue arrows).
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FIGURE 2
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The patterning of the developing diencephalon. (A) The schema represents a sagittal view of the developing mouse brain highlighting the midbrain (Mid)
and the subdivisions, known as prosomeres (P1, P2, and P3), of the diencephalon according to the prosomeric model. Ctx: cortex; Hy: hypothalamus; LV:
lateral ventriculus; Poa: preoptic area; Rb: rhnombencephalon; SC: spinal cord; Str: striatum; 4V: fourth ventriculus. (B) The two progenitor domains of the
prosomere 2 or thalamus (Th): Th-c (caudal) and Th-r (rostral). PTh: prethalamus; PT: pretectum. (C) Representative expression patterns of transcription

factors in the different the progenitor domains of prosomeres 2 and 3.

Prosomeres 2 and 3 are separated by the zona limitans
intrathalamica (ZLI), an organization center that expresses high
levels of SHH. During the early percolation of the diencephalon,
SHH is a fundamental signaling molecule in prosomere 2 because
it steers the differentiation of the prospective thalamus from the
epithalamus (Chatterjee and Li, 2012; Chatterjee et al., 2014; Mallika
et al, 2015). In the prospective thalamus, two progenitor zones
are established by E10.5 in the mouse (Figure 2B): the rostral and
the caudal progenitor domains (Jeong et al.,, 2011; Suzuki-Hirano
et al, 2011). The progenitors in the rostral domain are exposed
to higher concentrations of SHH and consequently, they express
markers like Olig3, Nkx2.2, Ascll, and Olig2 (Scholpp et al., 2009).
On the other hand, the progenitors in the caudal domain are exposed
to less SHH, such that they express markers like Olig3, Ngnl/2,
and Dbx1 (Figure 2C; Barth and Wilson, 1995; Hashimoto-Torii
et al., 2003; Kiecker and Lumsden, 2004; Scholpp et al., 2006; Szabo
et al, 2009; Vue et al, 2009). Neurogenesis in these progenitor
domains spans approximately from E10 to E13 (Wong et al., 2018)
and the postmitotic progeny differentiate into two broad different
cell types: the caudal domain differentiates into the glutamatergic
projection neurons that populate the thalamic nuclei and form
thalamocortical connections (Tou et al., 2007; Price et al., 2012), and
the rostral domain differentiates into GABAergic projection neurons
that populate the intergeniculate leaflet (IGL) and the perihabenular
nucleus (pHB) (Delogu et al., 2012; Fernandez et al., 2018).

As most neurons in the adult thalamus derive from the caudal
progenitor domain, they must undergo a complex process of
specification to generate neuronal diversity and the distinct thalamic
nuclei. Although it is not clear how this diversification occurs,
some evidence indicates that the population of caudal progenitors
is heterogeneous. Within this caudal progenitor domain, there
are transcription factors that are expressed in opposite gradients
through the antero-ventral to caudo-dorsal axis. For instance, the
expression of Olig2 is high at the most anterior pole and the
expression of DbxI in the most caudal pole. This polarization of
the caudal progenitor domain has relevant implications for thalamic
nucleogenesis. Lineage and birth-dating analysis demonstrated that
antero-ventral progenitors give rise to neurons populating more
latero-ventral nuclei, and caudo-dorsal progenitors to more medio-
dorsal ones (Tou et al, 2007; Wong et al, 2018). In addition, to
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this spatial order, there is also a temporal sequence whereby the
formation of the latero-ventral nuclei occurs earlier than the medio-
dorsal nuclei, which is consistent with the earlier transition from
symmetric to asymmetric division in the antero-ventral compared to
the caudo-dorsal progenitors (Nakagawa and Shimogori, 2012; Wong
et al., 2018).

If different subpopulations of progenitors give rise to diverse
cell types populating thalamic nuclei, it is expected that they are
controlled by different genetic programs. However, data from single-
cell RNA sequencing of E12 mice suggests that the progenitors
in the ventricular zone of the caudal domain (apical progenitors)
comprises a unique cluster of cells based on their transcriptomic
profile. There is, indeed, a second cluster of dividing cells that
derives from the apical progenitors and corresponds to the basal
(or intermediate) progenitors of the thalamus located away from the
ventricular zone (Guo and Li, 2019). Apical progenitors generate
larger clones than basal progenitors, 12 neurons on average, and both
apical or basal-derived clones tend to occupy more than one nucleus
(Wong et al,, 2018). It has been suggested that sibling cells tend to
occupy functionally related nuclei but further evidence is needed (Shi
et al,, 2017). Despite transcriptomic analysis does not reveal clear-
cut internal subdivisions of progenitor domains, they do show a
graded pattern of gene expression (Guo and Li, 2019), as previously
observed in data obtained using labeling methods (Tou et al., 2007).
In sum, to refine the classification of the apparently heterogeneous
populations of progenitors in the caudal domain of the thalamus, it
is necessary to generate larger databases of single-cell transcriptomic
profiles, accompanied by more complete atlases of gene expression
and sophisticated algorithms.

Although the projection neurons of thalamic nuclei are born
in the caudal proliferative domain, it remains unclear whether
their nucleus-specific identity is specified at the progenitor stage
(Chatterjee et al,, 2014). Rather, current evidence suggests that
nucleus-specific identity is conferred when progenitors exit the
cell-cycle. The gradual expression of the Gbx2 transcription factor
by post-mitotic cells is one determinant of thalamic nuclei that
project to the cortex (Figure 3B). The expression of Gbx2 starts
at E9.5, following a very dynamic spatiotemporal pattern that
ultimately defines the borders of the thalamus with the epithalamus,
prethalamus and pretectum, as well as parcellating the thalamus into
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distinct nuclei (Nakagawa and O’Leary, 2001; Tou et al., 2007; Chen
et al,, 2009; Li et al,, 2012). The absence of Gbx2 leads to a shrinking
of the thalamus at its posterior and dorsal borders, enlarging the
pretectum and epithalamus, respectively. In turn, there is a disruption
in the histogenesis of the nuclear complexes and a significant loss
of thalamocortical projections (Chen et al., 2009; Chatterjee and Li,
2012; Mallika et al., 2015; Nakagawa, 2019).

The development of thalamocortical
projections

In the developing mouse thalamus, prospective thalamocortical
cells begin to extend their axons toward the cortex at around E12,
shortly after neurogenesis ceases (Figure 4). Growing thalamocortical
axons are guided through different territories by molecular and
cellular cues, as well as by activity-dependent mechanisms (Marcos-
Mondéjar et al., 2012; Mire et al., 2012; Molnar et al.,, 2012; Leyva-
Diaz et al., 2014; Castillo-Paterna et al., 2015). Thalamocortical axons
start their journey toward the cortex by growing rostrally through
the thalamus and heading toward the prethalamus. They navigate
through the thalamic territory using prethalamic axons as scaffolds
and following gradients of guidance cues, such as Sema3a and Netrin1
(Quintana-Urzainqui et al.,, 2020). Thalamocortical axons traverse
the entire prethalamus and move through the Slit-free domain of
the peduncular hypothalamus until they encounter the diencephalic-
telencephalic boundary (DTB) (Callejas-Marin et al.,, 2022). Slit
proteins guide thalamocortical axons out of the hypothalamus
and they prevent them from crossing the midline (Bagri et al,
2002; Lopez-Bendito et al., 2007; Braisted et al., 2009; Bielle et al.,
2011). Subsequently, thalamocortical axons cross the DTB, attracted
by Netrinl, and they enter the ventral telencephalon (Métin and
Godement, 1996; Braisted et al., 2000).

Thalamic projections continue their journey through the
telencephalon, reaching the internal capsule from where they follow
a permissive corridor formed between two repulsive areas: the
proliferative zone of the medial ganglionic eminence (MGE) and
the globus pallidus. A large proportion of these corridor cells are
GABAergic neurons derived from the lateral ganglionic eminence
(LGE), cells that express membrane-bound Neuregulinl and that
migrate into the mantle of the MGE between E11-E14 (Lopez-
Bendito et al., 2006; Bielle et al., 2011). The topographic organization
of thalamocortical axons is preserved throughout the ventral
telencephalon, which is a result of complex interactions between
cues like Netrinl, Sema3a/3f, Slitl, L1 cell-adhesion molecules and
ephrinA5 (Dufour et al., 2003; Seibt et al., 2003; Mire et al., 2012;
Leyva-Diaz et al., 2014; Castillo-Paterna et al., 2015).

By E14, thalamocortical axons meet corticofugal axons at the
pallial-subpallial boundary (PSPB), and they use them as scaffolds
to turn into the pallium and spread across the developing cortex
(McConnell et al., 1989; Blakemore and Molnar, 1990; de Carlos and
O’Leary, 1992). The timing of the arrival of thalamic axons is relevant
for cortical development. As thalamic inputs arrive at a rather
immature cortex, they can exert a major effect on ongoing processes
such as neurogenesis, migration and differentiation (Cadwell et al,,
2019). Thalamocortical axons start to invade the cortical plate at E17
when the granular layers are being formed (Allendoerfer and Shatz,
1994; del Rio et al., 2000; Molyneaux et al., 2007; Little et al., 2009),
and they finally reach their destination during the first postnatal week
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(Figure 4), mainly targeting neurons in L4 and to a lesser extent,
neurons in L5b (Lopez-Bendito and Molndr, 2003).

While invading the cortical plate, thalamic axons form functional
synapses with subplate cells, a transient layer of rather mature
neurons located below the cortical plate that coordinate the early
maturation of thalamocortical networks (Kanold and Luhmann,
2010; Hoerder-Suabedissen and Molndr, 2015). As Cajal-Retzius
cells, another transient population of cortical neurons, subplate
neurons disappear by programmed cells death during the first
postnatal days in mouse and thalamocortical afferents form direct
contacts with neurons in L4 and deeper layers. Apart from
subplate neurons, thalamocortical afferents form transient circuits
with a specific subpopulation of developing interneruons. During
the first postnatal week in mice, thalamocortical axons contact
L5 somatostatin-positive interneurons that in turn contact spiny
stellate neurons in layer 4 (Marques-Smith et al, 2016). This
circuit becomes remodeled and disappears by the end of the first
postnatal week. Despite its brief duration, the connection between
L5 somatostatin-positive interneurons and L4 neurons orchestrates
the assembly of local inhibition in layers 4. Also the density of
thalamocortical input to infragranular interneurons varies during
development. Somatostatin-positive interneurons receive a transient
strong thalamic drive at immature stages that is required for the
correct assembly of thalamic feed-forward inhibition mediated by
parvalbumin-positive interneurons (Tuncdemir et al., 2016).

The development of corticothalamic
projections

In mice, corticothalamic projections appear at E10 from post-
mitotic neurons in the cortical plate. These corticofugal projections
navigate laterally through the intermediate zone until they reach the
PSPB between E13 and E15 (Jacobs et al., 2007). At this boundary,
corticothalamic axons interact with the ascending thalamocortical
axons, facilitating their invasion of the cortical territory. The
corticothalamic axons then continue their journey through the
ventral telencephalon toward the internal capsule, where molecular
cues and corridor cells guide them toward the diencephalon (Bagri
etal, 2002; Lopez-Bendito et al., 2006, 2007). By E15, corticothalamic
axons have crossed the DTB to enter into the prethalamus, where
more-or-less a day later they interact with cells from the RTN
and the perireticular nucleus (PRN) (Garel and Rubenstein, 2004;
Molnar et al., 2012; Deck et al., 2013). These axons are sorted in
the prethalamus and the majority of axons from L5 are directed
toward the cerebral peduncle, while axons from L6 and the remaining
axons from L5 are directed toward their thalamic targets (Clasca
et al., 1995; Molndr and Cordery, 1999; Jacobs et al., 2007). Mouse
corticothalamic axons invade the thalamus just prior birth (Figure 4),
first entering the developing somatosensory nuclei, and then invading
the auditory and visual nuclei, which are fully innervated by
the end of the first postnatal week (Jacobs et al., 2007; Grant
et al., 2012). However, the cellular and molecular mechanisms that
guide the entry of corticothalamic axons into the thalamus remain
poorly understood. Nevertheless, removal of retinal input alters
corticothalamic innervation of the dLGN, inducing premature entry
of L6 axons and an abnormal cross-hierarchical invasion of L5 axons
that would otherwise be designated to the LP (Brooks et al.,, 2013;
Grant et al., 2016; Moreno-Juan et al., 2022).
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FIGURE 3

Integration of local thalamic interneurons from extra-thalamic sources. (A) Right, Schema showing the migration toward the thalamus of prospective
local interneurons born in the midbrain and prethalamus. Left, Prospective local interneurons start invading the developing mouse dLGN shortly before
birth. (B) Representative expression patterns of transcription factors, specially lineage selector genes, in precursor cells from prosomere 2 and GABA
lineages from prosomere 3 and midbrain. (C) Schema of a mouse dLGN showing sequentially how local interneurons migrate and distribute into the
nucleus in control conditions and upon deprivation of retinal input (Golding et al., 2014; Charalambakis et al., 2019; Su et al., 2020).

FIGURE 4

Timeline showing milestones in mouse thalamic development (red boxes). The different patterns of spontaneous thalamic activity throughout
development (blue boxes). First, thalamic spontaneous activity is characterized for being scarce and the events are uncorrelated (E12-E14). This is
followed by waves of spontaneous activity (E14-P0) that propagate among FO and then HO nuclei. At perinatal stages, these waves disappear and
instead, there are small events most likely triggered spontaneously from peripheral organs that engage cortical areas. Before eye opening, there is a
switch to an adult-like pattern where spontaneous activity becomes dense, asynchronous and continuous (Colonnese et al., 2010). CP, cortical plate;
CTAs, corticothalamic axons; E, embryonic day; Ins, interneurons; P, postnatal day; TCAs, thalamocortical axons.

Early thalamic inputs affect cortical
development and specification

The thalamus and cortex develop at a relatively similar pace
and consequently they may influence each other’s maturation. The
thalamus clearly affects many aspects of cortical development, such
as the radial organization, cell proliferation, specification of cortical
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areas, navigation of corticothalamic axons, interneuron maturation
and circuit assembly (Rakic, 1991; Dehay et al.,, 1996; Zechel et al,,
2016). More specifically, glutamate released by thalamocortical axons
is required for Reelin-expressing cortical interneurons to develop
(de Marco Garcfa et al., 2015). Similarly, thalamic inputs regulate
the integration of somatostatin- and parvalbumin-expressing

interneurons into cortical circuits (Wamsley and Fishell, 2017),
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and the segregation of pyramidal neurons in the L4 of the barrel
cortex (Li et al.,, 2013; Assali et al., 2017). Thalamic input also affects
cell identity in the cortex, since differentiation into primary or
higher-order cortical areas relies on the arrival of thalamocortical
axons (Chou et al,, 2013). Indeed, when FO nuclei are removed
genetically, primary sensory areas acquire the molecular and
functional properties of secondary cortical areas (Chou et al., 2013;
Vue et al, 2013; Pouchelon et al,, 2014). Recently, somatostatin-
expressing interneurons in the cortex were seen to be necessary
for the correct arrival of thalamocortical inputs onto parvalbumin-
expressing interneurons and pyramidal neurons during the first week
of postnatal life in mice (de Marco Garcia et al., 2015; Marques-Smith
et al., 2016; Tuncdemir et al., 2016; Che et al., 2018; Takesian et al.,
2018).

Neuronal transmission in the thalamocortical system can also
influence the development of the cortex, as seen when normal
synaptic transmission is disrupted in knock-out mice that lack
key synaptic proteins, such as NMDA receptor 1, adenylyl cyclase
1, or metabotropic glutamate receptor 5. Such disruption of
neurotransmission can provoke a lack of neuronal organization and
smaller barrels with blurry borders in S1 (Iwasato et al., 2000;
Datwani et al., 2002; Ballester-Rosado et al., 2010; Anton-Bolafios
etal., 2019).

Spontaneous activity in the
developing thalamus

Neuronal activity in the developing thalamus evolves over
different stages in mice (Figure 4). In a first stage, endogenous
and uncorrelated activity spans mid-embryonic mouse development
(E12-E14), which affects the expression of genes involved in
thalamocortical axon growth and branching when manipulated
(Herrmann and Shatz, 1995; Uesaka et al., 2007; Mire et al., 2012;
Castillo-Paterna et al., 2015; Moreno-Juan et al., 2017). After this
initial stage, the activity in the thalamus becomes more synchronous
and by E14, spontaneous synchronic activity takes the form of waves
of spontaneous activity that initially propagate through FO nuclei and
that later also engage HO nuclei (Moreno-Juan et al,, 2017). After
birth, spontaneous activity becomes less correlated, especially in the
somatosensory and auditory nuclei and at P2, in the visual nucleus
as well (Colonnese et al,, 2010). The waves of spontaneous activity
observed in the thalamus are transmitted along thalamocortical
axons to the developing cortical areas and consequently, early
thalamocortical input could have an impact on cortical development
through activity-dependent mechanisms. Indeed, altering patterns of
activity through genetic manipulation provokes cross-modal changes
in the development of sensory areas in the cortex (Moreno-Juan
et al, 2017; Antén-Bolanos et al., 2018). The electrical properties
of the thalamocortical circuit progressively mature during the first
two postnatal weeks, undertaking more continuous and decorrelated
spontaneous firing (Murata and Colonnese, 2016, 2018; Martini et al.,
2021). This transition in spontaneous thalamic activity seems to
be critical for the onset of the active processing of environmental
information by the cortex. Moreover, it might be caused by changes in
the sensory organs, synaptic maturation or circuit remodeling, such
as the gradual integration of inhibitory components (Demas et al,
2003; Colonnese, 2014; Sokhadze et al., 2018).
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Thalamic interneurons

General overview

Thalamic neurons receive inhibitory inputs from projecting
neurons residing in the prethalamus (RN, ZI, and vLGN) and from
other extra-thalamic sources, such as the superior colliculus, basal
ganglia, hypothalamus and pontine reticular formation (Halassa
and Acsady, 2016). In addition, they are also inhibited by local
GABA-releasing neurons, although the number and distribution of
these local interneurons is not conserved across species. In small
mammals like mice, marsupials and bats, interneurons are sparse
and mainly found in the dLGN, whereas they are abundant and
widely distributed throughout the thalamus in large mammals.
Inhibitory interneurons are absent from the dLGN of some non-
mammalian amniotes, such as crocodiles, lizards and snakes, but they
are present in birds (Butler, 2008). Local interneurons are not the
only GABAergic cells in the mature thalamus, since there is a small
subpopulation of GABAergic cells that reside within the IGL and pHB
whose axons project to extra-thalamic targets (Harrington, 1997; Tou
et al,, 2007; Delogu et al., 2012; Inamura et al., 2012; Fernandez et al,,
2018).

The origin of thalamic interneurons

Local interneurons that integrate into thalamic circuits are not
born in the proliferative zone of the developing thalamus but rather,
they migrate into the thalamus from other brain regions. Across
species, some regions that generate thalamic neurons are conserved
but also, additional regions are observed as thalamic circuits increase
in complexity and size. The midbrain proliferative zone generates
a stream of cells that colonizes the developing thalamus and that
is made up of cells that differentiate into local GABAergic cells
(Figure 3A; Jones, 2002; Hayes et al.,, 2003; Bakken et al., 2015;
Jager et al, 2021). In the mouse, the invasion of these local
interneuron precursors begins at E17, starting from the caudal tier
of the developing thalamus. Fate mapping experiments confirmed
the midbrain origin of these cells, showing that they are born at
approximately E10-E13 and that they belong to the Engrailed] lineage
(Jager et al,, 2016, 2021), a transcription factor that is expressed in the
midbrain and not the forebrain (Sgaier et al., 2007). The precursors
generated from the Engrailedl progenitors are also characterized
by the expression of the transcription factors Sox14, Gata2, and
Otx2 (Figure 3B). Once in the thalamus, these midbrain-derived
interneurons adopt a specific spatial distribution, whereby they are
enriched in FO nuclei but they also appear in HO and rostral
nuclei (Jager et al, 2021). This subpopulation of GABAergic cells
constitutes the largest of the local interneuron populations in the
mature thalamus.

Another source of thalamic interneurons in the mouse is the
developing prethalamus or prosomere 3 (Figure 3A). Located
rostral to the thalamus, the developing prethalamus generates
several GABAergic cell lineages, most of which populate prethalamic
structures like the RTN and the vLGN, while others establish a
stream of cells that invade the developing thalamus from its rostral
tier around the time of birth (Golding et al,, 2014; Jager et al,
2021). Approximately 20% of the population of local interneurons
in the mature thalamus are specified in the developing prethalamus
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from a lineage that expresses DIx1/2, Foxdl, and DIx5/6, and that
does not express Lhx6 or Nkx2.1 (Figure 3B). The prethalamus-
derived interneurons that will invade the thalamus have features
complementary to midbrain-derived interneurons, for example, they
do not express Sox14 and they are enriched in HO nuclei (Jager et al.,
2021).

Studying the origin of local thalamic interneurons is challenging
because the thalamus does not generate local GABAergic neurons
but it does generate projecting GABAergic neurons. The thalamic
progenitors that give rise to projecting GABAergic neurons reside
in the rostral tier of the proliferative neuroepithelium of prosomere
2, known as pTH-R (Tou et al,, 2007). Indeed, the stream of cells
derived from this progenitor domain can be distinguished from
the neighboring caudal domain of thalamic progenitors (known as
the pTH-C), and from prosomere 3, by the expression of post-
mitotic markers like Sox14, Nkx2.2, and Tall (Jeong et al,, 2011). The
cells derived from pTH-R become GABAergic projection neurons
that populate diencephalic regions, such as the pHB and the IGL.
While IGL neurons project to the suprachiasmatic nucleus and other
hypothalamic nuclei, pHB axons target the ventromedial prefrontal
cortex, the dorsomedial striatum and the nucleus accumbens, and as
such, they are involved in mechanisms that regulate mood (Moore
et al., 2000; Fernandez et al., 2018; Anastasiades et al., 2021).

An additional challenge is that extra-thalamic sources of local
thalamic GABAergic neurons, like the prethalamus and midbrain,
also generate other GABAergic neurons. As well as the SoxI4-
negative local interneurons of the thalamus, the proliferative zone of
the prethalamus gives rise to many other GABAergic cells. At E10
in mice, the progenitor cells found in the ventricular zone of the
prethalamus are characterized by strong expression of transcription
factors like Olig2, DIx genes and Foxdl (Tou et al., 2007; Blackshaw
et al.,, 2010; Newman et al., 2018; Puelles et al., 2021). Before E14,
the prethalamic lineage cells differentiate into neurons, and they start
migrating laterally and dorsally to populate the nascent RTN, ZI and
vLGN (Ono et al., 2008; Inamura et al., 2011). Almost all of these cells
are either local or projecting GABAergic neurons, the latter targeting
regions of the thalamus, pretectum and midbrain (Jones, 2007).

Genetic and activity-dependent factors
control the development of thalamic
interneurons

The neural tube of rodents exhibits three domains of GABAergic
progenitors along its rostro-caudal axis (Achim et al, 2013), each
characterized by specific genetic programs with distinct terminal
selector genes and giving rise to three broad GABA lineages. The
borders of these domains are defined by molecular markers and by
secondary organizers. Firstly, the rostral domain expands caudally
from the ganglionic eminences, through prosomere 3 up to the ZLI in
the diencephalon, where GABAergic differentiation depends on the
Dix1/2 lineage selector genes (Delogu et al.,, 2012; Le et al.,, 2017).
Secondly, the ZLI separates the rostral domain from the intermediate
domain, which expands caudally up to the isthmic organizer at the
midbrain-hindbrain boundary. The intermediate domain includes
prosomere 2, prosomere 1 and the midbrain, and GABAergic
neurogenesis in the intermediate domain relies on the lineage
selector genes Tal2 and Gata2 (Virolainen et al., 2012). Finally, the
caudal domain spans through the hindbrain and spinal cord, where
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GABAergic fate is acquired through the expression of lineage selector
genes like Ptfla and Tall (Hoshino et al., 2005; Muroyama et al., 2005;
Fujiyama et al.,, 2009). Therefore, the combined mesencephalic and
prethalamic origin of thalamic interneurons mean they constitute a
population with two broad molecular identities: the Dix1/2 (enriched
in HO nuclei) and the Gata2/Tal2 lineage (enriched in FO nuclei)
(Figures 3A, B).

The GABAergic cells derived from each lineage acquire their
identity during development through different genetic programs.
Although the molecular mechanisms that confer GABAergic identity
have not specifically been studied in thalamic interneurons, it is likely
that each subpopulation of thalamic interneurons unfolds genetic
programs according to their site of origin. For instance, GABA
precursors in the developing midbrain start expressing Gata2 and
Tal2 after cell-cycle exit, fate determinants that directly regulate
the acquisition of a GABAergic phenotype. These cells activate
sustained expression of downstream transcription factors related
to the maintenance of a GABAergic identity (Tall, Gata3, Six3,
and Gadl) and to the correct migration of midbrain precursors
(Sox14) (Delogu et al,, 2012). Indeed, in mice lacking GATA2 or
TAL2, GABAergic precursors from the midbrain fail to express
genes related to GABA neurotransmission and they switch fate,
acquiring a glutamatergic identity (Kala et al,, 2009; Achim et al,,
2013). However, it remains unclear to what extent midbrain-derived
thalamic interneurons share a similar developmental trajectory with
other midbrain-derived GABAergic cells. A similar genetic program
could also be established for the prethalamic-derived thalamic
interneurons and although there are no direct studies on this
subpopulation, the developmental program is likely to resemble that
of other GABAergic neurons derived from the rostral GABAergic
domain, such as cortical and striatal interneurons (Lindtner et al,,
2019). As such, the DIxI/2 transcription factors may contribute
to their GABAergic phenotype, either by directly controlling the
expression of the GAD isoforms or by indirectly activating Dlx5 and
DIx6 transcription, markers of more mature GABAergic precursors
(Cobos et al., 2007; Le et al., 2017).

In addition to intrinsic gene regulatory networks, extrinsic factors
also influence the development of thalamic interneurons. In the
mouse visual system, different developmental processes are thought
to be extrinsically influenced by the input that arrives from the retina,
ranging from neurogenesis to network recruitment of interneurons
(Golding et al, 2014; Charalambakis et al, 2019; Su et al,
2020). This is evident in animal models where retinal projections
are absent or compromised. For example, in anophthalmic mice
whose optic nerves were severed at birth and in mice with
abnormal spontaneous retinal activity during development, thalamic
interneurons accumulate in the upper tiers of the dLGN as opposed
to adopting the homogenous distribution throughout the nucleus
observed in control mice (Figure 3C; Golding et al,, 2014). In
these models, the synaptic properties of thalamic interneurons
were also affected due to the downregulation of presynaptic and
postsynaptic proteins, enhancing the excitability of dLGN neurons
and disinhibiting the visual thalamocortical system. Similar results
were reported in a transgenic mouse (Math5~/~) in which the optic
tract does not develop, and following binocular enucleation in mice
soon after birth (Charalambakis et al.,, 2019). In both scenarios, the
distribution of thalamic interneurons was biased toward the dorsal
part of the nucleus, failing to develop both mature intrinsic electrical
properties and normal synaptic connectivity with relay neurons.
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In addition to the alterations in the distribution of interneurons,
there are fewer of these cells in the dLGN of Math5~/~ mice than in
control mice. This reduction in the number of interneurons correlates
with abnormally weak FGF15 expression by some astrocytes residing
in the visual thalamus (Su et al,, 2020). Thus, as in other brain
structures, it is likely that the release of FGFs contributes to the
recruitment and maturation of inhibitory neurons. Accordingly,
genetic ablation of FGF15 impairs the migration of thalamic
interneurons into the dLGN and they become misrouted into the
somatosensory nucleus. The expression of astrocytic FGF15 in the
visual thalamus may be regulated by the SHH released from retinal
axons (Deven Somaiya et al,, 2022), and the expression of astrocytic
FGFI5 is reduced in the absence of retinal SHH, decimating the
recruitment of interneurons. However, more evidence is needed
regarding the interaction between SHH released from retinal axons,
the SHH signaling cascades in astrocytes and FGF15 expression.
Other effects of SHH might also be at play in these processes and for
instance, SHH could exert a broader effect on thalamic astrocytes as it
participates in astrocyte specification in brain regions like the retina
(Dakubo et al., 2008).

Concluding remarks

In this review we first focus on the development of excitatory
neurons of the thalamus, how they extend their axons and
receive inputs from the cortex, and the role of spontaneous
activity in the development of these projections. Next, we have
delved into the information currently available regarding the
development of the other main neuronal cell-type present in the
thalamus, local GABAergic interneurons. The evidence compiled
in this review establishes the state-of-the-art of the field but
also, it poses important questions that need to be addressed.
For instance, there are few studies that have investigated how
the development of thalamocortical excitatory neurons and local
GABAergic interneurons is orchestrated. Moreover, further studies
are required to disentangle the precise origin of these local
GABAergic neurons, as well as comparative studies using ancient
species. It is still unclear what molecular signature determines
the thalamic fate of interneurons derived from the midbrain, the
prethalamus or other regions, as well as the guidance mechanisms
that direct interneurons into the thalamus during development.
Finally, since it is now well established that the thalamus presents
different patterns of spontaneous activity and that changes in
these patterns affect the development of other structures like the
sensory cortices, it would be interesting to study the impact of this
spontaneous thalamic activity on developing thalamic interneurons.
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