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Roéle de la communication entre les interneurones et les cellules précurseurs
d’oligodendrocytes dans le cortex somatosensoriel: origine embryonnaire

commune et mort cellulaire

Les cellules précurseurs d'oligodendrocytes (CPOs) générent des
oligodendrocytes (OL), les cellules gliales responsables de la production de myéline dans
le SNC. Au cours des 15 derniéres années, il a été montré l'existence d'entrées
synaptiques fonctionnelles entre les neurones et les CPOs dans le cerveau, mais le rble
de ces synapses particulieres est encore peu compris. Néanmoins, ces synapses
pourraient étre impliquées dans les mécanismes contrdlant I'ocligodendrogénése, et donc
la myélinisation cérébrale. Des études antérieures de I'’équipe ont montré que les CPOs
du cortex somatosensoriel regoivent des entrées synaptiques transitoires en provenance
des interneurones GABAergiques au moment de la différentiation massive des CPOs en
oligodendrocytes. Ces résultats montrent que les CPOs sont des partenaires privilégiés
des interneurones lors du développement postnatal et suggérent que l'activité de ces
neurones pourrait contréler la fonction des CPOs pendant la période critique de leur
différenciation en oligodendrocytes. Pendant ma thése, je me suis intéressée a l'impact
de cette relation étroite entre les interneurones corticaux et les CPOs au cours du
développement. En utilisant différentes approches dans deux projets différents, mon
objectif était de comprendre comment les interneurones modifient la fonction des CPOs

et la formation des circuits neuronaux.

Dans mon premier projet, nous avons évalué si I'activité in vivo des interneurones

corticaux GABAergiques modifie la prolifération et la différentiation des CPOs au pic de



connectivité interneurones-CPOs, c’est-a-dire au jour postnatal 10 (PN10). Pour ce faire,
nous avons utilisé deux lignées transgéniques différentes pour exprimer le canal sensible
a la lumiére Channelrhodopsin-2 (ChR2) soit dans les interneurones exprimant la
parvalbumine (PV), soit dans les interneurones en provenance de [I'eminence
ganglionnaire médiane (EGM) embryonnaire. Tout d’abord, nous avons montré que la
souris PVC®:ChR2-YFP n’était pas adaptée pour la stimulation des interneurones PV chez
le souriceau car la ChR2 n’est pas exprimée dans ces interneurones a la deuxiéme
semaine postnatale. En revanche, nous avons démontré que la souris Nkx2.1°¢®;ChR2-
YFP constitue un trés bon outil pour ce type de stimulation car I'expression précoce du
facteur de transcription Nkx2.1 assure I'expression efficace de la ChR2 au cours du
développement postnatale. Nous nous sommes donc focalisés dans I'étude de cette
deuxieme lignée et avons développé une approche efficace pour la stimulation
optogénétique chez le souriceau. En premier lieu, nous avons évalué notre capacité a
générer des potentiel d’action dans les interneurones exprimant la ChR2 sur des tranches
aigues du cortex somatosensoriel avec une stimulation lumineuse. Parmi les protocoles
testés, un train de stimulation a 10 Hz s’est révélé le plus efficace pour évoquer
directement et de maniére fidéle des potentiels d’action dans les interneurones ChR2*.
Ensuite, nous avons mis en place une chirurgie permettant d'implanter une mini-fibre
optique dans le cerveau du souriceau pour effectuer des stimulations in vivo. La
stimulation a 10 Hz combinée a des enregistrements de champs ont montré eégalement
que la stimulation était efficace chez I'animal éveillé. Enfin, nous avons analyser I'effet de
I'activation des interneurones ChR2 in vivo sur les cellules de la lignée oligodendrocytaire

grace a des immunomarquages. La photoactivation des interneurones n’a pas révélé des



changements dans la densité des CPOs ou de leur prolifération. Ceci suggere que les

interneurones ne régulent pas ce processus dans les CPOs a P10.

Dans le deuxiéme projet, nous avons analysé les interactions entre les
interneurones GABAergiques corticaux et les CPOs ayant une méme origine
embryonnaire et issus de 'lEGM et de la zone préoptique (ZPO). Notamment, nous avons
étudié leur connectivité, leur organisation spatiale et leur mort cellulaire programmée pour
évaluer l'impact fonctionnel de leur origine embryonnaire commune sur, d’'une part, le
fonctionnement des circuits inhibiteurs et, d’autre part, I'noméostasie des cellules de la
lignée oligodendrocytaire. Par le biais d’enregistrements électrophysiologiques,
notamment des doubles enregistrements, et d'immunomarquages sur plusieurs lignées
transgéniques, nous avons mis en évidence une interaction postnatale complexe entre
les interneurones et les CPOs provenant de la méme origine. En effet, ces cellules ont
tendance a former des groupes anatomiquement distincts qui montrent une connectivité
synaptique significativement plus élevée que celle entre interneurones et CPOs d’origine
embryonnaire différent. Par ailleurs, l'inactivation génétique du génes pro-apoptotique
BAX dans les cellules dérivées du EGM/ZPO a révélé une perte de la connectivité
préférentielle entre ces deux types cellulaires. Ceci a lieu malgré une augmentation
importante de l'inhibition neuronale dans les circiuits ce qui montre que les interneurones
empéchés de mourir sont toujours fonctionnels dans les circuits matures. La perte de la
connectivité préférentielle entre les cellules de méme origine qui sont forcées de survivre
suggére donc que les synapses interneurones-CPO pourraient étre impliquées dans la
survie des CPO. Nos résultats ont montré également que prévenir génétiquement la mort
cellulaire des interneurones et des CPOs du méme origine induit une augmentation de la

densité oligodendrogliale provenant d'autres source embryonnaire. Ces résultats révélent



un nouveau réle de la mort cellulaire programmée au cours du développement cortical
dans le controle du nombre d'oligodendroglie grace a un mécanisme cellulaire non
autonome. En conclusion, des évidences dans la littérature et les données de cette thése
montrent que la communication entre les interneurones GABAergique et les cellules de
la lignée oligodendrocytaire pourrait jouer un role majeur dans la construction et la

modulation des réseaux neuronaux corticaux.
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Introduction

1. CEREBRAL CORTEX

The first description of the cerebral cortex is dated back on XX century when Brodmann
identified 52 different regions based on cytoarchitectonic criteria named “cortical area”

(Figure 1).

Figure 1. Brodmann's classification of the cortex. Each number is assigned to a different areas for a
total of 52 different regions (Adapted from Strotzer, 2009)

This anatomic subdivision was later confirmed from Penfield studies which provided a
functional map of the human cortex based on electrical brain stimulation in conscious patients
(Mazzola et al., 2012). The map is designed as a “little man” or Penfield’s Homunculus

(Arminjon, 2009) (Figure 2).
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Figure 2. Penfield's Homunculus. Functional map of the human cortex dedicated to sensory and
motor processing. On the left side is rapresemted the sensory homunculus while on the right the
cortical motor homunculus. (Adapted from Arminjon, 2009).



Starting from this initial evidences, more recent studies improved our understanding of the
somatotopic arrangement of the cortex and its cellular organization, topic we are going to

extensively describe in the following paragraphs.

1.1 Cerebral cortex and its general organization

1.1.1 Generalities

The cerebral cortex is a complex organ, responsible for the higher cognitive functions including
memory, perception, attention and motor planning. The cortex is the most external part of
the brain composed by two hemispheres which communication allows for the synchronization
and the integration of sensory, motor and cognitive informations. The cerebral cortex can be
anatomically divided into neocortex (or isocortex) and allocortex, which includes structures
like the hippocampus and the olfactory cortex. The neocortex is an evolutionary acquisition of
mammals, mainly organized in six distinct anatomical layers, characterized by different cell
populations and density (Maricich et al., 2001). These differences in the cytoarchitecture have
been used to define different anatomical areas, often related with different cortical functions.
Indeed, the cerebral cortex is tangentially organized in different functional areas according to
the integration of different inputs. It is therefore possible to identify a visual, somatosensory,
auditive, motor and cognitive cortex. These different regions are composed by a huge diversity
of neuronal types organized, as we said before, in six distinct layers, bound together by short-
range connections, forming cortical columns (~ 200—600 mm of diameter). It has been long
discussed the presence of all the six layers in the motor cortex, long defined lacking layer IV
(LIV). Recently, Yamawaki et al. (2014) described a rudmentary functional LIV in mouse motor
cortex with properties and connections similar to LIV in sensory areas.

In the cortey, it is possible to identify two major groups of neurons present in a plethora of
different subtypes: the excitatory Pyramidal or Projecting Neurons (PNs) and the Interneurons
(INs). These neurons can be distinguished by their morphology, molecular or
electrophysiological properties and their laminar position settled in the different cortical
columns. Another classification is based on the different kind of connections. PNs connectivity
can be divided in two distinct groups: the corticocortical conncetions, characterized by local

cortical circuits, and the corticofugal, sending their projections from the cortex to the other



brain regions. Corticocortical connections are subdivided into Commissural and Associative
projections. The Commissural PNs project to the contralateral hemisphere allowing the
synchronization and integration of bilateral information while the Associative PNs connect
cortical areas localized in the same hemisphere. Another kind of connections are the one
directed to the thalamus and classified as coritcofugal corticothalamic projections. The
neurons localized in the superficial layers (L lI-1lI-IV) mainly form corticocortical connections.
Differently than superficial layers, deep layer neurons (L V-VI) project to subcortical targets,
usually forming corticofugal connections (Lodato et al., 2015; Petersen, 2019).

This classification is a schematic representation of the cortex projections and it is restricted to
PNs. Regarding neurons releasing gamma-aminobutyric acid (GABA), most of them retain their
axon in their respective layer, column or area. For this feature, they are called short-axoned,
or INs. Afferences and efferences together build the complex cytoarchitecture of the
functionally distinct cortical regions. For example, somatosensory cortex LIV is the main target
of sensorial thalamic inputs and, as a consequence, it appears more developed compared to
the motor cortex. In the other hand, LV in the motor cortex is more represented, sending
projections to subcortical regions. This complex organization starts early during the embryonic
development and continue in the postnatal period, where the experience plays a crucial role
in refining the cortical neuronal circuit assembly (Alfanoa and Studer, 2013; Crawley et al.,
1997). In the understanding of cerebral cortex organization and functions, it is crucial to follow

the sequential steps that bring to a correct assembly of this complex organ.

1.1.2 The somatosensory cortex

Their first description of cortical columns is dated back in 1957 when Mountcastle observed
this particular organization in the cat somatosensory cortex. Since then, columns have been
considered the modular building block composing the cerebral cortex architecture (Horton
and Adams, 2005). The cortical columns are easy to visualize in the barrel cortex of rodent
somatosensory cortex, which represents an important model system for its good accessibility,
well characterized structure and network.

Mouse whiskers or vibrissae are typically characterized by a somatotopic map within LIV of
the primary somatosensory (S1) cortex (Figure 3A). Each whisker is associated with a specific

structure named “barrel”, a columnar organization appearing in tangential sections as “rings”
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composed by cell bodies with a central region poorly occupied by somata (Figure 3B). In
coronal sections, LIV can be described as columns separated from one to another by a region
with few cells called septum (Petersen, 2007). This particular cytoarchitecture of LIV was first
time observed in formalin-fixed, Nissl-stained and Cox-fixed, Golgi-Nissl-stained sections cut
coronally and tangentially to the pia. It was easy to distinguish in these stains the cilindrical
structures of 100-400 um in diameter, and perpendicular to the pia. The synaptic pathway
from a single whisker to its associated barrel is well described from Petersen (2007) (Figure
3A). The whisker deflection induces the opening of mechanogated ion channels followed by a
depolarization which can trigger action potential in the neurons of the trigeminal nerve. These
sensory neurons send excitatory synaptic inputs in the trigeminal nuclei of the brainstem.
Trigeminothalamic neurons have also a specific organization in “barrelettes”, each receiving
inputs from a single whisker (Veinante and Deschenes, 1999). Ventral posterior medial (VPM)
nucleus of the thalamus receives the sensory information from the principal trigeminal
neurons, finally projecting to the primary somatosensory neocortex in LIV (Figure 9A), formed
by the somatosensory “barrel” map, almost organized as whiskers on the mouse snout

(Woolsey and Van der Loos, 1970).

A From Whisker to Cortex B Whiskers and Barrels
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Figure 3. Synaptic Pathways from whisker to the Barrel Cortex. A. Deflection of a whisker evokes APs in the trigeminal nerve
(in blue), which releases glutamate at a first synapse in the brain stem (1). The brain stem neurons send sensory
information to the thalamus (2), where a second glutamatergic synapse excites thalamocortical neurons projecting to the
primary somatosensory barrel cortex (3) B. The layout of whisker follicles (left, only C- row whiskers shown) and its somatotypical
barrel field in layer 4 of the primary somatosensory cortex (right). The standard nomenclature for both whiskers and barrels
consists of the rows A-E and the arcs 1, 2, 3, etc. As an example, C2 whisker follicle and the C2 barrel are highlighted in
yellow. (Adapted from Petersen, 2007)
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1.2 Cerebral cortex development

During the development, all the structures of central nervous system (CNS) are generated by
stem cells localized in the border of the brain ventricles. These progenitors follow different
pathways giving rise to three types of progenitor cells: the radial glia (RG), the neuroepithelial
cells and the basal progenitors (Gotz and Huttner, 2005). The radial glia undergoes an
asymmetrical division which maintains the RG pool and generates either a postmitotic neuron
or a basal progenitor. These basal progenitors are also involved in neuron generation after a
small number of symmetric divisions. All this process is called neurogenesis and is followed by
the neuronal migration, dendrites and axons formation and synaptogenesis. After
neurogenesis, the stem cells involved in neuron generation also participate to glial cells
formation (astrocytes and oligodendrocyte) through a process called gliogenesis. A crucial
step for a correct cortical development is the regulation of specific cell densities to ensure a
correct function of neuronal circuits. A conserved strategy to maintain cell numbers is based
on the programmed cell death (PCD) of cells. In the nervous system, PCD is also a mechanism
of quality control that removes aberrant cells and refines neuronal circuits (Haydar et al.,
1999). It has been demonstrated in the peripheral nervous system (PNS) that neurons
compete for target-derived survival factors available in limited amounts. This theory has been
named “trophic theory states” which leads to the elimination of up to 50% of neurons
(Oppenheim, 1991; Yamaguchi and Miura, 2015). Differently from the PNS where this theory

is widely supported, in the CNS, it remains to be controversial.

1.2.1 Corticogenesis generalities

The cerebral cortex develops from the pallium, the most dorsal region of the telencephalon.
The neocortex is organized in distinct layers and their formation involved two different
migrations: radial and tangential migration.

In particular, glutamatergic neurons derive from the pallial ventricular zone (VZ) and their
progenitors reach the final position through a radial migration. On the contrary, GABAergic
INs and oligodendroglial cells are produced by progenitors localized in the subpallium,
reaching the cortex through a tangential migration (Anderson et al., 1997). The cortical layer

formation by radial migration starts around days 11-18 during the embryonic development
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(E11-E18) and is mediated by the radial glia progenitor cells (RGPCs) placed as a scaffold to
direct neurons to their final position. The first neuronal cells produced during the cortical
development are Cajal-Retzius cells (CRs) and subplate neurons (SPs) that migrate from the
VZ to populate the first postmitotic neuronal layer known as preplate (PP). PP formation is
followed by a second migration wave that splits the PP in two different layers, the superficial
marginal zone (MZ) which is the final position for CRs, and the deeper SP. In between E14-E18,
we observe consequential migration waves of post-mitotic neurons from the VZ that travel
across the SP to form the sequential layers of the cortical plate (Figure 4). It has been shown
from studies which date cell birth deteremined through thymidine tritiated injection that the
corticogenesis is an “inside-out” process. In this process, neurons born early in the
development settle in the deepest layers while the later born neurons are localized in the

superficial layers (Gupta et al., 2002).
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Figure 4. Neocortical-layer formation. Neocortical organization into six distinct neuronal layers. Key developmental stages.
At E11, the preplate (PP) is established by a postmitotic wave of neurons that has migrated from the ventricular zone (VZ)
to the PIAL SURFACE (PS). By E13, a second postmitotic neuronal wave has migrated through the intermediate zone (1Z) and
split the PP into the marginal zone (MZ) and subplate (SP), creating the cortical plate (CP). During E14-E18, subsequent
waves of neurons expand the CP in an inside-out fashion, as each wave of neurons passes its predecessors to settle
underneath the MZ. In adulthood, the SP degenerates, leaving behind a six-layered neocortex. (Adapted from Gupta, 2002)

Differently from glutamatergic neurons, GABAergic cortical INs derive from segregated
subpallial regions: the ganglionic emincences, medial (MGE) and caudal (CGE), and the

preoptic regions, including the preoptic area (POA) and the adiacent preoptic-hypothalamic
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border domain (POH) (Figure 5; Flames et al., 2007). These different regions give rise to
different subpopulation of INs characterized by the expression of different molecular markers,

morphology and electrophysiological properties (Lim et al., 2018).

~—= Cortical interneurons

e Striatal interneurons

=% Cajal Retzius cells

® Interneuron progenitor
Post-migratoty interneuron progenitor

Radial glial cell

Projection neuron

Figure 5. Patterns of interneuron migration in the developing telencephalon.

Schematic representation of rostral and caudal hemi-section through the mouse telencephalon at mid-embryonic (E15)
stage. The numbers (from 1 to 6) indicate the major « decision-making » steps involved in the migration of cortical
interneurons derived from the subpallium. Interneurons derived from MGE are in green, POA in purple, or CGE represent in
orange, move out from the proliferative zones and initiate their migration towards the developing neocortex and striatum.
Cortical interneurons travel around the developing striatum, transit across the cortico-subpallial boundary, and course
tangentially into the cortex, whereas striatal interneurons ventrolaterally migrate into the developing striatum. Once
reached the neocortex, interneurons undergo to local migration to finally settle in specific areal and laminar locations
within the emerging CP, prior to forming functional synaptic contacts with appropriate projection neuron partners.
(Adapted from Guo and Anton, 2014)

INs move from subpallial regions to the cortex through a tangential migration (Figure 5;
Wonders and Anderson, 2006). In the cortex, beside neurons, we can identify three main
classes of glial cells: astrocytes, oligodendrocytes (OLs) and microglia. Astrocytes and OLs are
generated from the same progenitors as for neurons. Once the neurogenesis is finished, there
is a developmental switch where progenitors become gliogenic. Microglia has a different

embryonic origin, deriving from a wave of early hematopoiesis in the yolk sac. As already
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shown for GABAergic INs, cortical oligodendrocyte precursor cells (OPCs) derives from

embryonic subpallial regions.

1.2.2 Interneuron origin and classification

INs are generated from progenitor cells in the embryonic subpallium, telencephalon ventral
region that are subdivided into several progenitor domains expressing specific transcription
factors (Flames et al., 2007, Hansen et al. 2013). Among them, we identify MGE, CGE, the
preoptic regions and finally the septum (Figure 5). Most of cortical INs derives from
progenitors settled in the MGE, CGE and POA (Gelman and Marin, 2010). The origin and
development of cortical IN diversity involve a series of crucial fine-tuned events protracted for
a long-range of time (Figure 5). This period between the IN birth and the specification of their
mature features has led to diverging models on the mechanisms responsible to generate IN
diversity (Wamsley and Fishell, 2017). One model proposes that IN differentiation in distinct
subclasses occurs at the level of progenitors or shortly after becoming postmitotic, but before
their migration. Thus, their specification would depend on transcription factors which restrict
their potential to generate only certain classes of INs. On the contrary, the “competing model”
proposes that IN identity is established when they reach their final position, relatively late in
development, after receiving signals from the surrounding environment. It has been shown
that the expression of some genes encoding the transcription
factors DIx1, DIx2, Ascll, Gsx1 and Gsx2 is crucial for the specification of all GABAergic
neurons in the subpallium (Wang et al., 2013; Long et al., 2009). Then, the emergence of the
IN diversity from this region is linked to the spatial and temporal specification of progenitor
cells by the expression of additional transcription factors which restrict their potential to
generate just specific subclasses of GABAergic INs.

The most accepted IN classification recognizes three major classes (Figure 6). The first is
characterized by the expression of the Ca?*-binding protein paravalbumin (PV), the second
one by the peptide hormone somatostatin (SST) and finally, the third, express the serotonin
5-hydroxytryptamine 3a receptor (5HT3aR). These three specific markers are not overlapping
(Lee et al., 2010; Rudy et al., 2011). Others, like calbindin (CB), calretinin (CR), cholecystokinin
(CCK), reelin, nitric oxide synthase (NOS) and the neuropeptide Y (NPY) are co-expressed in

the different subclasses (Figure 6 ; Xu et al., 2006; Tremblay et al., 2016).
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Recent studies focused their attention on the molecular mechanisms involved in the
generation of cortical IN diversity, identifying details on the genetic cascade involved in MGE-
derived IN specification. It has been shown that the generation of these INs involves regulatory
networks of two parallel genes. The first is started by the expression of DIx1 and DIx2 which
promotes the specification of GABAergic lineage by repressing Olig2 (transcription factor
required for OL specification) and induce the expression of genes encoding enzymes for GABA
synthesis (Petryniak et al., 2007; Pla et al., 2018). DIx1 and DIx2 also induce the expression of
DIx5 and DIx6, which are in turn important for the migration and differentiation of cortical INs
(Pla et al., 2017; Wang et al., 2010).

Interestingly, these two genes are crucial for the specification and integration, specifically of
MGE-derived INs in developing cortex network, promoting their dendrites and axons
formation (Pla et al., 2017). A parallel gene regulatory pathway is initiated by the homeobox
transcription factor Nkx2-1 essential for the specification of IN subclass composed by PV and
SST MGE-derived INs. Nkx2-1 induces Lhx6 expression, transcription factor critical for the
maturation of cortical GABAergic INs derived from the MGE (Liodis et al., 2007; Vogt et al.,
2014). Indeed, MGE and POA progenitors are characterized by the early expression of Nkx2-
1, which confers them unique properties and regional identity (Butt et al., 2005-2008).
Moreover, it has been shown that the MGE can be divided in three different regions, dorsal,
intermediate and ventrocaudal, characterized by the expression of different molecular
markers: Nkx6-2 in the first and the ETS transcription factor Etvl in the other two domains.
Experiments of fate mapping revealed that SST* cells are preferentially generated from the
dorsal part whereas PV*are abundantly produced from the ventrocaudal domain (Inan et al.,
2012; Fogarty et al., 2007); the intermediate domain produces both. From these evidences,
we can recognize the influence of progenitor spatial organization on the future specification
of cortical INs (Torigoe et al., 2016). Differently from MGE and POA progenitors, cortical CGE
derived INs are specified by the expression of many molecular markers, among them Nr2f2
transcription factor (Kanatani et al., 2008). Finally, cells deriving from the POH, most caudal
progenitors in the preoptic region, do not express Nkx2-1, showing more similarities with the
CGE (Flames et al., 2007). In particular, the preoptic region, including POA and POH, displays
molecular similarities with the MGE and CGE, respectively. It has been shown that POA
progenitors also express the transcription factors Dbx1 giving rise to a small but highly diverse

cortical IN subclasses (Pierani et al., 2001). These different crucial regulatory genes for IN
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specification, besides the differences in morphological and electrophysiological properties
observed in mature GABAergic INs, point out the complexity to define an unequivocal
classification.
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Figure 6. Diversity of GABAergic neurons in the neocortex. Schemas showing the main subclasses of cortical interneurons in

the mouse neocortex. The most recognized classfication identify three large classes based on the expression of PV, S5T and
SHtr3a. A small fraction of PV+ basket cells also express SST. (Adapted from Lim et al., 2018)

PV INs are the most abundant (~40%) and extensively described cortical INs, commonly
divided in three major subclasses, all characterized by a fast-spiking (FS) firing profile
(Kawaguchi et al., 1987). They include the chandelier and the basket cells, most abundant and
homogeneously distributed INs in the neocortex, and the translaminar INs, relatively rare and
mostly localized in layer LV — LVI (Figure 6; Lim et al., 2018). Chandelier cells, also defined axo-
axonic cells, mainly project to the Axonal Initial Segment of PNs (AIS) and are localized at the
border between LI and LIl and in LVI (Figure 7). The basket cells, the most represented type of
INs in the neocortex, form synapses on the soma and proximal dendrites of PNs cells and other
INs (Figure 7). They are heterogeneously distributed across all the cortical regions and
specifically localized through LIl to LVI in the neocortex. The second class of INs expressing
SST, represents a more heterogeneous group in which it is possible to identify two main
subtypes according to their morphology: Martinotti and non-Martinotti cells. One
characteristic that differentiate Martinotti cells from non-Martinotti cells is their axonal plexus
formed in LI and the expression of the overlapping marker CR (Figure 6). The firing patterns of
Martinotti cells are relatively heterogeneous but they are often involved in disynaptic
inhibition (Nigro et al., 2018; Silberberg and Markram, 2007). Additionally, non-Martinotti

cells differentiate from Martinotti cells for their lower resting potential and a higher firing
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frequency. Martinotti cells are mostly localized in LII, LIll and LV while SST non-Martinotti cells
are found throughout LIl to LVI and particularly abundant in LIV, where they are mostly
connected with PV basket cells (Figure 7; Nigro et al., 2018; Xu et al., 2006; Ma et al., 2006; Xu
et al., 2013). In addition to these two subclasses, SST expressing INs include a small population
of long-range GABAergic projecting neurons, mostly localized in deep layers and projecting to
other regions of the neocortex (Figure 6). They have adapting and irregular spiking firing
properties, frequently co-expressing NOS, chondrolectin (Chodl) and NPY (He et al., 2016).

Finally, the third class is represented by 5HT3aR INs, far more diverse group than PV and SST.
They are separated in two groups, the INs expressing vasoactive intestinal peptide (VIP) and
the one that do not (Figure6). The most characteristic VIP INs have a bipolar morphology with
axons oriented to the most superficial layers. They have an adapting firing properties and
preferentially target SST and PV INs, mediating disinhibition (Figure 7; Pronneke et al., 2015 ;
Jiang et al., 2015). VIP INs are mostly found in LIl and LIll, and co-express CR. On the contrary,
multipolar VIP INs are basket cells co-expressing CCK. Non-VIP can be mainly subdivided in
neurogliaform and CCK-expressing INs. Neurogliaform cells represent the 90% of LI INs
(Figureb). They preferentially contact dendrites eliciting slow long-lasting Inhibitory
Postsynaptic Potentials (IPSPs), favoring GABAg receptor (GABAgR) activation (Figure 7).
Finally, non-VIP CCKINs provide a somatic inhibition through an asynchronous release (Figure

7; Tremblay et al., 2016).
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Figure 7. Cell-specific connectivity and subcellular domains targeted by interneuron subtypes.

A. Rapresentation of LI/l interneurons connectivity to pyramidal cells. SST Martinotti cells in red and non-Vip 5HT3aR
neurogliaform cells in dark yellow are two major IN subtypes targeting dendrites. Both LII/IIl and LV Martinotti cells have
been shown to connect to LII/III PCs (Jiang et al., 2015; Kapfer et al., 2007). The perisomatic region and proximal dendrites
are targeted by Cck basket cells (light yellow) and PV fast-spiking basket cells (dark blue). The axon initial segment is
contacted by PV chandelier cells (light blue). B. Interneuron connectivity with pyramidal cells settled in layer V/VI. LII/1I
Martinotti cells only poorly contactinfragranular PCs thus among Martinotti cells only those in infragranular layers target
LV PCs. In contrast, LI, LI/l and LV/WI NGFCs contact PC dendrites. Perisomatic and axonal contacts are provided by
infragranular basket and chandelier cells. C Connectivity among INs. NGFCs target all interneuron subtypes and thus their
connectivity is solely restricted by the extent of their axonal arbor. Martinotti cells contact all IN subtypes except other Sst
INs. Cck basket cells is assumed to receive inputs from both Martinotti cells and NGFCs. PV basket cells are known to
strongly connect to other PV cells. Vip bipolar cells are selective for other interneurons, particularly Sst INs. LI/l bipolar
Wip INs can contact both LI/l and LV Sst INs. While the connectivity of infragranular Vip cells has not been investigated, it
is assumed to show similar cell type selectivity than supragranular Vip INs and be restricted to deep layers given that their
axons do not ascend to supragranular. (Adapted from Tremblay et al., 2016)

The incredible diversity of INs described above, their different connectivity and their particular
distribution in different layers reflects the many various roles they assume in neuronal
networks. It has been observed that IN final identity can be recognized only when they are
integrated into neuronal circuits. This observation is corroborated from studies which
demonstrated that activity dependent interactions with the cortical microenvironment are
crucial to determine the final IN identity (Wamsley and Fishell, 2017). It has been widely
shown that during cortical development GABAergic INs undergo many changes in their both
morphological and neurochemical profiles. After their specification, INs migrate from their
subpallial regions to translocate to the cortex and start their integration into neuronal circuits,
crucial event to finally acquire their mature neurochemical and morpho-physiological
attributes (Du et al., 1996; Martini et al., 2009). Several evidences suggested that PN activity
has an important role in IN allocation, distribution and connectivity. For example, recent
studies have shown that INs are driven in their final laminar distribution by PN signals like the
neuregulin 3 (Nrg3) (Bartolini et al., 2017). In addition, it has been reported that INs interact
with specific classes PNs anticipating the formation of specific excitatory and inhibitory
connections in the developing cerebral cortex. In particular, they showed that excitatory
projection neurons can modulate afferent inputs by local PV INs, modulating the wiring of
cortical microcircuits (Ye et al., 2015). Moreover, it has been shown that some IN motifs are
present all over the time during cortical development while some are transient, described
mainly in the deep and superficial layers of the barrel cortex (Petersen, 2007). Regarding their
intrinsic electrophysiological properties and excitability, it was showed that neocortical INs
display a lower threshold for action potential generation than PNs at early postnatal stages

which confers them a higher probability to be recruited at the early phases of network
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synchronization (Rheims et al., 2008). Whole-cell recordings in vitro performed in dentate
gyrus basket cells showed that, in association with morphological changes, as the growth
membrane surface area, intrinsic passive membrane properties are also altered. For example,
the membrane capacitance (Cn) increases during the development while the input resistance
decline (Rin). Moreover, it has also been observed an acceleration in the membrane time
constant (tm) during IN maturation (Doischer et al., 2008). Similar alterations in passive
membrane properties have been found in the neocortex (Daw et al., 2007; Rheims et al.,
2008). The propagation of Postsynaptic Potentials (PSPs) in dendrites and soma is strongly
dependent on the structure of the dendrites and the passive membrane properties. Shorter
and less complex dendrites result in a lower Cm. Moreover, T measure in young basket cells
is two times longer than in mature ones (~20 ms at PN 6-10 vs. ~10 ms at PN 18-25)
and Rin is significantly higher (~380 MQ P6-10vs. ~80 MQ at PN 18-25). Altogether, these
data suggest a higher Rn, in young neurons (Doischer et al., 2008). These differences observed
in membrane passive properties have as a consequence larger peak amplitudes and slower
time courses of PSPs recorded in young neurons compared to mature cells. All these evidences
suggest that young INs, compared to mature, display a different integration for PSPs, favoring
spatial and temporal summation of synaptic inputs. On the other hand, mature INs with long
dendrites, fast tm and low Rn, support, instead, coincidence detection. Regarding the axonal
changes, young INs undergo substantial postnatal growth, increasing the connectivity with
their target cells and altering active properties (Du et al., 1996; Doischer et al., 2008; Sauer &
Bartos, 2010). Whole-cell recordings of bascket cells revealed an increase in the peak
amplitude and a decline in the half-duration of single action potentials (Doischer et al., 2008).
Furthermore, mature fast-spiking INs of the barrel cortex discharge at higher frequency in
response to membrane depolarization (Daw et al., 2007). The developmental up-regulation of
fast delayed-rectifier K*channels for example (Duetal., 1996; Rudy and McBain,
2001; Tansey et al., 2002), is concordant with the maturation of INs from slow to fast
discharging units. In summary, during the development, INs undergo morphological, passive
and active membrane properties changes, favouring a slow signalling in the young until they
acquire mature properties which contribute to a rapid signalling in the mature neuronal
network. The complexity in INs specification and their morphological and electrophysiological

changes during the development is a fine-tuned process to ensure a proper maturation.

20



Indeed, defects in GABAergic INs maturation results in drastic malfunctions of the mature

circuitry, which has as a consequence the manifestation in neurological disease.

1.2.2.1 Interneurons in the network

INs can interact forming different kind of synaptic contacts, named chemical and electrical
synapses. Electrical synapses allow for the ion exchange from neighbor neurons through a
structure called gap-junctions, specialized intercellular connections formed by connexins,
hemi-channels located in pre and post junctional cell membranes (Bennet and Zukin, 2004).
Gap junctions are mostly found in PV INs, modulating their activity by synchronizing action
potential firing (Hatch et al., 2017). It has been shown that this type of communication occurs
mostly between INs of the same subclass in the cortex (Galarreta and Hestrin, 1999; Gibson
et al., 1999).

The integration of INs in neuronal networks follows few stereotypical patterns of connection
(Lim et al., 2018). There is no a general IN connectivity rules but some recurrent patterns can
be identified. For example, thalamocortical inputs to LIV preferentially form synaptic contacts
with some specific INs, and intracortical axons of corticothalamic neurons settled in LVI
preferentially target inhibitory over excitatory neurons (Xu et al., 2013; Bortone et al., 2014).
All the different subclasses of INs form three main “archetype circuit motifs”: the feedforward
inhibition (FFl), feedback inhibition (FBI), and disinhibition (Figure 8). The FFI inhibition is
described like an excitatory input contacting INs which then synapse onto principal cells.
Therefore, the afferent excitatory input provides a disynaptic inhibition to principal cells
through INs . (Figure 8A).

The more studied FFl is in the somatosensory (barrel) cortex, involving PV basket cell INs
receiving excitatory thalamic input from the VPM and connected with the neighboring spiny
neurons (Sun, Huguenard and Prince, 2006). Differently from the feedforward, in FBI, the
source of the excitatory inputs comes directly from the cell innervated by the IN creating like
aclosed loop (Figure 8B). This kind of circuit allows for the fine control of the balance between
excitation and inhibition in local circuits. Finally, the disinhibition occurs when an IN inhibits
another IN removing the second IN inhibition on a PN (Figure 8C). It has been shown in some

studies that this kind of inhibition is provided mostly by 5HT3aR INs (Tremblay et al., 2016).
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Figure 8. Inhibitory circuit motifs. Three main motifs involving GABAergic interneurons represented in red, exist
ubiquitously in the cortex. A. Feed-forward inhibition B. Feedback inhibition C. Disinhibition. (Adapted from Feldmeyer et
al., 2017)

1.2.2.2 Barrel cortex circuits

The somatosensory cortex receives multiple inputs to a single column. In particular, we can
identify two main sensory inputs: one from VPM and one from posterior medial nucleus
(POM), both examples of thalamocortical projections (Figure 9A). Another example of
somatosensory cortex connection is represented from the outputs coming from multiple
layers into a column, with some of them projecting to neighboring barrels in order to integrate
information across the whisker somatotopic map.

One of the main targets of thalamocortical axons are the spiny stellates cells in LIV, excitatory
neurons highly interconnected to each other in order to amplify the received thalamic
excitatory input (Figure 9A). Moreover, these cells contact PNs settled in all cortical layers
which integrate the input in between different columns to finally send the outputs in other
brain regions (Vitali and Jabaudon, 2014). Not only LIV but also LVA and LVIB neurons receive
thalamic inputs and, in turn, send their axons to many cortical and sub-cortical structures
(Figure 9A). In this panorama, GABAergic interneuronal networks play a crucial role to ensure
a correct function of sensory input integration. INs can be classified as trans-columnar and
trans-laminar looking at their axonal projection pattern. The thalamocortical afferents, coming
from the VPM, contact different types of INs, which in turn synapse onto excitatory neurons
in the same or other cortical layers mediating different inhibitory patterns. Fast-spiking INs
(FSls) are the main target of thalamocortical afferents and represent the major source of rapid
intracortical inhibition in LIV (Gibson et al., 1999). Indeed, LIV basket FSls, showing dense

axonal arborizations locally restricted to the home barrel, target the perisomatic
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compartments of excitatory cells, causing a robust thalamocortical feed-forward inhibition.
The chandelier cells, instead, form axo-axonic contacts, controlling the action potential output
of PNs mostly localized in upper LII-Ill and LVb and VI (Somogyi et al., 1977; Taniguchi et al.,
2013). LIV SST INs are also innervated by thalamocortical afferents, but their response to
thalamic stimulation is considerably weaker than that of LIV PV FS (Cruikshank et al., 2010). PV
INs are involved in the thalamocortical FFl, receiving excitatory inputs from the VPM and
sending projection to spiny stellate cells, which receive thalamic afferents too. LV PV INs are
highly interconnected between them but also receive strong inhibition from SST cells. A recent
study described a translaminar inhibition in which axons of excitatory LIV stellate cells form
synapses with LVb PV FS, which, in turn, drive inhibition in LVb PNs. SST Martinotti cells receive
facilitating excitatory synaptic input from nearby PNs, ensuring a frequency-dependent
disynaptic inhibition on PNs dendrites. In the barrel cortex, VIP INs play a role in disinhibition

by contacting both PV and SST INs (Naka and Adesnik, 2016).
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Figure 9. Thalamocortical pathways for signaling whisker-related sensory information to the barrel cortex.
Neurons in the ventral posterior medial (VPM) nucleus (labeled red, left) are glutamatergic. Signal information
relating to a deflections of a single whisker. The axons of VPM neurons terminate predominantly in individual
layer 4 barrels, with a minor innervation in upper layer 6 (right). (Adapted from Petersen, 2007)

1.2.3 OPC origin: three distinct developmental waves

Historically, in the mammalian CNS the astrocytes, OLs and microglia were classified as glial
cells. Later, studies identified another major glial cell population characterized by the
expression of the proteoglycan NG2 (nerve/glial antigens 1 and 2) distributed throughout the
grey and white matter. To reflect their multi-processed morphology and lineal relationship to
OLs, this cell population has also been called polydendrocytes, parenchymal cells expressing
the NG2 (Nishiyama, Watanabe, Yang and Bu, 2002). It is now widely accepted that the

polydendrocytes or NG2 cells are OPCs that generate OLs in the developing and mature CNS.
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In the forebrain OL lineage is generated from Olig2* cells settled in the subpallium (Nery et al.,
2001; Tekki-Kessaris et al., 2001). Olig2 is expressed in both, neuronal and OL lineage cells,
thus OL lineage specification occurs later, in the germinal zone, to become committed to NG2
cells. During the development Olig2 expression is sustained promoting the expression of the
transcription factor Sox10, restricted to OL lineage cells, representing the first step in OPC
specification. Sox10 is known to promote the expression of platelet-derived growth factor
(PDGF) receptor (PDGFRay), crucial for OPC survival and proliferation (Nishiyama et al., 2009).
NG2 expression starts slightly later than PDGFRa expression, around E17 (Nishiyama et al.,
1996).

OPC generation starts from the subpallium while a fraction derives from the cortex at postnatal
stages (Kessaris et al., 2006). It has been shown through experiments of fate mapping that
OPCs are generated in three different sequential waves expressing specific markers and
coming from different embryonic regions. The first wave derives from the ventral MGE and
anterior entopenducular area (AEA) at E11.5 - E12.5, the second wave originate from LGE/CGE
at E15.5, and the last wave develops at birth in the cortex (Kessaris et al., 2006). Each wave is
characterized by the expression of specific transcription factors like the Nkx2-1, expressed
from progenitors of the first wave, the Gsh2 from the second and finally, Emx1 from the third
(Figure 10). Once generated, OPCs coming from different regions start their migration to their
final positions. It was recently demonstrated that OPC migration during development is
mediated by vasculature, which act as physical support. OPCs migration through the
parenchyma is favored by endothelium-OPC interactions, which depends on the Wnt pathway
activation and the chemokine receptor CXCR4 (Tsai et al., 2016). Once OPCs in the cortex, their
primary function is to generate myelinating OLs, not only during postnatal development, but
also during adulthood. The existence of three distinct waves in OPCs development raised the
guestion about the possibility to generate different population of OLs. Recently, it has been
shown that the OL progenitors expressing the transcription factor Nkx2.1 are completely
eliminated after the birth and replaced by other populations with any alteration, suggesting a
redundant role with the other following OPCs waves (Kessaris et al., 2006). Studies conducted
by Richardson’s group observed that the ablation of a specific OPC wave is compensated by
the others, corroborating the idea that the three different waves are or can become
functionally equivalent (Kessaris et al., 2006). Recently, it has been shown from single-cell RNA

sequencing (scRNA-seq) that adult OLs can be classified in six different mature OL states,
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suggesting a functional heterogeneity (Marques et al., 2016). Thus, Marques et al. (2018)
specifically investigated the different OPC waves to understand whether they could
differentiate into different OL populations. They analyzed the transcriptional profile of cell
expressing PDGFRa/GFP* at different developmental stages, specifically at E13.5, E17.5 and PN
7. The scRNA-seq identified that the heterogeneity observed in the embryonic OPCs was
slightly smoothed out during the development, suggesting a transcriptional convergence of
OPCs arising from different germinal zones (Marques et al., 2018). These evidences suggested
that the different previously identified populations of OLs may not be related with intrinsic

OPC properties, but likely related with the local environment.

Nkx2 MGE-AEA El125
(I\h: LGLE/CGI E15.5
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Figure 10. Forebrain OPCs are born in three sequential waves. 1) Nkx2.1-expressing progenitors starting at
E12.5, 2) Gsh2-expressing LGE/CGE progenitors starting at E15.5 3) EmxI-expressing cortical precursors starting
around birth. (Adapted from Kessaris et al., 2006)

1.2.4 Cell death

1.2.4.1 Generalities

During cortical development, one of the conserved strategies described to ensure a correct
number and normal function of cellular components of the nervous system is based on
overproduction followed by a selective elimination of cells during specific developmental
stages (Oppenheim, 1991). In the PNS, it was demonstrated that overproduced cells compete
for a limited amount of trophic factors (Oppenheim 1989) that are produced by synaptic
targets or other contacting cells (neuronal or glia). In the developing CNS, neuronal activity
and neurotransmitter inputs seem to play a more significant role than trophic factors in

promoting neuronal survival.
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Transient cell populations, like CRs or RG, have also been identified as signaling centers or
scaffolds that release molecules responsible for a correct organization of the cerebral cortex
(Kiecker and Lumsedn, 2012). This process of developmental death is known as PCD, essential
for proper embryonic and postnatal development (Glucksmann, 1951, Jacobson et al., 1997).
Recent progress in modern experimental techniques allowed us to address the mechanisms
and the biological function of this developmental process (Figure 11).

The word apoptosis also defined as “not accidental cell death”, was given in 1972 (Kerr et al.,
1972). This process was first clearly observed in genetic studies on C.Elegans that identified
many molecular determinants involved in this mechanism (Ellis et al. 1991). It has been later
shown that cells can undergo death following three different mechanisms: apoptosis, necrosis
and autophagy (Galluzzi et al., 2018). The apoptosis is the major form of PCD in the developing
nervous system, mechanism for quantitative matching, sculpting, and deleting anatomical
structures, in order to regulate cell number, eliminate defective cells and finally ensure a

correct assembly of neuronal circuits (Figure 11).
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We can identify two different types of apoptosis, extrinsic or intrinsic, defined depending from
the microenvironment perturbation source. Intrinsic apoptosis is initiated by a variety of
microenvironmental perturbations like growth factors or mitotic defects while the extrinsic is
mostly driven by extracellular signals and mediated by plasma membrane receptors (Galluzzi
et al., 2018). However, the cellular mechanisms involved in these two processes culminate

with the activation of a family of cysteine proteases known as caspases. In the intrinsic
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pathway, we have an irreversible permeabilization of the mitochondrial outer membrane
(MOM) with a consequent release in the cytosol from the intermembrane space of antagonists
for apoptosis inhibitor proteins (IAPs), such as Smac/Diablo and the cytocrome C (Kale et al.,
2012, Saelens et al.,, 2014). Nowadays, it is well known that PCD is mediated by an
evolutionarily conserved signaling pathway that involves the pro-apoptotic BCL2 family,
identified by a conserved Bcl2 homology (BH) domain (Kvansakul et al., 2015). Among the
proapoptotic proteins, the Bcl2- associated X protein (Bax) and the Bcl2 antagonist/killer 1
(Bak) are the only BCL2 family members characterized in mammalian cells which oligomerize
in the MOM forming pores. It has been recently shown that Bax can form rings that perforate
the MOM with its consequent permeabilization (MOMP) (Figure 12). The cytocrome ¢ and
Smac/Diablo release has as a consequence the formation of a protein complex known as the
apoptosome, which is responsible for caspase 9 (Casp9) activation (Li et al., 1997). This
complex then catalyzes the activation of the so-called executioner caspases Casp3 and Casp7,
which are the last step in the process responsible for the destruction of the cell in both types

of apoptosis (Julien & Wells 2017).
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Figure 12. Mitochondrial outer membrane permeabilization (MOMP) mediated by BAX BAK oligomerization and following
release of Cytochrome ¢, the apoptosis mediator. (Adapted Frm Kale et al., 2017)
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Differently from the intrinsic apoptosis, the external apoptosis is started from different
pathways activated by two different receptors. The first, called death receptor, is triggered by
specific ligands while the second, known as dependence receptor, is activated only when the
levels of ligands drop down a specific threshold. Among the dependence receptors, which are
particularly abundant in the developing nervous system, we can list neurotrophin receptors
TrkA and TrkC, which bind to nerve growth factor (NGF) and neurotrophin-3 (NT-3),
respectively (Dekkers et al., 2013), the netrin 1 receptors (DCC, Unc5A, Unc5B, Unc5C, and
Unc5D) and the sonic hedgehog (Shh) receptor Ptchl (Goldschneider & Mehlen 2010). The
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neurotrophin receptor p75"™® can also interact with TrkA and TrkC and act as a death receptor
when directly activated by proneurotrophins (Dekkers et al., 2013, Nykjaer et al., 2005). The
pathways involved in the extrinsic apoptosis generally culminate with the activation of Casp8
to ultimately converge, as well as for instrinsic apoptosis, with the executioner caspases Casp3
and Casp7.

The PCD occurs in two distinct developmental stages: during the embryonic period, with the
elimination of progenitors and early born cells, and after birth during the circuit assembly. It
has been estimated that a range from 20% to 70% of cell progenitors die during cortical
embryonic development (Blashke et al., 1996; Thomaidou et al., 1997). The first cell death
event has been observed around E10.5 in the pallium while, in the subpallium, death is not
such a frequent event during the embryonic stage. Differently from the already described
mechanism depending from Bax/Bak effectors, the embryonic cell death follows a different
mechanism, more linked to cell cycle checkpoints (Pilaz et al., 2016). Post-natal cell death
mainly occurs during the two first weeks in the mouse and, as demonstrated by studies based
on simple cell counting and TUNEL assay (Ferrer et al., 1990; Finlay & Slattery 1983), it is a
process affecting around the 25-35 % of cortical cells. Even if different cell populations
undergo PCD, this evolutionary conserved process has different roles according to the cells
fated to die. It is most likely used to refine the final cell number or, as a quality control, it aims
to eliminate misplaced or abnormally wired neurons (Figure 11; Clarke 1992). In some cases,
the elimination of entire population occurs as a mechanism that could remove unnecessary
signals for the circuit assembly and maturation (Fogarty and Bergmann 2015). The
mechanisms regulating the PCD in different cell populations of the CNS have been widely
studied. It has been demonstrated that it occurs in glutamatergic and GABAergic neurons,
eliminated by around 30-40 % (Southwell et al., 2012; Verney et al., 2000), while in large scale
in other cell populations, like the CRs, the SPs, the cortical plate transient neurons (CPTs) and
the first wave of OPCs (firstOPCs), almost completely eliminated after the birth. These early-
born neuronal populations, since massively disappear up to the 90% after birth, are defined
as “transient” because they are transiently present in the developing cortex (Price et al., 1997,
Causeret, Coppola and Pierani, 2018).

In the neocortex It has been recently demonstrated that just the ~30 % of Glutamatergic PNs
die and it occurs early in the postnatal development, in between PN 2 and PN 5 (Wong et al.

2018). CRs, the first-born cortical neurons settled in LI undergo extensive cell death (94-97 %)
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between PN 4 and PN 10 (Chowdhury et al. 2010; Ledonne et al., 2016). SPs, essential for the
correct assembly of thalamocortical connections, disappear completely during the early
postnatal development (Hoerder-Suabedissen and Molnar, 2015). CPTs, glutamatergic
neurons present during embryonic development, crucial in the radial growth of
the neocortex in a non-cell autonomous manner, massively die during the first postnatal
weeks. In addition, microglial cells are dramatically eliminated by the 50% between the third
and the sixth postnatal week (Nikodemova et al 2015).

Interestingly, it has been observed a strong correlation between neuronal activity and
apoptosis rate. Neuronal activity manipulation, either pharmacologically or by electrical
stimulation, has an impact on the level of apoptosis in different cell populations. For example,
it has been shown that survival of PNs is tightly connected with neuronal activity. Cell survival
pathways are usually mediated by L-type voltage-gated calcium channels (L-VGCC) and N-
methyl-D-aspartate receptor (NMDAR) activated by electrical activity with a consequent
intracellular calcium (Ca?*) increase, messenger translated into pro-survival or pro-death
signal. Early studies in culture showed that, using antagonist of voltage-dependent sodium
(Na*) channels, widely decreases PNs survival (Ruijter et al. 1991). This observation was later
replicated in vivo, where injection of tetrodotoxin (TTX) to PN 2 rats induced an increase in
the number of cortical apoptotic neurons (Murase et al., 2011). On the contrary, increasing
the spontaneous firing rate modifying the extracellular potassium (K*) concentration reduces
the cortical cell death in rat and mouse cell cultures (Ghosh et al., 1994; Golbs et al., 2011). It
has been shown that Ca®* increase, resulting from a neuronal activity increase, triggers the
activation of three different pro-survival pathways: the Phosphoinositide 3-Kinase (PI3K)/Akt
pathway, the Protein Kinase C/Extracellular signal-Regulated Kinase (PKC/ERK) pathway and
the Ca?*/calmodulin pathway. Specifically, the PI3K activates the serine/threonine kinase Akt
which directly phosphorylates and inactivates pro-apoptotic members of the Bcl-2 family
members, caspases or Forkhead transcription factors (Brunet et al., 1999), thereby inhibiting
cell death. Recent study conducted on PNs showed that the deletion of the two apoptotic
factors Bax and Bak increases PN number (~ 12%) compared to the control mice (Wong et al.,
2018). This evidence reinforces previous evidences cited above which observed a correlation
between the Ca?* increase mediated by neuronal activity as mediator of BCI2 pro-apoptotic
factors inhibition. The Bax/Bak dependent death of PNs occurs in a different proportion

comparing the different cortical regions and also between different layers of the same cortical
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area (Blanquie et al., 2017). In contrast with the glutamatergic PNs, neuronal activity is a
crucial signal that triggers CRs death (Blanqui et al. 2017). The different behavior observed in
CRs is probably due to their low resting potential and the high expression level of the Na* ,K*,
2CI™ transporter 1 (NKCC1) transporter compared (Achilles et al. 2007) to the low level of K*,
Cl~ transporter 2 (KCC2) (Pozas et al. 2008). The chloride inward transporter NKCC1 is highly
expressed in CRs which mantain the depolarizing effect of GABA due to the High Cl in the CR
intracellular space. This NKCC1-dependent GABA action increases p75"™® expression in CRs
which induces their death during early cortical development. These in vitro observations were
later confirmed in vivo where the genetic deletaion of NKCC1 in mice induces a higher survival
rate of CRs compared to control animals. In addition, as for PNs, it has been observed that CRs
are rescued by the targeted elimination of pro-apoptotic Bax (Ledonne et al., 2016). The
mechanisms involved in SPs elimination remain unclear. Recent study shown that SPs do not
die but are passively dispersed into LVIb or adjacent white matter of the neocortex (Duque et
al., 2016 ; Kostovic & Rakic 1980 ; Marx et al., 2017), contraddicting the classical assumption
that SPs gradually disappear during early postnatal development (Price et al., 1997).
Nowadays, it still unknown whether at least a fraction of SPs undergo PCD and wether the

mechanisms are similar to the one alredy described for PNs.

1.2.4.2 Interneuron cell death

As already described for PNs, GABAergic IN cell death is a Bax/Bak dependent process that has
a peak in the first two postnatal weeks. The portion of GABAergic INs that undergoes PCD is
from 30% to 40% and it occurs later in the development compared to PNs (Southwell et al.
2012). Southwell et al., (2012) characterized the developmental cell death of cortical INs
quantifying the expression of the apoptotic marker, cleaved caspase-3, marker for cellular
apoptosis (Figure 13). They performed experiments in different conditions, in vitro and in vivo,
quantifying the cleaved caspase-3 expression during the development from PN 1 to PN 15.
They observed a peak in cell death in vivo around PN 7-11, and a declined towards zero by PN
15, evidence confirmed later in vitro where the 66% of cell death occurred between PN 11 and
PN 15 (Figure 13). Southwell et al. (2012) demonstrated that, as for PNs, IN PCD is Bax/Bak
dependent. They compared IN cell death between GAD67-GFP mouse with Bax”";GAD67-GFP

mutant, observing between PN 5 and PN 120, any decrease in cortical IN population in Bax KO
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(Figure 13). Interestingly, they also demonstrated that Bax-dependent cell death uniformly
occurred across the different subclasse of cortical INs observing similar proportions of GAD67-
GFP neurons labeled by PV, SST, NPY, and calretinin in both wild type and Bax mutant mice.
Moreover, to corroborate their findings, they also quantified IN PCD observed in a series of
transplantation experiments. First, they transplanted IN progenitors coming from the MGE
into postnatal neocortex and observed that transplanted IN death occurs at the same cellular
age of endogenous INs, around PN 7-11. These data suggested that IN cell death is regulated
by their proper intrinsic maturation state. To test if IN death was depending by a competition
for extrinsic survival signals, they transplanted INs lacking TrkB, a neurotrophin receptor
primarily expressed in the CNS. Interestingly, they observed similar rates of cell death
providing a strong evidence that INs regulate their own numbers without influence from
external simuli. Thus, they hypothesized that INs compete with endogenous neurons to
survive. Therefore, they transplanted DsRed-expressing IN precursors into GAD67-GFP mice
and observed an equal number of endogenous INs in both recipient and control hemispheres,
suggesting a competition between endogenous and transplanted INs. Interestingly, recent
studies observed that GABAergic IN survival, as well as PNs, is positively influenced by
neuronal activity. In particular, a recent study performed in vivo investigated the molecular
mechanisms involved in cortical IN survival mediated by PN activity (Wong et al 2018). They
focused their attention on the serine-threonine kinase Akt, critical mediator of neuronal
survival, and its antagonist, the phosphatase and tensin homolog PTEN. Interestingly, PTEN
levels are very heterogeneous among MGE/POA INs and transiently elevated in INs in deep
and superficial layers of S1 during the peak of IN cell death. In order to understand whether
levels of PTEN during this period were correlated with IN cell death they injected PTEN
inhibitor bpV(pic) at PN 7 and PN 8 in wild type mice observing that PTEN inhibition increased
the density of MGE INs compared to control mice. Interestingly, when PTEN inhibitor injection
was outside the range of time of IN PCD they observed no significant changes in PV and SST
IN density compared to controls. These data revealed that PTEN is most likely required cell-
autonomously for IN apoptosis during the normal period of IN cell death. Then, to test if PN
activity has an impact on IN survival regulating the expression of PTEN levels they performed
Designer receptor Exclusively Activated by Designer Drugs (DREADDs) experiments to increase
the activation of PNs between PN 5 and PN 8. Then, they quantified PTEN levels in cortical INs

at PN 8 observing a significant decreased in GABAergic INs as a consequence of PN activation.
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All these evidences demonstrated that PN activity exerts a positive effect on IN survival in a
cell-autonomously way (Wong et al 2018).

Moreover, it has been shown that Nkx2-1 INs receive a prominent but transient translaminar
PN synaptic inputs during a crucial period in cortical development, suggesting the excitatory
activity as a leading signal for GABAergic IN survival and integration in the network
(Anastasiades et al. 2016). This communication and influence of PNs on IN survival and
integration could be a mechanism to ensure a correct balance between excitatory and

inhibitory neurons in the cerebral cortex.
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1.2.4.3 Oligodendroglia cell death

Among the glial cells, just a small portion of astrocytes seems to undergo PCD while

oligodendroglial and microglial cells are widely adjusted during cortical development.
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The control of OPC number is a crucial step and has to be tightly regulated to ensure a correct
number of OLs and myelination. Different models have been described about the regulation
of OPC survival and death. One of the most recognized is based on the competition for survival
factors during development (Barres et al., 1992). Experiments of genetic tracing revealed that
cortical OPCs are generated and eliminated with specific spatio-temporal patterns, identifying
three sequential waves in OPC productions (Kessaris et al., 2006). The first OPCs are almost
completely eliminated at PN 10, when the OL production and myelination process have not
started yet, and are mainly OPCs generated from the MGE and POA (Trapp et al., 1997,
Kessaris et al., 2006) (Figure 14).
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Figure 14. The embryonic Nkx2.1-derived OL lineage is rapidly eliminated during postnatal life. The proportional
contributions of the three different populations (Emx1, Gsh2, Nkx2.1) of Sox10* OL lineage cells are presented as
percentage of the total number of Sox10* cells in the examined regions (here rapresented the motor cortex). OLs/OLPs
derived from Nkx2.1-expressing precursors are largely eliminated between birth and adulthood from most regions
examined. (Adapted from Kessaris et al., 2006)

Moreover, Kessaris et al., (2006) showed that the first wave is replaced by OPCs produced in
the second and third waves, suggesting that this cell population may play redundant functions
since they are replaced with no drastic alterations. They also showed that the first wave of
OPCs was rescued by the ablation of the two following one, corroborating the hypothesis of
the competition for survival factors and suggesting firstOPCs as less performing than the
others.

PDGFRa is one of the most mitogeneic factors, known to be involved also in promoting OPC
survival. In addition, the OPC expression of Glutamate, GABA and ATP receptors (Bergles et
al., 2000; Lin and Bergles, 2004; Hamilton et al., 2010) make OPCs sensitive to
neurotransmitter release. Indeed, recent studies performed in organotipic cortical slice

showed that endogenous GABA increase OPC cell death (Hamilton et al., 2017).
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In addition to OPCs, OL also undergo PCD (Sun et al., 2018). A recent study showed that OL
cell death is mediated by a Bax/Bak pathway (Figure 15). In particular, they showed that the
transcription factor EB (TFEB) is highly expressed by differentiating OL, acting cell-
autonomously through PUMA, pro-apoptotic factor which bind the anti-apoptotic Bcl-2 family
members to induce Bax/Bak activation (Figure 15) with following mitochondrial dysfunction,
caspase activation and finally OL PCD (Sun et al., 2018). Indeed, TFEB cKO exhibited an increase
in OL number and ectopic myelination (Figure 15).

| will extensively describe oligodendroglia homeostasis in the following chapter.
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Figure 15. A. Transcription factor EB (TFEB) is highly expressed by differentiating oligodendrocytes (in green)
and its genetic deletion causes precocious and ectopic myelination due to ectopic pre-OL survival during
development in many parts of the murine brain. B. The TFEB-PUMA-Bax-Bak axis controls the location and
timing of CNS myelination promoting PCD of a subset of premyelinating oligodendrocytes, allowing for the
selective elimination of OL in normally unmyelinated brain regions. (Adapted from Sun et al., 2018)

2. OLIGODENDROGLIA

2.1 OPCs, historical background
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Neuroglia description began far in the XIX century, when Rudolf Virchow, on 1846 published
glia description as a connective tissue in the brain, spinal cord and higher sensory nerves which
was impacting nervous elements (Somjen, 1988). During this period studies where based on
simple observations using rudimental microscopes and draws to represent just the cell
morphology with any functional related aspect. In this panorama, anatomists started to
release description of different kind of cells like Theodor Schwann introducing the term “white
substance” as myelin description (1839) or Henri Dutrochet, illustrating two major types of
cells in the mollusk brain, later identified as neurons and glial cells (1824). Virchow was the
first to use the term “neuroglia” or “Nervenkitt” in 1856, but the first detailed description of
a glial cell type was given by Heinrich Mdller in 1851.

Camillo Golgi in 1870 refined the description of glial cells provided by Miiller using the “black
reaction” (potassium dichromate and osmic acid fixation, followed by silver nitrate
impregnation) technique which allows to randomly stain entirely neurons and glial cells with
their processes. Finally, in 1889-1921, with the development of more sophisticated staining
technique, was possible to differentiate glial cells in different population characterized by
different morphology and properties: the stellate glia named Astrocytes, the OLs identified
and namedin 1921 by Pio del Rio-Hortega who also identified the microglia (1919) (Andriezen,
1893; Fan and Agid, 2018).

In 1928, Del Rio Hortega identified four subclasses of OLs, according to their morphology and
location. He also identified the “dwarf astrocytes”, a cell type sharing the size and shape of
soma with OLs, but differing for their shorter extensions dichotomized at acute angles. This is
considered one of the first descriptions of OPCs (Perez-Cerda et al.,, 2015). The “dwarf
astrocytes”, nowadays named as OPCs, showed intermediate properties between neuronal
and glial cells, expressing Na* currents (INa*) as neurons, but not discharging action potentials
and expressing K* currents (IK*) present in other glial cell types. These OL subclasses have been
named in many different ways such as NG2 cells for the two associated antigens defined as

nerve/glial (NG) antigens 1 and 2 (Wilson, 1981) or OPCs.

2.2 Oligodendroglia homeostasis

2.2.1 OPC proliferation
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OPCs are the most abundant proliferating progenitors in the postnatal CNS. These cells remain
proliferative throughout their lifespan, during development, in the adult and in response to
myelin injury (Bergles and Richardson, 2015 ; Clarke et al., 2012; Kang et al., 2010; Ortiz et al.,
2019). Differently from perinatal OPCs that generate OLs and astrocytes in vivo (Masahira et
al., 2006; Zhu et al. 2008; Suzuki et al., 2017), postnatal OPCs generate only OLs, except in the
piriform cortex in which it has been reported they also produce some neurons (Rivers et al.,
2008 ; Guo et al., 2010). Despite their feature of being proliferating cells throughout their
lifespan, it has been observed in the corpus callosum that the duration of their cell-cycle time
(Tc) changes during development with a decrease with age, ~3 days at PN 21 and ~10 days
at PN 60 (Young et al., 2013). Moreover, it has been shown a change in OPC proliferation rate
according to different brain regions: OPCs in white matter have a higher proliferation and
differentiation rate compared to those settled in the grey matter (Hughes et al., 2013;
Moshrefi-Ravasdjani et al., 2017; Dimou et al., 2008). OPC proliferation rate can also change
in the same region, according to environmental signals as a substantial turnover or as a
consequence of an injury. These evidences point out an incredible heterogeneity. The control
of OPC number is a crucial step and has to be tightly regulated to ensure a correct number of
OLs and cortex myelination. There are different models described in literature about the
regulation of OPC proliferation and survival. One example proposed is that OPC proliferation
and survival is regulated by release of factors from neighboring cells. First, studies performed
in vitro identified different proteins acting as survival factors: insulin like IGF-1 and IGF-2,
neurotrophins (NT-3), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF),
interleukin 6 (IL-6) and finally, the PDGF (Barres et al., 1992). In vivo studies conducted
specifically on IGF-I corroborate the in vitro evidences identifying IGF-1 and IGF-2 as
stimulating survival and proliferation of oligodendrocyte progenitors (Barres et al., 1992 ; Beck
et al., 1995)

PDGFais the most characterized mitogenic and survival factor in OPCs, produced by astrocytes
and neurons, which binds the PDGFRa on OPC surface (Noble et al., 1988; Richardson et al.,
1988). It has been shown that PDGFa level, acting through different pathways, has an impact
on both OPC proliferation and survival while inhibits their differentiation (Barres et al., 1993;
Baron et al., 2005; Fernandez et al., 2000). Barres et al. (1992) showed that increasing PDGFa

in the developing optic nerve decreases normal OL death by up to 90%. Another example
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recently identified is the Fractalkine secreted from MGE-derived INs, which has been
described to promote proliferation and differentiation of OPCs in culture and in vivo
(Voronova et al., 2017).

It has also been shown that the activation of AKT1-mtor pathway in cerebellar granule induces
the expression of secreted proteins like brain-derived neurotrophic factor (BDNF), Activin-A
and fibroblast growth factor 1 (FGF1), having a role in promoting OPC proliferation and
myelination (Goebbels et al., 2017). A second mechanism modulating proliferation and
differentiation is mediated by neuronal activity as | will describe below, in the last paragraph
of this chapter. A third mechanism is based on the overproduction of OPCs and then, the

adjustment of their cell number during development by apoptosis as described above.

2.2.2 OPCs differentiation

Inthe CNS, once OPCs migrate and reach their final position, differentiation process starts and
proceeds in a caudal to rostral gradient (Brody et al., 1987). OPCs are proliferating progenitors
in the CNS producing myelinating OLs during development and also in the adulthood. First,
irreversible “choice” in OPC development is whether to start the process of differentiation
and become mature OLs or remain OPCs, increasing and maintaining the OPC pool in the adult
brain. This decision depends on many different intrinsic factors, but it is also influenced by the
environment, like their localization in grey or white matter or neuronal activity. OPCs undergo
a series of steps before their differentiation into premyelinating and finally myelinating OLs.
This extended proccess, which involves both activation of genes to promote differentiation
and repression of genes that prevent differentiation, must be regulated in time and space.

Among the intrinsic factors that regulate OL development chromatin remodeling is a key
process, occurring in two major ways, in order to modulate gene expression. Firstly, covalent
modifications of histones such as deacetylation or acetylation to silence or activate genes,
respectively. Secondly, ATP-dependent remodeling mediated by Switch/Sucrose Non-
Fermentable (SWI/SNF) enzymes, such as Smarca4/Brgl, that modify the position of
nucleosomes, increasing the accessibility of specific genes (He and Lu, 2013; Jacob, Lebrun-
Julien, Suter, 2011). Casaccia and colleagues first established that histone deacetylation plays

important roles for oligodendrocyte lineage progression (Marin-Husstege et al., 2002).
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Regarding the extrinsic factors regulating OPC differentiation, Shh acts as a signal inducing
histone deacetylation by histone deacetylases (HDACs) in order to repress the expression of
genes that normally block OPC differentiation, allowing differentiation to proceed. Once the
block is relieved, OL-specific transcription factors (Oligl and Olig2) initiate the process of
differentiation by binding enhancers of OL-specific genes and recruiting the SWI/SNF
chromatin remodeling protein Smarca4/Brgl (He and Lu, 2013 ; Jacob, Lebrun-Julien, Suter,
2011). Thus, Smarca4/Brgl make transcription factors and other genes accessible, which may
be required for OL differentiation.

In addition to Shh signal, it has been shown that OPCs start to differentiate when extracellular
differentiation inhibitors are downregulated by the expression of microRNAs that prevent
their transcription (Dugas et al., 2010; Zhao et al., 2010). For example, Dugas et al., (2010)
identified some micro-RNA (miR) like miR-219, which directly repress the expression of
PDGFRa, mitogenic factor known to induce OPC proliferation and survival and inhibiting their
differentiation. In literature have been described many extracellular signals promoting or
inhibiting OPC differentiation and among them we can list signaling molecules, growth factors,
cytokines, neurotransmitters and metabolic signals (Wheeler and Fuss, 2016). As we already
described in the previous paragraph, a crucial growth factor for OPCs development is PDGFa,
a mitogen factor able to suppress the differentiation of cultured OPCs (Barres et al., 1993).
Even though its inhibition effects on OPC differentiation is well known, the PDGFa
downstream targets remained unclear for long time. Nowadays, it came out a study which
identified Gabl as a crucial regulator of OPC differentiation (Zhou et al.; 2020). This
downstream target is downregulated by PDGFa stimulation and upregulated during OPC
differentiation. Moreover, its specific ablation by conditional knockout mice induces a
significant decrease of the 47% in OL density (positive to Olig2 and CC1, the latest mature OL
marker) compared with control mice (Zhou et al., 2020).

In addition, as already described for OPC proliferation, it has been observed in experiments of
transplantation that their differentiation rate change according to OPC localization: OPCs in
white matter were more efficient progenitors than OPCs in the grey matter (Vigano et al.,
2013). In addition, experiments of pulse-chase labeling with 5-ethynyl-2’-deoxyuridine (EDU,
marker of cells in' S phase of the cell cycle) using PLPDsRed mice after EDU injection, showed
that the time spent by OPCs to differentiate in mature OL is ~ 3 days at PN 8 in both cortex

and corpus callosum (Hill et al., 2014). This range of time increase with age (8 days observed
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at PN 21). Moreover, another experiment showed that sensory deprivation reduces the
survival of divided OPCs engaged in the process of differentiation (Hill et al., 2014). All these
evidences suggest that OPCs start to be sensitive to micro-environmental signals which act in
a specific period. Finally, regarding neuronal activity, it is now recognized that axons provide
synaptic and extrasynaptic inputs to OPCs through numerous factors that converge,
modulating the Ca?* intracellular concentration. However, whether or how Ca?* actually
affects OPC and OL biology is relatively unclear. Interestingly, a study in our team performed
in the somatosensory barrel cortex identified a peak of synaptic connectivity between PV INs
and OPCs followed by a period of massive OPC differentiation during the second postnatal
week (Orduz et al., 2015). Even though this evidence suggests this connectivity as promoting
oligodendrogenesis, a later study in the team did not reveal any effect of impairing OPC
GABAergic synaptic activity on OPC differentiation (Balia et al., 2017). Moreover, during OPC
differentiation into OLs, it occurs a loss of synaptic transmission mediated by a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and a switch of GABAARs
signaling from synaptic to extrasynaptic (De Biase et al., 2010; Kukley et al., 2010; Vélez-Fort
et al., 2010). Even if these evidences demonstrated that synaptic activity does not affect OPC
differentiation like an on-off mechanism, there are many evidences in literature that neuronal
activity has an important role in promoting oligodendrogenesis, probably through another
kind of communication. For example a recent study observed an increase in the density of
proliferating OPCs and mature OLs after chronic pharmacogenetics stimulation in both corpus
callosum and somatosensory cortex neurons (Mitew et al., 2018).

Another big question is whether neuronal activity could induce specifically OL production,
enhancing OPC differentiation without prior cell division. A recent study seemed to support
the hypothesis of a possible specific effect of neuronal activity on the differentiation process.
It has been shown that mice performing a complex motor learning task (complex wheel
running) rapidly increased the generation of pre-myelinating (Enpp6*) OLs and only a small
proportion of OPC differentiation was directly preceded by proliferation (McKenzie et al.,
2014). Recently, Hughes and colleagues performed longitudinal two-photon in vivo imaging in
the forelimb-region of motor cortex throughout learning and rehearsal of a skilled to study
the effects of learning on the rate of oligodendrogenesis and remodeling of pre-existing
myelin sheaths in healthy mice. The study revealed that learning transiently suppressed

oligodendrogenesis but subsequently increased OL generation, OPC differentiation, and
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retraction of pre-existing myelin sheaths (Bacmeister et al., 2020). Interestingly early studies
conducted by Zonouzi et al. (2011) showed that AMPARs expressed in immature OPCs have a
major permeability compared to OPCs in differentiation, corroborating the hypothesis of Ca?*
as responsible for the choice between proliferation and differentiation of OPCs. Nowadays, it
is clear that regulation of intracellular Ca?* affects many aspects of OPC development, involved
in key stages of OPCs, OL formation and function. There are many candidate regulators of
intracellular Ca?* in OPCs, particularly in response to synaptic input from axons (Bergles et al.
2000, Gallo et al. 2008, Kukley et al. 2007, Mangin & Gallo 2011, Ziskin et al. 2007). In addition,
OPCs express many ion channels that constitute possible sources of intracellular Ca?* increase
such as Voltage-Gated Ca?* Channels (VGCCs), NMDARs, metabotropic Glutamate Receptors
(mGLURs), GABA receptors (GABARs), Purinergic Receptors, Muscarinic Acetylcholine
Receptors. Although it remains relatively unclear how changes in intracellular Ca?* regulate
key aspects of OPC and OL biology, insights are now beginning to emerge. Regarding OPC
differentiation into OLs, it has been shown that Ca?* signaling regulates the expression of the
nuclear factor of activated T cells (NFAT), a target of Sox10, crucial to initiate OPC maturation
in OLs (Bergles & Richardson 2015; Weider et al. 2018). In addition, it has been shown, in a
model of demyelination after cuprizone treatment, that proliferating OPCs localized in
demyelinated areas expressed high levels of Cav1.2 channels, suggesting that L-type Ca* entry
might play a fundamental role in driving differentiation and/or regulating survival of newly
generated OLs after demyelination (Paez et al. 2009).

In conclusion, all these studies on OPC proliferation and differentiation into mature OL reflect
the complexity of these processes and their regulation. They bring into play a series of linked
cellular transformation involving different pathways and mechanism from early development

and throughout adult life.

2.2.3 OLlineage in myelination

The first definition of “myelin” was introduced by Virchow in 1858, and Penfield later

identified the generation of myelin sheaths as one of the main role of mature OLs. Myelin
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sheaths ensure the electrical isolation of axons allowing for the salutatory conduction of
action potentials, which are propagated between nodes of Ranvier, increasing in the
conduction velocity and metabolic efficiency (Nave, 2010). The nodes of Ranvier are axon
segments enriched in Na* channels which allow the rapid propagation of action potentials
from one node to another. In response to both intrinsic molecular cues and extracellular
signals, OPCs are able to leave their mitotic stage and differentiate into myelin-producing OLs.
It has long been well recognized that much of the regulation of OL behavior is intrinsic,
involving mechanisms such as an internal “clock” that limits the number of OPC cell divisions,
as observed in cell cultures lacking neurons (Temple et al., 1986). Regarding the extrinsic
signals, we recognize axonal surface ligands, secreted molecules, and axonal activity. Many
OL-specific or regulated genes crucial in regulating the myelination process has been identified
through wide-based gene expression analysis such as DNA microarray. For example the myelin
gene regulatory factor (MyRF) is expressed in the CNS only by postmitotic OLs at the end of
the differentiation process. It has been shown that conditional inactivation of MyRF in the OL
lineage blocks the process of differentiation at an early premyelinating stage, suggesting that
this factor is crucial for the expression of myelin genes and the initiation of the myelination
process (Cahoy et al., 2008). This was corroborated in later studies which forced expression of
MyRF in OPCs, observing as a consequence a precocious expression of myelin proteins
(Emery et al., 2009). The deficits seen after MyRF inactivation were similar to those observed
after blocking Sox10 or Oligl activity, suggesting a cooperation between the different
transcription factors, each of them with a specific roles in OL differentiation and myelin gene
expression. These findings demonstrate that the transition from an OPC into a myelinating OL
requires the induction of promyelination factors, such as MyRF, in addition to the down-
regulation of inhibitory factors that block OPC differentiation. Interestingly, although the role
of neuronal activity in myelination is now widely recognized, it has been demonstrated that,
once OPC differentiation ends, the initiation of the process does not require dynamic axonal
signaling in culture. Indeed, a study in vitro demonstrated the ability of OLs to myelinate
synthetic nanofibers over a diameter threshold of ~300 nm, suggesting that the diameter is
an intrinsic signal which acts together with extrinsic factors to promote myelination (Lee et
al., 2012).

Once OPC differentiation reaches the last steps, mature OLs undergo several morphological

changes (process extension, lamellipodia formation) which allow OL to produce up to ~ 50

41



different myelinating processes (Hildebrand et al., 1993). Extrinsic factors, such as secreted
molecules and neuronal activity, are crucial in this process as they act as important signals to
drive mature OLs in axon selection and ensheathment. The roles of neuronal activity in driving
the late stages of myelination such as the initiation of myelination and axonal ensheathment
by myelin membranes have been demonstrated both in vitro and in vivo. In particular, recent
studies have demonstrated that enhancing neuronal activity increases both OL production and
OPC differentiation  during development and adulthood (Gibson et al., 2014;
Mitew et al., 2018). One of the first evidence for neuronal activity as a modulator of
myelination process was provide by Demerens et al. (1996). They show that blocking axonal
activity with TTX significantly reduced the formation of myelinated axonal segments. It has
been suggested that a released axonal factor is able to instruct nearby OL processes to
modulate the ensheathment. This idea is supported by a study demonstrating that active
unmyelinated axons secrete neurotransmitters and neurotrophic factors extrasynaptically
(Kukley, Capetillo-Zarate, Dietrich, 2007) which interact with pre-myelinating OLs expressing
a huge diversity of receptors (Karadottir and Attwell, 2007). A recent study conducted in
zebrafish demonstrated that blocking synaptic vesicle release through tetanus toxin (Tent),
impairs CNS myelination by reducing the number of myelin sheaths made by individual OLs
during their short period of formation. They also found that stimulating neuronal activity
increases myelin sheath formation by individual OLs (Mensch et al., 2015). Again in zebrafish,
using in vivo time-lapse microscopy, it has been observed that the use of TTX to block neuronal
activity was not preventing the myelin sheaths formation, but was just reducing the new
formed myelinated axons (Hines et al., 2015). Interestingly, they also observed that neuronal
activity was able to stabilize wrapping sheaths, observing a major stability in the active ones.
All these evidences demonstrate that axon selection is biased by electrical activity, which also
contributes to the maintenance of nascent sheaths (Hines et al. 2015).

It has been well described the existence of diverse forms of axo-glial communication
alternative to synaptic transmission that could have an impact on mature OLs and myelination.
Wake et al. (2015), in collaboration with our team, focused their attention on axon-glia
communication to understand the mechanism controlling the OL preferential choice for active
axons. They treated first half of Dorsal Root Ganglion neurons (DRGs) co-coltured with OPCs
with Botulinum neurotoxin type A (BoNT/A), a blocker of vesicular release able to inhibit

neurotransmitter release, for at least 4 weeks. Then, they introduced DRG neurons in the co-
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colture with no treatment. The following quantification of the number of myelinated axons
showed that, given a choice, OLs preferentially myelinated axons able to release vesicles.
Moreover, they also demonstrated that axo-glia communication was mediated by non-
synaptic contacts, observing Ca®*transients evoked by the activation of extrasynaptic
receptors for ATP and glutamate in OPCs lacking synaptic currents (Wake et al., 2015). Later,
an in vivo study confirmed the bias choice of newly formed OLs for active axons (Mitew et al.,
2018). Interestingly, recent studies performed in vivo focused their attention on the effect of
Ca?* activity observed in OLs on myelin formation. The aim was to understand whether
different frequencies and amplitudes of Ca?* events could impact axonal ensheathment.
Baraban et al. (2018) confirmed these hypothesis by showing that both the increase in Ca?*
transient duration and amplitude were translated in a retraction, first of the sheaths and
finally of the processes. Another study in vivo focused on the effect of Ca?* activity on myelin
and showed that myelin elongation was triggered by a specific level of Ca?*, in between a
minimum and a maximum value, limits beyond which they observed the opposite effect with
a retraction of myelin sheaths (Krasnow et al.,, 2018; Batterfeld et al., 2019). All these
evidences identify Ca?* signaling as an intracellular pathway deeply involved in myelin
biogenesis and modulating different steps in myelin formation (axon selection, sheet
elongation and stability).

It has also been showed that the experience in young and adult mice can modify myelin
strcutures. For example, social isolation of young adult mice results in myelin thinning in the
prefrontal cortex, an important region for social function (Liuetal., 2012;
Makinodan et al.,2012). Using a model of young adult mice forced in social isolation for 8
weeks, they then measured myelin thickness in electron microscopy (EM) images observing
thinner myelin sheaths in isolated mice prefrontal cortex (PFC) compared to the controls
(Liu et al., 2012). Notably, they demonstrated that the thinner myelin observed in isolated
mice was associated with an immature nuclear chromatin present in myelinating OLs with a
lower proportion of nuclear heterochromatin. As we already mentioned, histone deacetylation
is required for OL differentiation and chromatin compaction, whereas high levels of histone
acetylation are associated with impaired myelination and euchromatic nuclei. Together, these
evidences suggest that myelin plasticity in the adult brain is influenced by prolonged social
isolation which impairs OL differentiation and myelin formation through changes in nuclear

heterochromatin. Another study showed that neuronal activity was regulating
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oligodendrogenesis not only in juvenile but also in adult mice promoting oligodendrogenesis
and improving motor sckills (Gibson et al., 2014). An important set of experiments conducted
in Richardson lab has provided the first evidence that adaptive oligodendrogenesis contributes
to learning task performances (McKenzie et al. 2014). Training mice to perform a complex
motor task was found to induce OPC proliferation and oligodendrogenesis as we already
mentioned before (McKenzie et al. 2014). Similar results were obtained through the
optogenetic stimulation of neurons in the premotor cortex of adult mice, a cortical region
involved in motor planning (Gibsonetal.,, 2014). New OL production is necessary for
acquisition of the complex motor task (Gibson etal., 2014; Xiaoetal., 2016). These
experiments illustrate a role for activity-regulated oligodendrogenesis in motor learning and
underline the possible role that activity-regulated changes in myelin-forming cells could play
in learning, indicating that ongoing myelination regulates aspects of learning in the adult CNS.
Together, these data demonstrate that myelination is a fine-tuned process, tightly dependent
on intrinsic factors, molecule release, neuronal activity and experience. Therefore, alterations

in the network could impact this balance and lead to pathological conditions of the CNS.

2.3 Neuronal activity in OPC homeostasis

Nowadays several studies have significantly advanced our understanding, identifying
important roles for neuronal activity in controlling oligodendroglial cell homeostasis and their
capacity of producing myelin in both developing and mature CNS. It has been extensively
described that OPCs are sensitive to neurotransmitter release, expressing different synaptic
and extrasynaptic receptors such as ionotropic receptors for glutamate, GABA and ATP, all of
them with a depolarizing effect (Bergles et al., 2000; Lin and Bergles, 2004; Hamilton et al.,
2010) (Figure 16).
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Figure 16. Glutamatergic and GABAergic synapses into hippocampal OPCs

A. Average of miniature synaptic events, triggered by pardaxin, a neurotoxin that enhances the frequency of vesicular
release. The resulting current was fitted with a single exponential function. B. Plot of peak amplitudes of evoked responses
in control and after 8-cyclopentyltheophylline (CPT, 1 mM) application. These responses were blocked by cadmium Cd2+
(CdClI2, 30 mM) or NBQX (5 mM). C. Electron micrograph of a neuron-OPC synaptic contact. In black, sections of a process
(peroxidase reaction) from a physiologically identified, biocytin labelled OPC receiving a synapse (arrow) from a bouton (b)
that also contacts a dendritic spine D. Stimulation of stratum radiatum afferences triggering an inward current in presence
of NBQX. The current is blocked by SR95531 (gabazine), so GABAAR mediated E. Spontaneous inward currents in the
presence of TTX (1 uM) and NBQX (5 uM). F. Average of miniature synaptic events obtained in the presence of TTX, NBQX
and the secretagogue ruthenium red. G. Electron micrograph of a putative GABAergic synaptic junction. The postsynaptic
terminal with pleomorphic vesicles, containing probably GABA, contacts an OPC (black, peroxidase reaction). Scale bar, 0.4
um. (Adapted from Bergles et al., 2000 and Lin and Bergles, 2004).

In addition, OPCs can interact with signaling molecules secreted as a consequence of neuronal
activity. Neurotransmitter release converges through different mechanisms that regulates
OPCs and OLs intracellular Ca%*, an ion well known to be involved in cell proliferation and
exerting a pro-survival effect. It is thus a central candidate mediator of activity-driven
oligodendroglia homeostasis.

OPCs express both Ca?*-permeable and impermeable AMPARs. Glutamate release can
increase OPC intracellular Ca%* in two different ways: directly, through Ca?*-permeable
AMPARSs, and indirectly through VGCCs expressed by OPC plasma membrane, activated after
AMPAR-mediated Na* influx depolarization (Fulton et al. 2010, Haberlandt et al. 2011). OPCs

and OLs also express NMDARs, with several studies indicating that glutamate can activate
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NMDAR-mediated Ca?* influx in both OPCs and mature OLs (Karadottir & Attwell 2007;
Karadottir et al., 2005). In particular, it has been recently shown from Spitzer et colleagues
(2019) that a NMDAR-mediated current may be restricted to non-proliferative OPCs in a
guiescent state, just before their differentiation into OLs. In addition to ionotropic glutamate
receptors, OPCs highly express mGluRs. These receptors activates phospholipase C (PLC) and
inositol 1,4,5-trisphosphate (IP3) production and thus drives Ca?* efflux from the endoplasmic
reticulum (ER), a major mechanism by which the intracellular levels of Ca%*are regulated.
Additionally, mGluRs are also known to increase the expression of Ca?*-permeable AMPARs in
OPCs (Zonouzi et al. 2011). On the contrary, mGIluRs are found in a lesser extent in mature OLs
(Luyt et al. 2003, 2006).

Regarding GABA, this neurotransmitter acts by binding two different types of receptors: the
ionotropic GABAA and GABA( receptors and the metabotropic GABAg receptors. OPCs express
GABAARs (Von Blankenfeld et al. 1991, Williamson et al. 1998) and, in contrast to its inhibitory
effect on mature neurons, GABA has a depolarizing effect on OPCs since the ClI" reversal
potential of OPCs is approximately -40 mV (Lin & Bergles 2003). This depolarization may also
activate VGCCs causing a subsequent OPC intracellular Ca?* increase (Haberlandt et al. 2011,
Tanaka et al. 2009, Vélez-Fort et al. 2010). How GABAg affects OPCs or OLs in vivo is still
unknown.

ATP is released in an activity-driven manner from axons (Hamilton et al. 2010). Hamilton et al.
(2010), through Ca?* imaging in the isolated optic nerves, demonstrated that ATP can induce
Ca?* influx in OPCs by the activation of either P2X7 receptors which are ligand-gated, non-
selective Ca?* channels, or P2Y1 receptors, metabotropic receptors linked to G protein
activation and IP3-dependent Ca?* release from internal stores (Hamilton et al. 2010). In
addition, OPCs express VGCCs, inducing a Ca%* influx. There are evidence for an expression of
different isoforms such as L-type (Cav1.2, 1.3) and T-type (Cav3.1, 3.2) VGCCs (Haberlandt et
al. 2011, Zhang et al. 2014), highly expressed in OPCs, but rapidly downregulated as these
progenitors differentiate into OLs (Larson et al., 2015; Zhang et al., 2014).

All these evidences suggest that neuronal activity can regulate cortical oligodendrogenesis
through many different paths which converge in intracellular Ca?* increases
(Goebbels et al., 2017; Karadottir and Kuo, 2018; Maldonado et al., 2013). Several recent
studies confirmed early studies performed by Barres and Raff (1993), observing that neuronal

activity manipulation have an impact on oligodendroglia proliferation and differentiation in
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multiple CNS regions during the development (Mangin et al., 2012; Gibson et al., 2014; Mitew
etal. 2018). Regarding glutamate effect on OPC proliferation, Gallo et al. (1996) demonstrated
that activating glutamatergic signaling via AMPA/kainate receptors inhibits OPC proliferation
in culture. Next, an ex vivo study in organotypic cerebellar slice cultures goes in the same
direction (Fannon et al. 2015). Similarly, early sensory deprivation of mouse barrel cortex by
whisker removal results in a decrease of glutamate release, increasing the proliferation of
NG2* OPCs at PN 6. This suggests that glutamatergic signaling from thalamocortical axons acts
to inhibit proliferation in vivo (Mangin et al. 2012). On the contrary, it has been observed that
electrical and optogenetic stimulation of PNs in rat and mouse motor and premotor cortex
induces OPC proliferation respectively in the cerebrospinal tract and in the premotor pathway
(Li et al., 2010; Gibson et al., 2014). In addition, as | already discussed before, Barres and Raff
(1993) observed that OPC division was largely promote by axon activity in the optic nerve. All
these data cited above are confusing but the experiments are not specifically targeting
AMPAR-mediated synaptic activity on OPCs. They probably, involved indirect effects mediated
by neurons. Furthermore, recent studies focused their attention on the effect of AMPAR
subunit manipulation of OPCs on proliferation. For example, Chen et al. (2018) modified the
properties of GIUA2 subunit in OPC AMPAR in the corpus callosum during the second and the
third postnatal week, a crucial period for OPC proliferation and differentiation. In particular,
they performed three different manipulations: the replacement in the GIuA2(R583Q)-GFP
subunit (Ca%*-permeable) of an arginine(R)583 with glutamine(Q) (Hume et al., 1991), to
create exclusively Ca%*-permeable AMPARs; expression of the GluA2(R583E)-GFP subunit
(pore-dead), the reduction of the number of functional GluA2-containing AMPARs by
replacing arginine(R)583 with glutamic acid(E) (Dingledine et al., 1992, Shi et al., 2001) and,
finally, the overexpression of the cytoplasmic C-terminal (GluA2(813-862)) of GluA2 (C-tail),
which mediates trafficking of receptors to the membrane and interactions with other proteins
within the AMPAR complex (Henley, 2003). The two first manipulations of AMPARs in OPCs
induced a large increase in EDU* OPCs and reduced the differentiation of OPCs into OLs. In
contrast, the expression of the C-tail did not alter OPC proliferation but had a negative effect
on the differentiation, decreasing the number of OLs (Chen et al., 2018). This effect could be
due to the increase in AMPAR Ca?* permeability. The entry of this ion indeed induces a
continue cycling of immature OPCs as already described from precedent studies (Zonouzi et

al., 2011). However, another recent study based on conditional knockout of different AMPAR
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subunits in OPCs demonstrated that the synaptic activity of glutamate on OPCs and early OLs
have an impact on survival and myelination but does not affect OPC proliferation
(Kougioumtzidou et al., 2017). In particular, they observed that the double KO for the GluA
2/3 and the triple KO for GIuA 2/3/4 subunits have a negative impact on pre-myelinating OL
but not on OPCs, reducing the OL accumulation with a consequent decrease in myelination.
These data, resulting from the subunit elimination from the onset of mouse development, are
contradictory compared with the manipulation of AMPAR signaling in OPCs performed by
Chen and colleagues (Chen et al., 2018).

ATP is another described potent regulator of survival, proliferation, and differentiation of
oligodendroglial population. It has been shown to stimulate astrocyte proliferation and
differentiation, contributing to the process of reactive astrogliosis. Moreover, ATP has been
recently described to induce proliferation of neural stem cells. Recent studies investigated the
effect of ATP and ADP in purified OPC cultures demonstrating a marginal change in
proliferation (14 + 0.9% and 12 + 0.6% increase over control cultures, respectively) and a
significant increase of cells expressing galactocerebroside (01), a marker of differentiated OLs
(80% compared to the controls) (Agresti et al., 2005).

As for glutamate, the role of GABA on OPC proliferation is no clear and still under intense
investigation. A recent study based on OPC y2-GABAAR deletion, subunit crucial for the
synaptic signaling between PV INs and OPCs (Balia et al., 2015; Orduz et al., 2015), brought
more evidences about the effect of GABA on OPC development. In the somatosensory cortex,
there is a high synaptic IN-OPC connectivity during the second postnatal week (Orduz et
al., 2015; Vélez-Fort et al., 2010), followed by a critical period for OPC proliferation and
differentiation (Hill et al., 2014; Orduz et al., 2015). Balia et al. (2017) examined the impact of
v2-GABAAR inactivation on OPC development, observing no changes in cell densities at PN 10
and PN 13. These results suggested that y2-GABAAR deletion, postsynaptic subunit, does not
affect oligodendroglia proliferation and differentiation (Balia et al., 2017). On the contrary,
recent studies demonstrated that endogenous GABA, acting through GABAaR, suppresses OPC
proliferation, reduces the number of mature OLs and increases cell death (Hamilton et al.,
2017). In particular, they observed that the application of SR 95531 (GABAzine), GABAaR
antagonist, on organotypic brain slices of mice expressing GFP in OL lineage induces an
increase of OPCs (~48%) and mature OL (~73%). Interestingly, GABAzine application increases

not only the proliferation but also the survival of OPCs, suggesting that GABA endogenous
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release promotes cell death. In addition, they also focused their attention on the effect of
GABA on myelination. They observed that the application of GABAzine induced a 42+19%
increase of fluorescence of the myelin basic protein (MBP), suggesting that GABA is a negative
modulator of myelin formation. On the contrary endogenous GABA release was able to
increase the internode length (Hamilton et al., 2017). However, in another experimental
paradigm it has been observed that, decreasing GABAAR activity increases OPC proliferation
and reduces OL differentiation (Zonouzi et al. 2015). They investigated whether manipulation
of GABAergic transmission in vivo could alter the proliferation and differentiation of NG2-
cells.

All these studies point out the complexity and the several mechanisms through which
neuronal activity can impact and modulate oligodendroglia homeostasis. It is this thus of
crucial importance proceed step by step in the study of a so complex mechanism, using
different approaches and manipulations to finally aquire more knowledges on the regulation

of oligodendroglia homeostasis by neuronal activity.

3 IN-OPCs COMMUNICATION: Common embryonic origin, life and death
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3.1 GABA signaling in OPC

3.1.1 Synaptic and Extrasynaptic GABAAR in OPCs

It is now well recognized the presence of a huge diversity of ionotropic and metabotropic
GABA receptors expressed in oligodendroglia (Figure 17). A first evidence of GABAAR
expression is dated back on 1984 when wholecell patch clamp recordings identified a
depolarizing GABA current in cultured OLs (Gilbert, Kettenmann and Schachner, 1984).
Differently from neurons, in which the effect of GABA during postnatal development, in OPCs
the neurotransmitter has always a depolarizing effect with a chloride reversal potential of
OPCs is approximately -40 mV (Lin & Bergles, 2004; Zonouzi et al., 2015). Some years later,
Von Blankenfeld demonstrated (1991) that the amplitude of GABA-evoked current was 10 fold
bigger in OPCs than in OLs, suggesting a decrease in the expression with the differentiation,
resulting in a lower density of GABARs in OLs (Figure 17) (Von Blankenfeld et al., 1991).

The first evidence of GABAergic synaptic input on OPCs was demonstrated from Lin and
Bergles in 2004 (Figure 16), observing a GABAAR mediated synaptic currents in hippocampal
OPCs. Today, the presence of GABAAaRs is confirmed in many CNS regions such as the
hippocampus, neocortex, and cerebellum as the existence of synaptic inputs between
GABAergic neurons and OPCs (Tanaka et al., 2009; Velez-Fort et al., 2012; Maldonado &
Angulo, 2015). It has been recently shown that synaptic contacts are transient, lost during
postnatal development in the somatosensory cortex and cerebellum (Vélez-Fort et al., 2010;
Zonouzi et al.,, 2015) (Figure 17). Despite the loss of synaptic transmission during
development, it is possible to observe an extrasynaptic response mediated by GABA spillover
from nearby INs (Vélez-Fort et al., 2010; Balia et al., 2015). In order to characterize the subunit
composition in OPCs GABAaRs, studies in our team performed experiments of single cell RT-
PCR combined with pharmacology. Interestingly, a huge diversity in subunit composition was
identified in OPCs.

GABAAxRs have a heteropentameric structure composed by the association of 19 subunits (al1—
6, B1-3, y1-3, §, ¢, 6, , and p1-3.). The molecular heterogeneity of GABAAR composition
mediate two distinct forms of inhibitory transmission, synaptic or extrasynaptic which

mediate phasic and tonic inhibition, respectively. Receptors containing y2 subunit in
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association with al, a2 or a3, mostly mediate phasic synaptic inhibition, while the subunits
a4, a5 or a6 are predominantly or exclusively found in extrasynaptic receptors, more likely
mediating tonic inhibition. The different association in subunits is also related with receptor
localization and pharmacology. In the CNS, GABAARs are mostly formed by the association of
afy subunits with a stoichiometry of two a, two B, and one y subunits. Synaptic GABAaRs of
OPCs in the somatosensory cortex contain mainly al, a5, and y2 subunits, although they may
also contain y1 and y3 (Balia et al., 2015). Interestingly, Balia et al., (2015) found a transient
expression of y2 subunits in OPCs, that was high during the second postnatal week and then
undergo a downregulation, followed by a switch from synaptic to extrasynaptic GABAergic
transmission (Balia et al., 2015; Passlick & al. 2013). Indeed, y2 subunit is found just in few
exptrasynaptic GABAaRs. In mature OLs, functional genomic analyses showed a high
expression of al, a3, and y1, along with low levels of y2 subunits (Cahoy et al., 2008; Zhang et
al., 2014; Arellano et al., 2015). All these evidences support a reorganization of GABAaRs
expression and communication in OL lineage that might depend on the different functions of
these cells at different developmental stages. Oligodendroglia expresses also the
metabotropic GABAgRs that promote OPC migration in vitro and, as demonstrated for
GABAARs, they are downregulated during the OPC differentiation (Luyt et al. 2007). The effect
of GABAgRs on OPCs or OLs in vivo remains to be demonstrated.

It is clear that GABARs play an important role in OPC and OL biology, but the way in which
GABAR signals are transduced into functions is poorly understood. In addition, the
composition and expression of GABAR changes at different developmental stages, suggesting
different roles in oligodendroglia according to specific maturation stages. Therefore,
deciphering the stage and context-specific roles of GABA and the downstream signaling

pathways in regulating the OL lineage remains an important challenge in the field.
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Figure 17. Roles of GABA signaling in neuronal-oligodendroglia communication. A. Changes of GABA receptor expression
during CNS development. GABAergic synaptic communication and OPCs is mediated by distinct types of GABAARs. The
subunit composition of GABAARs change according to the identity of the presynaptic interneuron. Only two types of
presynapticinterneurons have been identified so far: fast-spiking PV interneurons (FSI) and non-fast spiking interneurons
(NFSI). These GABAergic synapses are present at early postnatal stages, with a decrease in the expression during
development. A switch from a synaptic to an extrasynaptic communication occurs in concomitance with the loss of y2
subunits. B. Different roles of GABA signaling. Open arrows show the lineage progression from OPCs to myelinating OLs.
Dash arrows indicate a controversial role or a role that needs to be confirmed. In most cases, it is not possible to
discriminate whether GABAAR-mediated roles are synaptic or extrasynaptic. (Adapted from Habermacher, Angulo and

Benamer, 2019)

3.1.2 Synaptic and Extrasynaptic GABAergic transmission of OPCs

Presynaptic GABA release in the synaptic cleft induces first the activation of synaptic receptor.
Then, neuronal and glial GABA transporters (GATs) rapidly remove the excess of GABA,
allowing the restoration of conditions for another transmission event. However, different
signalling mechanisms mediated by neurotransmitters over this classic framework has been
described. For example, GABA can diffuse in the extracellular compartment and activates
receptors just outside the synaptic cleft (within 100—200 nm). The different mechanisms could
involve peri-and/or presynaptic receptors and extrasynaptic receptors, as, for example,
metabotropic receptors which can be expressed peri- and postsynaptically (Baude et al
1993, Mateos et al 2000). When a prolonged neuronal activity occurs, GABA reaches high
concentrations diffusing to significant distances (of the order of 0.5 um) before activating its
target. This phenomenon is named 'spillover'. Since the ECso of extrasynaptic receptors is
lower compared to the synaptic ones, their activation in presence of lower concentrations of
GABA neurotransmitter is possible. The “typical” spillover, in which neurotransmitter release

from the presynaptic terminal diffuses to activate receptors at neighbouring synapses of the
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same type and extrasynaptic receptors on the pre- or postsynaptic cell, is defined as
intersynaptic spillover (DiGregorio et al., 2002). The heterosynaptic spillover, instead, involves
spillover to neighboring cells that are neither pre- nor postsynaptic to the neurotransmitter
synaptic source.

The classic volume transmission involves neuromodulators released from specialised axonal
varicosities. The neuromodulators then diffuse over relatively large distances (of the order of
1 um through the extracellular space), activating uniformly-distributed high-affinity receptors
(Fuxe and Agnati, 1991). This type of communciation has been observed in glial cells, but not
specifically in OLs (Angulo et al., 2008). This small amount of GABA observed in spillover
events, from nanomolar to few micromolar, is able to sustain the activation of extrasynaptic
GABAARs that result in a continuous opened conductance. This specific mode of extrasynaptic
GABAARs activation is called tonic inhibition (Farrant and Nusser, 2005). Tonic inhibition can
be considered to be a mixture of intersynaptic spillover (because of its partially-synaptic
source) and volume transmission (because of its regional characteristics and possibly non-
synaptic source). Finally another kind of communication, known as ectopic release, is
mediated by vesicles directly fused with the plasma membrane outside synaptic zones (Kukley
et al., 2007 ; Ziskin et al., 2007 ; Matsui and Jahr, 2003). It liberates neurotransmitter directly
on opposite sufficient receptor densities to elicit detectable miniature excitatory postsynaptic
currents EPSCs (mEPSCs).

In Oligodendroglial cells, it has been observed the presence of both, synaptic and
extrasynaptic transmission, usually related with a specific developmental stage (Lin &
Bergles, 2004). Our team identified a transient synaptic connectivity mediated by receptors
containing the y2 subunit (Vélez-Fort et al., 2010; Balia et al., 2015). In particular, Vélez-Fort
et al., observed synaptic currents, characterized by their fast rise time, recorded in OPCs
during the first days after birth (PN 3-PN 14). They repeated the same experiment in the fourth
PN week, and observed a strong decrease in synaptic activity. Finally, to test whether this
decrease was depending on a loss in synaptic contacts, they analyzed the miniature events
after the application of Na* channel blocker TTX, AMPA/kainate antagonist NBQX, and the
NMDA antagonist D-AP-5. Miniature synaptic events were detected in the second postnatal
week while they almost completely disappeared at the fourth postnatal week. All these
evidences showed a strong reduction of GABAergic synaptic activity after the second postnatal

week.

53



In another study conducted by Mangin and colleagues (2008), it was observed that close OPCs
and INs were more likely to exhibit synchronized EPSCs compared with INs separated by >200
um. The finding that OPCs are sensing patterns of activity arising in closely associated neurons

suggests that OPCs cell function is finely regulated by the local network.

3.2 Interneuron-OPC communication: effects on OPC function

3.2.1 Interneuron-OPC connectivity

Regarding the identity of the GABAergic neurons synaptically connected to OPCs, many
guestions have to be solved to understand the impact of IN-OPC communication in the
development and stability of cortical networks (Lin and Bergles, 2004; Kukley et al., 2008;
Mangin et al., 2008). Tanaka et al., (2009) were the first to reported putative synaptic contacts
between PV INs and OPCs by immunostaining. They colabeled GABAergic synapse markers,
vesicular GABA transporter (VGAT) and gephyrin, with PV, to identify contacts between
PV GABAergic INs and OPCs. This potential connectivity was confirmed by study in our team
using paired recordings, which allowed us to identify a preferential and functional PV INs and
OPC connectivity in the somatosensory cortex (Orduz et al., 2015). Interestingly, the
postsynaptic receptors of these synapses comprised y2 subunits (Orduz et al., 2015). On the
contrary, same experiments using paired recordings showed a poor connectivity between
non-fast-spiking interneurons (NFSIs) and OPCs, and these synapses lack GABAARs with y2
subunits. We already described the common embryonic origin for cortical INs derived from
the MGE and POA (PV and SST) and the firstOPCs from the first wave (Flames et al., 2007;
Kessaris et al., 2006). It would thus be possible that this common origin and their preferential
connectivity have a crucial role in the inhibitory networks during cortical development.
Indeed, a close relationship between MGE-derived INs and OPCs is already known since these
INs secrete fractalkine and other factors that promote cortical OPC differentiation (Voronova

et al.,, 2017).
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3.2.2 IN-OPC communication in OPC functions

OPCs are the only non-neuronal cell population in the CNS that form bona fide synapses with
neurons, including GABAergic INs. The most fascinating question that is still unsolved is the
functional role of the synaptic connectivity between GABAergic INs and OPCs. The
consequences of GABAAR activation on OPC development and function have been extensively
studied but the results are still controversial.

My team recently explored the function of these synapses by genetically silencing y2-GABAAR
in OPCs during that critical period of cortical oligodendrogenesis. No changes in cell densities
were found at PN 10 and PN 13. These results suggested that y2 deletion, a crucial subunit for
synaptic transmission, does not affect oligodendroglia proliferation and differentiation (Balia
et al., 2017). We can conclude that at least y2-GABAaR-mediated synapses do not play a role
in these processes during development. However, other studies demonstrated that
endogenous GABA, acting through GABAAR, suppresses OPC proliferation, reduces the
number of mature OLs and increases cell death (Hamilton et al., 2017). In addition, they
observed that GABA was a negative modulator of myelin formation while increasing the
internode length (Hamilton et al., 2017). A precedent study performed in a perinatal hypoxia
condition showed that the loss of synaptic activity in OPCs was correlated with an increase in
OPC proliferation and a delay in the differentiation and myelination (Zonouzi et al., 2015). In
particular, the intraperitoneal injection of the GABA antagonist bicuculline increased by three-
fold the number of proliferating OPCs and reduced by half the number of mature OLs. They
also tested the opposite condition, increasing the GABA availability by administrating of GAT-
1 inhibitors and, as expected, they observed an increase in the number of mature OLs in both
conditions, normoxic and hypoxic animals. The authors concluded that GABAsR-mediated
depolarization induces the maturation of OPCs in vivo. They reproduced and confirmed the
progression from OPCs into mature OLs by the specific deletion of the NKCC1. In this model,
they observed impairment in OPCs differentiation, as they previously revealed during hypoxia,
suggesting that GABAergic synapses inhibit proliferation and promote OPC differentiation
(Zonouzi et al., 2015). However, none of these two last studies directly targeted the synapses
and thus they do not constitute a direct proof of the implication of GABAergic synapses in the
dynamics of OPC proliferation and differentiation. Nevertheless, they strongly reveal an

intimate relationship between these two cell populations.
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Finally, Tong et al. (2009) proposed that GABAaRs activation is involved in OPC migration via
the activation of Na*/Ca?* exchangers type 1 rather than in OPC proliferation. However, this
result has not been confirmed yet in vivo. Regarding the myelination process, the role of
GABARs is still not well understood. Stedehouder et al. (2018) performed chemogenetic
experiments in order to specific stimulate a subset of PV INs. They observed that their
activation modified the morphology and myelination of PV* axons without any change in OL
cell density and total myelin, suggesting a potential role for GABA in the modulation of PV*
axons myelination. We could hypothesize a role in this process for PV IN-OPC synapses, known
to be mediated by y2-GABAARs (Benamer et al., 2020).

All these evidences support the idea that INs and OPCs are close partners during cortical
development. This restricted transient synaptic connectivity between GABAergic INs and
OPCs, characterized by a sophisticated spatial organization, occurs in a specific temporal
window of massive PCD of both cortical INs and OPCs. Moreover, this period seems to be of
crucial importance for cortical oligodendrogenesis, since followed by a massive differentiation
of OPCs into OLs one week later. The convergence in the embryonic origin of INs and firstOPC,
their death and their highly regulated transient IN-OPC connectivity suggests possible
interactions between these two cell types that might participate to cortical construction. In
my work, we rescued ~40% of embryonically related MGE- and POA-derived INs and firstOPCs
committed to die by genetically imparing PCD. Our idea was to analyse the impact of the
disruption of this tightly regulated balance on cortical networks and oligodendroglia

development.

3.2.3 Interneuron myelination

Many studies on myelin focused their attention on long-range projection neurons because of
its function to speed up the conduction of action potentials. For example, it has been shown
that PN myelination followed precise patterns, having distinct profiles of distribution, proper
of each cortical layer (Tomassy et al., 2014). In particular, layer 1I/lll PNs display an
intermittent pattern of myelination (Tomassy et al., 2014). However, myelination of short-
range GABAergic basket cells was also early revealed by EM studies showing that local axons
collaterals of inhibitory neurons can also be myelinated (Fairén et al. 1977; De Felipe et al.,

1986; Somogyi and Soltész, 1986). Nevertheless, compared to PNs, which have been
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extensively investigated, little is known about GABAergic IN myelination. A recent study based
on array tomography showed that a large fraction of myelinated axons in the cortex contains
neurotransmitter GABA. In addition, immunostaining revealed that they were PV* neurons
(Micheva et al., 2016; Stedehouder et al., 2017). Moreover, Micheva et al. (2016) observed a
particular myelin protein composition in GABA containing axons. Comparing PLP and MBP
proteins in segments of the same thickness, they found that GABA myelinated axons had 20%
higher MBP immunofluorescence compared to the excitatory ones, while PLP had no
significant changes. Inhibitory neurons, particularly PV INs, are indeed involved in many local
microcircuits and fine-tune and modulate cortical networks by using FFl and FBI as we
previously described. The continue investigation of PV IN myelination patterns and its
functional consequence is therefore of crucial importance in the understanding of cortical
network behavior. As previously described for excitatory neurons, also PV IN myelination is
tightly enhanced by neuronal activity. Stedehouder et al. (2018) used cell specific DREADD to
selectively activate PV INs and consequently analyze cell myelin structure of these neurons.
They observed that the stimulation was able to induce an increase of the ~ 50% in axonal
length with a proportional increase in myelination (Stedehouder et al., 2018). In this study,
the authors demonstrated a novel form of activity-dependent myelination mediated by axonal
morphological plasticity of PV INs. It has been thought that IN myelination and plasticity
ensure the integrity of precisely timed action potentials and support their local
synchronization, necessary in the generation of high-frequency oscillations. Indeed PV INs
have implication in gamma oscillation, rhythmic fluctuations in local field potentials (LFPs)
(~25-100 Hz) involved in higher-order brain functions like selective attention and operational
memory (Colgin et al., 2009; Colgin and Moser, 2010). It has been shown that PV INs, through
their phasic synaptic inhibition of large PNs, are essential for the production of synchronized
network oscillations. Given this critical PV IN role in mediating gamma oscillations, their
myelination could be of crucial importance by playing a role in firing synchronization and
metabolic support. Indeed, the impairment of gamma oscillations mediated by PV INs is
known to be involved in many cognitive disorder (Mably and Colgin, 2018). Moreover, recent
studies identified global myelination abnormalities in schizophrenia patients. It has been
shown from diffusion tensor imaging studies that drug naive patients had defects in
myelination from the first psychotic episodes (Mandl et al., 2013) and later during the disease

development. With the increase of studies focused on PV IN myelination and the implication
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of these neurons in gamma oscillations, it has been proposed a a potential contribution of PV
IN myelination defects in schizophrenia etiology (Stedehouder and Kushner 2017). Myelin
disruption could indeed impair action potential fidelity, cause energy deficits during high
demanding cognitive activities or induce the occurrence of ectopic action potentials. In turn,
these defects would disrupt inhibitory network function, having an impact on long range

thalamocortical and cortico-striatal circuits involved in schizophrenia.

3.3 Embrionically related partners

As we already described before, the majority of INs arise from the MGE and POA (60% and the
10%, respectively) around E10.5 from progenitors expressing the transcription factor Nkx2.1.
The MGE give rise to INs expressing PV and SST, two non-overlapping markers that identifies
distinct IN populations with particular electrophysiological properties and morphological
profiles (Lim et al., 2018). The POA, instead, covers a very heterogeneous population including
mainly PV, SST and reelin cells (Gelman et al., 2009). Fate mapping and migration studies
revealed that MGE progenitors move from the subpallium and reach the cortex through a
tangential migration (Wamsley and Fishell, 2017).

Regarding OPC embryonic development, cre-lox fate mapping studies in mice showed that
OPCs are generated in three different sequential waves. Interestingly, the first wave of OPCs
is generated around the E12.5 from progenitors settled, as well as for the majority of INs, in
the MGE and the POA, expressing respectively Nkx2.1 and Dbx1 transcription factors (Kessaris
etal., 2006; Gelman et al., 2011). Moreover, OPCs reach their final position following the same
migratory routes of INs, from the subpallium to the dorsal pallium around E14.5. All these
evidences identify a common embryonic origin for MGE- and POA-derived INs and firstOPCs,
suggesting a cross talk and a specific relationship between these two cell populations. In line
with this hypothesis, experiment of lineage tracing showed that progenitors expressing NG2
and Olig2, specific markers for oligodendroglia lineage, generate INs in deep layers of the
dorsal cerebral cortex (Tsoa et al., 2014). Besides this common embryonic origin, INs coming
from the MGE and POA and OPCs maintain close relationships during the first postnatal days
and throughout cortical development. For instance, it has been shown that INs release
paracrine factors promoting proliferation and differentiation of OPCs (Voronova et al., 2017).

One of the main features of OPCs is that they are the only non-neuronal cell type in the CNS

58



receiving functional synaptic inputs from neurons (Lin et al., 2004). Moreover, a transient peak
of synaptic connectivity between GABAergic INs and OPCs of the somatosensory cortex has
been described at PN 10, an age preceded by PCD and followed by massive OL differentiation
(Kessaris et al., 2006, Orduz et al., 2015, Southwell et al.,, 2012). The team also recently
demonstrated that INs preferentially interact with OPCs, forming highly organized synaptic
networks (Orduz et al., 2015). Another interesting aspect is the postnatal PCD involving both
populations (Southwell et al., 2012; Kessaris et al., 2006). The firstOPCs are mostly completely
eliminated from the cortex at PN 10 and replaced by the other waves, while a small portion
survives in other CNS regions (Minocha et al., 2015; Marques et al., 2018). Furthermore, the
genetic ablation of firstOPCs is simply replaced from the following waves with no drastic
alterations in network myelination (Kessaris et al., 2006). This compensation could be
explained by the OPC tendency to homeostatically maintain their cell number and to display
different transcriptional profiles that converge towards one during postnatal development
(Marques et al., 2018). Concerning INs, 40% of these neurons is also eliminated during the first
two postnatal weeks (Southwell et al., 2012). In fact, the relationship between INs and OPCs
implicates other subpopulations. The second wave of OPCs that arises later in embryonic
development (E14.5) partially overlaps with the other major (30%) IN subclass expressing
5HT3Ra since both cell types are born in the CGE from progenitors expressing Gsh2 (LGE only
for OPCs). All these evidences, describing the convergence in the embryonic origin between
INs and OPCs coming from ventral regions, their death and their highly regulated transient IN-
OPC connectivity, suggests possible interactions between these two cell types that might
participate to cortical construction. Therefore, based on all these evidences, my work assessed
the potential properties and functions of IN-OPC interactions, focusing our attention on the

firstOPCs and INs coming from the same embryonic regions.

Methods & Results

Article |

59



A. Objective

OPCs generate OLs, the glial cells responsible for producing myelin in the CNS. In the last 20
years, it has been demonstrated the existence of functional synaptic inputs between neurons
and OPCs throughout the brain, but the role of these neuron-glia synapses remain elusive.
These synapses could be implicated in the mechanisms controlling oligodendrogenesis, and
thus myelination in the brain. Recently, a study in our team identified that OPCs receive a
transient but prominent synaptic input from GABAergic INs during early postnatal
development, which correlates with the onset of cortical oligodendrogenesis (Vélez-Fort et
al., 2010; Orduz et al., 2015). Moreover, Orduz et al. (2015) showed that two distinct types of
presynaptic INs contact OPCs: PV-expressing FSls are highly connected with OPCs while PV-
negative NFSIs are proportionally less connected. Although a following study in the team
demonstrated that the genetic ablation of y2 subunit in OPC GABAaRs, which mediate INs and
OPC synaptic transmission, was not affecting oligodendrogenesis (Balia et al., 2017), Orduz
data indicate the existence of a close relationship between INs and OPCs during the first two
postnatal weeks, a critical period for cortical circuit construction. Nowadays, it is well
recognized that INs and OPCs can communicate through synaptic and extrasynaptic
transmission, expressing GABAARs, and also by release of factors. IN activity may thus affect
OPC functions through different pathways (Maldonado and Angulo, 2015; Passlick et al., 2013;
Voronova et al., 2017). Based on these evidences, our aim was to investigate GABAergic OPC
interactions, particularly in the somatosensory barrel cortex, a well characterized region
known to be highly myelinated in the adult.

In this first project, we used an optogenetic approach to set up an efficient protocol of
photostimulation to selectively activate cortical GABAergic INs jin vivo at PN 10, i.e. at the peak
of IN-OPC connectivity. In particular, we targeted specific IN subpopulations by using two Cre
transgenic mouse lines where Channelrhodopsin 2 (ChR2) expression was driven by two
different promoters, PV and Nkx2.1, Ca?*-binding albumin protein and transcription factor
expressed earlier in cortical development respectively. Finally, we studied the effects of
photoactivation on OPC proliferation. Our main goal was to identify whether GABAergic INs
are crucial in regulating non-neuronal functions during cortical development as

oligodendrogenesis.
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We addressed the following specific aims:

1) To evaluate the expression of the light-sensitive protein ChR2 in INs of two distinct
transgenic mice during the second postnatal week in acute brain slices

2) To evaluate the parameters for an efficient photostimulation of ChR2-expressing INs
in different transgenic lines in acute brain slices and in vivo

3) To analyze the effect of in vivo photoactivation of INs on OPC proliferation
In summary, the question of how neuronal activity control OPC development is far from being
answered and a causal link between interneuronal activity, GABAergic synapses and OPC
dynamics is missing.

B. Methodology

1)  Optogenetic stimulation

Optogenetics is a technique to modulate or track cell activity by
photostimulation introducing light-sensitive proteins through genetic
manipulation.  Proteins like ChR, halorhodopsin (NpHR), and
archaerhodopsin (Arch) are used to activate or silence neuronal activity.
Genetically encoded sensors for ions or membrane voltage are instead used
to monitor neuronal activity. « The effector in this system is light that has
the advantage to operate with high spatial and temporal resolution at
multiple wavelengths and locations » (Duebel et al., 2015).

One of the first steps in the development of the optogenetics as potential
tool for research investigation was the discovery of the bacteriorhodopsin,
a rhodopsin-like protein from Halobacterium halobium membrane that
pumps protons after photostimulation (Oesterhelt, Stoeckenius, 1971).
Later, other members of the opsin family like the halorhodopsin (Sugiyama
and Mukohata, 1984) and ChR (Nagel et al., 2002) were identified. In

particular, we used in our study a member of ChRs, the family of blue light-
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activated non-specific cation channels discovered in the algae species
Chlamydomonas reinhardtii (Nagel et al., 2002) (Figure 18). The first
described ChR was ChR1 whereas ChR2 was later characterized from the
same organism. ChRs are composed by 7 transmembrane domain
proteins and are the only known channels directly gated by light. Advances
in the technique have introduced additional ChR variants such as
ChR2/H134R, ChR2/E123T(ChETA), VChR1, VChR2, ChR2/C128X/D156A,
ChD, ChEF and ChIEF each with unique features and limitations (Lin,
2011). Since its discovery, ChR2 has been used in research as a tool to
selectively depolarise membranes of excitable cells upon photostimulation.
ChR2, differently from the proton-selective ion channel ChR1, is a non-
specific light-sensitive ion channel, allowing for the transport of univalent
and divalent cations, with the following relative permeability: H* > Na* > K* >
Ca®* > Mg?*(Figure 18A). ChR1 was the first ChR characterised ex vivo (Nagel
et al.,, 2002) but its low conductance at pH7 compared to the later
discovered ChR2 made it less interesting as a scientific tool. From the
molecular point of view, a blue light photostimulation induces a switch in
the configuration of opsin forming the channel pore (from trans to cis)
(Figure 18B). This modification causes the disruption of interactions among
residues with following opening of the channel. The membrane
depolarization induced by cation influx can trigger action potentials in

neurons (Figure 18A).

Channelrhodopsins
H*/Na*/K*/Ca®*

e ey % Yoy YYYYy
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e P e oo
Light off Light on

Figure 18 . A. Channelrhodopsins (blue, on the left) depolarize cells and can trigger action potentials
in neurons upon illumination with blue light. B. Photoreceptor activation is mediated by the
isomerization of 11-cis retinal to all-trans rétinal upon photosstimulation. (Adapted from Boyden,
2011)
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Differently from voltage-gated Na* and K* channels, the opening and closing
kinetics of ChR2 are slow. The more accepted model identifies a photocycle
characterized by two open states (01-02) and two non-conductive “D” sub-
states, with a slow recovery in between of 10-20 s after a dark period
(Stehfest and Hegemann, 2010). This slow recovery has as result a limit in
the stimulation frequency, since the ChR2 cannot follow with fidelity light
pulses triggered at high frequencies. For its depolarizing effect, ChR2 has
been extensively used in neuroscience as a tool to specifically activate
neuronal circuits without strong perturbation of the cell structure and
physiology. Usually the channel is genetically fused with YFP, as in our
experimental model, to allow and easy detection of cells expressing the

protein.

Transgenic Cre-Lox mice used in our study

In our study, we wanted to selectively activate GABAergic INs in vivo at PN
10in order to increase their activity and evaluate the effects of this increase
on OPC proliferation. Most of GABAergic INs (70%) and the firstOPCs derive
from progenitors which express Nkx2.1 early in the development. We thus
used the Nkx2.1-Cre transgenic line, expressing the cre recombinase under
the control of the Nkx2.1 promoter (Xu et al., 2008). The sequence of Nkx2.1
was modified by replacing the first 15 bp of the exon 2 with the cre coding
sequence in order to express this enzyme in the Nkx2.1l-expressing
precursors of INs. Thus, this line may be useful for generating conditional
mutations in both INs and oligondroglia cells derived from these

progenitors.

We also used a second transgenic line, Pvalbtmi(crelarbr (py/Cre) “\where the
endogenous PV promoter was directing the cre recombinase expression
in PV-expressing cells (Hippenmeyer et al., 2005). We used this line to

specifically drive the expression of the ChR2 in PV* FSls, highly connected
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C.

1)

with OPCs during the peak of synaptic connectivity observed at PN 10 (Orduz
et al., 2015).

Finally, to obtain the specific expression of the ChR2 in cortical INs, we
crossed these two lines with ChR2(H134R)-YFP'/°x_« ChR2(H134R)-YFPIox/lox
transgenic line has aloxP-flanked STOP cassette which prevents
transcription of the downstream ChR2(H134R)-YFP fusion gene » (Jax
laboratories). When bred to cre recombinase expressing lines, the resulting
offspring express the light-gated cationic channel activated by illumination
with blue light (450-490 nm), allowing for the rapid ex vivo/in vivo activation
of the cells of our interest. The ChR2(H134R)-YFP expression mediated by
Cre recombinase was easy detectable by the YFP fluorescence, fused with
the channel.

We analyzed two different mouse lines expressing ChR2 in different subsets
of cortical GABAergic INs in order to determine to which extend these lines
could be used to photostimulate INs at PN 10 in vivo. We found that
PVCre/ChR2-YFP'®/!* mice were not suitable for developmental studies
since ChR2 was poorly expressed in PV INs during the second postnatal
week. On the contrary, we showed that Nkx2.1¢¢/ChR2-YFP** mice
represent a good tool to activate two major types of INs (PV and SST) at PN
10 because the early expression of the transcription factor ensures an
efficient expression of the light sensitive protein at early postnatal

development.

Main Results

Functional ChR2 Expression in Cortical GABAergic Interneurons of Cre-Lox Transgenic

Mice in Brain Slices

We first observed in PVC®:ChR2-YFP'*/!°* mjce a low expression at PN 10 of
ChR2 (YFP* cells) compared to later stages (PN 20-26), result corroborated
by electrophysiological experiments. On the contrary, Nkx2.1¢¢:ChR2-
YFP'** mice showed a sufficient YFP* expression in INs at PN 10-12,

although lower compared to later stages. We also demonstrated a
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functional expression of ChR2 at PN 10 in Nkx2.1¢¢:ChR2-YFP'*/* |ine since
recording YFP* cells upon photostimulation we observed a response with
action potential discharges to light-pulse trains. The INs response showed a
progressive decrease when increasing the stimulation frequency from 20 to

50 Hz.

2) Light-Evoked Local Field Potentials in Acute Slices and in vivo in Nkx2.1¢¢:ChR2-YFP'o¥/+

Mice

To assess our ability to generate action potentials in ChR2-expressing INs,
we first tested whether 10 Hz light stimulation was able to elicit LFPs in acute
cortical slices. We observed light-evoked high fidelity LFP responses in
cortical L1l to VI. The responses were less sensitive to the glutamatergic and
GABAergic receptor antagonists (APV, NBQX and Gabazine) than TTX, Na*
channel blocker. These data indicate that light-evoked LFPs were mainly
generated from action potentials by ChR2-expressing INs.

We also demonstrated that a 3h stimulation protocol adapted
fromexperiments in slices and primary used by Ortiz et al. (2019) in another
study of the team were able to induce a response in Nkx2.1¢¢:ChR2-

YFP'*/* mice in vivo at PN 10.

3) Effect of in vivo Interneuron Activation on the Oligodendroglia Population

We demonstrated that the interneuron photoactivation does not affect the
density of proliferating OPCs after a 3 h stimulation protocol, quantifying in
both controls and photostimulated mice the total population of EdU" cells,
which target proliferating cells, and the EdU*/Olig2*/CC1 OPCs. This suggests

a limited effect of IN activity on OPC proliferation at PN 10.
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Optogenetic and pharmacogenetic techniques have been effective to analyze the role
of neuronal activity in controlling oligodendroglia lineage cells in behaving juvenile and
adult mice. This kind of studies is also of high interest during early postnatal (PN)
development since important changes in oligodendroglia dynamics occur during the
first two PN weeks. Yet, neuronal manipulation is difficult to implement at an early
age because high-level, specific protein expression is less reliable in neonatal mice.
Here, we describe a protocol allowing for an optogenetic stimulation of neurons in
awake mouse pups with the purpose of investigating the effect of neuronal activity
on oligodendroglia dynamics during early PN stages. Since GABAergic interneurons
contact oligodendrocyte precursor cells (OPCs) through bona fide synapses and
maintain a close relationship with these progenitors during cortical development, we
used this relevant example of neuron-oligodendroglia interaction to implement a proof-
of-principle optogenetic approach. First, we tested Nkx2.1-Cre and Parvalbumin (PV)-
Cre lines to drive the expression of the photosensitive ion channel channelrhodopsin-2
(ChR2) in subpopulations of interneurons at different developmental stages. By using
patch-clamp recordings and photostimulation of ChR2-positive interneurons in acute
somatosensory cortical slices, we analyzed the level of functional expression of ChR2 in
these neurons. We found that ChR2 expression was insufficient in PV-Cre mouse at PN
day 10 (PN10) and that this channel needs to be expressed from embryonic stages (as
in the Nkx2.1-Cre line) to allow for a reliable photoactivation in mouse pups. Then, we
implemented a stereotaxic surgery to place a mini-optic fiber at the cortical surface in
order to photostimulate ChR2-positive interneurons at PN10. In vivo field potentials were
recorded in Layer V to verify that photostimulation reaches deep cortical layers. Finally,
we analyzed the effect of the photostimulation on the layer V oligodendroglia population
by conventional immunostainings. Neither the total density nor a proliferative fraction of
OPCs were affected by increasing interneuron activity in vivo, complementing previous
findings showing the lack of effect of GABAergic synaptic activity on OPC proliferation.
The methodology described here should provide a framework for future investigation of
the role of early cellular interactions during PN brain maturation.

Keywords: optogenetics, GABAergic interneuron, oligodendrocyte precursor cell, developing brain,
somatosensory cortex, proliferation
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Ortolani et al.

In vivo Photostimulation in Mouse Pups

INTRODUCTION

The advent of optogenetics (Boyden et al, 2005) and
pharmacogenetics (Conklin et al., 2008; Dong et al., 2010) have
allowed for a big progress revealing detailed mechanisms behind
intercellular communication (Aston-Jones and Deisseroth, 2013;
Adamantidis et al., 2015; Chen et al., 2018). Optogenetics is
based on the expression of photosensitive protein-channels
in specific cell types, making possible to activate or inhibit
particular components of a given circuit by using light (Boyden
et al,, 2005; Han and Boyden, 2007; Aston-Jones and Deisseroth,
2013). Typically, the activation of a targeted neuron is achieved
by photoactivation of a channel-rhodopsin 2 (ChR2) variant.
The ChR2 is a cationic channel which activation leads to the
depolarization of the cell membrane (Ernst et al., 2008). If
the light-induced rise in the membrane potential reaches the
activation threshold of intrinsic depolarizing ion channels
expressed by the cell (i.e., voltage-dependent sodium or calcium
channels), an action potential is triggered (Zhang et al., 2006,
2007; Ernst et al., 2008). By this mechanism, the generation of
action potentials of targeted neurons can be controlled with high
spatiotemporal precision.

While optogenetic techniques have largely contributed to
our current understanding of neuronal network function in the
mature central nervous system (CNS), their use to investigate
the developing brain has been poor and only recent efforts have
started to be done in this direction (Bitzenhofer et al., 2017a,b).
A significant limitation when studying developing circuits is to
reach enough levels of ChR2 expression on cell membranes in
order to induce efficient responses by photostimulation. Given
the variable protein expression during developmental stages, the
heterologous expression of light-sensitive channels driven by
endogenous cell promoters in the neonatal brain is not reliable
enough (see Bitzenhofer et al., 2017a). In addition, in vivo brain
photostimulation usually requires the placement of a ferrule or
mini-optic fiber that is fixed on the cranial bone (Gradinaru et al.,
2009; Yizhar et al., 2011), a procedure more difficult to apply on
the soft skull of mouse pups. This issue has probably precluded
the use of optogenetics to study developing circuits, privileging
pharmacogenetics (Wong et al., 2018), a versatile but less precise
technique in time and space.

During early postnatal (PN) development, neurons form
transient circuits before establishing mature networks
(Anastasiades et al, 2016). Interestingly, oligodendrocyte
precursor cells (OPCs), the major source of myelinating
oligodendrocytes in the CNS, receive a transient synaptic input
from GABAergic interneurons during early PN development
(Vélez-Fort et al., 2010; Zonouzi et al., 2015). Indeed, OPCs are
the only non-neuronal cells synaptically contacted by neurons
in the CNS (Bergles et al., 2000). In the somatosensory (barrel)
cortex, the interneuron-OPC connectivity reaches a peak at
PN10, 1 day prior to oligodendrocyte (OL) differentiation,
and then declines progressively to disappear during the fourth
PN week (Vélez-Fort et al., 2010; Balia et al., 2015; Orduz
et al, 2015). Although the genetic inactivation of a specific
interneuron-OPC synapse does not impair the proliferation and
differentiation of OPCs at early PN stages (Balia et al., 2017),

these data indicate the existence of a close relationship between
interneurons and OPCs during a critical period for cortical circuit
construction. Interneuron activity may thus affect OPC function
through different synaptic and extrasynaptic mechanisms in the
immature neocortex (Maldonado and Angulo, 2015). Indeed,
in addition to interneuron-OPC synaptic interactions, OPCs
express extrasynaptic GABA receptors (Passlick et al., 2013;
Balia et al., 2015). Moreover, interneurons directly communicate
with OPCs in the developing brain by secreting over 50 paracrine
factors such as fractalkine that promote OPC differentiation
(Voronova et al., 2017).

In this article, we describe an experimental protocol to activate
cortical GABAergic interneurons in vivo by using optogenetics
in mouse pups and analyze the effect of interneuron activity in
OPC dynamics. We tested Nkx2.1-Cre and Parvalbumin (PV)-
Cre lines to drive the expression of ChR2 in subpopulations
of interneurons. We analyzed the functional expression of this
photosensitive channel by combining patch-clamp recordings
with photostimulation in acute somatosensory cortical slices. We
found that ChR2 expression was insufficient in the PV-Cre mouse
line at PN10, while the Nkx2.1-driven expression allowed for
a reliable photoactivation in the developing cortex. Next, we
developed a stereotaxic surgery to place a mini-optic fiber at the
cortical surface to photostimulate ChR2-positive interneurons at
PN10 in awake mouse pups. Finally, we analyzed the effect of
interneuron photoactivation on the oligodendroglia population
by conventional immunostainings. Our approach should provide
a methodological tool to study the function of different neuron-
oligodendroglia interactions in the early PN brain.

MATERIALS AND METHODS

Transgenic Mice

All experiments followed European Union and institutional
guidelines for the care and use of laboratory animals and were
approved by French committees for animal care of the University
Paris Descartes and the Ministry of National Education and
Research (N°CEEA34.MCA.070.12). For experiments, we used
transgenic Nkx2.1-Cre(*/~):ChR2 (H134R)-YFP(°/*+) and PV-
Cre(*/=):ChR2 (H134R)-YFP1o*/I% mice from PN8 to PN26
obtained after crossing from Nkx2.1-Cre (Kessaris et al., 2006),
PV-Cre (JAX n°008069) and ChR2-lox (JAX n°012569).

Electrophysiology and Photostimulation

in Acute Slices

Acute parasagittal slices (300 wm) of the barrel cortex were
obtained with an angle of 10° to the sagittal plane using a
vibratome (Microm HM650V) as previously described (Vélez-
Fort et al., 2010; Orduz et al., 2015). Slices were prepared in an
ice-cold solution containing (in mM): 215 sucrose, 2.5 KCI, 1.25
NaH,POy, 26 NaHCO3, 20 glucose, 5 pyruvate, 1 CaCl,, and 7
MgCl, (95% O3, 5% CO;) and incubated for 30 min at 33°Cin an
extracellular solution containing (in mM): 126 NaCl, 2.5 KClI, 1.25
NaH2PO4, 20 glucose, 5 pyruvate, 2 CaCl, and 1 MgCl, (95% O»,
5% CO,). For recordings, slices were transferred to a recording

Frontiers in Cellular Neuroscience | www.frontiersin.org

December 2018 | Volume 12 | Article 477


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Ortolani et al.

In vivo Photostimulation in Mouse Pups

chamber perfused with the same extracellular solution at 2-
3 ml/min. An Olympus BX51 microscope equipped with a 40x
fluorescent water-immersion objective, a Q-imaging camera and
a CoolLed pE-2 fluorescent system (Scientifica, United Kingdom)
allowed us to visualize the YFP fluorescent protein of ChR2-
expressing interneurons in acute slices. Layer V ChR2-expressing
interneurons were recorded at RT in whole-cell configuration
with pipettes having a resistance of 3-5 MQ and containing an
intracellular solution with (in mM): 130 KGlu, 0.1 EGTA, 0.5
CaClp, 2 MgCl,, 10 HEPES, 2 Nay-ATP, 0.2 Na-GTP and 10
Na,-phosphocreatine (pH~7.3; 300 mOsm). Photostimulation of
ChR2-expressing interneurons was obtained with an optic fiber
(200 pm, NA = 0.66; Prizmatix Ltd., Israel) placed on layer V of
the slice close to the patched cell and connected to a LED source
delivering 460 nm wavelength light pulses (UHP-Mic-LED-460,
Prizmatix Ltd., Israel). Local field potentials (LFPs) were recorded
with a recording pipette filled with extracellular solution and
located in layer V close to the optic fiber.

Whole-cell recordings were obtained using Multiclamp 700B,
filtered at 3 kHz and digitized at 20 kHz. Digitized data
were analyzed off-line using pClamp10.6 (Molecular Devices,
United States) and Neuromatic package within IGOR Pro 6.0
environment (Wavemetrics, United States). The identity of
interneurons was first assessed by analyzing the firing properties
of neurons recorded in current-clamp mode as previously
described (Orduz et al., 2015). Briefly, we used a depolarizing
pulse of 800 ms to measure the instantaneous discharge frequency
(Finitial)> the frequency at 200 ms (Faq), the frequency at the
end of the pulse (Fpp, ) and the total frequency (Fio). We
calculated both early and late accommodations. The membrane
input resistance Ry, of neurons was calculated from a —200 pA
hyperpolarized 800 ms step. The spike threshold, the first and
second action potential amplitudes, and their corresponding
durations were extracted from a 200 pA depolarizing pulse
of 80 ms to calculate the amplitude reduction and duration
increase. The amplitude of the after-hyperpolarization (AHP)

was calculated as the difference between the threshold and the
peak of the fast hyperpolarization.

Train pulses of light were used to elicit action potentials in
ChR2-expressing interneurons (10 ms, 1 mW per pulse). Light
trains of 10, 20, 30, and 50 Hz during 30 s were applied to
define the optimal frequency inducing an effective activation of
patched ChR2-expressing interneurons. For each frequency, we
calculated the number of spikes (N;) with respect to the number
of light pulses (N1 p) and determined the percentage of success
as [Ng/Npp] x 100. LFPs were elicited by stimulating with light
trains (10 Hz, 2 s). In a set of experiments, the extracellular
solution contained: 50 .M (2R)-amino-5-phosphonovaleric acid
(APV, ref: HB0225, Hellobio); 10 pM 2,3-dihydroxy-6-nitro-7-
sulfamoyl-benzo[f]quinoxaline (NBQX, ref: ab120046, abcam)
and 10 pM Gabazine (SR 95531, ref: ab120042, Abcam).
Tetrodotoxin (TTX, ref: HB1035, Hellobio) was applied at a final
concentration of 1 WM.

Surgery and in vivo Photostimulation

Animals  (PN10-11) were deeply anesthetized with
ketamine/xylazine (0.1/0.01 mg/g, IP) and fixed in a stereotaxic
frame adapted to mouse pups (Kopf Instruments, United States).
The skin above the skull was disinfected and incised. In these
young mice, the bone structure is not sufficiently transparent
to let in the light into the cortex, and too soft to support the
weight of the implant containing the mini-optic fiber. Thus,
the skull was artificially stiffened with a double layer of glue
before a hole was stereotaxically drilled above the barrel cortex
area. For the adherence of the glue on the skull, the conjunctive
tissue was first removed by a very local drop of HCI solution
(1 mM). Caution was taken to apply this solution on a very
restricted area to avoid any contact with the mouse skin or other
tissues. Once cleaned, the skull was artificially stiffened with a
double layer of glue (SuperGlue, Gel, ethyl-2-cyanoacrylate).
The first layer was obtained by gently spreading out a first drop
on the bone above the somatosensory cortex. After 10 min, a

cannula with a
mini-optic fiber

FIGURE 1 | Surgery for in vivo optogenetic stimulation of interneurons of the somatosensory cortex in mouse pups. (A) An anesthetized PN10 mouse holding the
implant and fixed in a stereotaxic apparatus is shown. Before to place the mini-optic fiber the skull is covered with two layers of glue. In this example, the skin of the
animal was more widely incised for visibility on the picture. (B) Scheme of the mini-optic fiber implanted at the surface of the somatosensory barrel cortex.

(C) Confocal images of ChR2-expressing interneurons in layers from | to VI (left; low magnification) and in layer V (right; high magnification of the white square in the
left) of the barrel cortex of a Nkx2.1¢"®:ChR2-YFP-*/+ mouse at PN10. ChR2 expression driven by the Nkx2.1 promoter is detected by the YFP reporter (green). The
arrowhead indicates a small lesion induced when removing the optic fiber of the pup after perfusion. It allows us to precisely locate the place of the mini-optic fiber.
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second layer of glue was similarly applied in the same region.
Then, we waited around 20 min to ensure that the glue was
completely dry before drilling the hole. Finally, the cannula
accommodating the mini-optic fiber was implanted according
to the following coordinates: 2.7 mm lateral to midline, 3.7 mm
posterior to Bregma, and 0.1 mm depth from brain surface with
an angle of 10° (Figures 1A,B; cannula: 1.25 mm; fiber: 200 pm
diameter, NA = 0.66; Prizmatix Ltd., Israel). Some animals were
implanted using an optrode containing a mini-optic fiber and
a fine-wire recording electrode (Ni/Ag) of 50 pm diameter
reaching layer V. In this case, a pin connector was fixed to the
skull at the back of the brain to be used as a ground. Finally,
the optogenetic implant was fixed to the skull with dental
cement (Unifast Trad ivory 339104) and the skin was sutured
around the implant (Mersilene®, EH7147H, Ethicon). Mice
were recovered from anesthesia in an environment at 37°C
before the photostimulation experiment. Once the animal was
completely awake, the mini-optic fiber was connected to a
460 nm ultra-high power LED source through two optic fiber
patch cords (UHP-mic-LED-460; Prizmatix Ltd., Israel). The
first patch cord (200 pm diameter, NA 0.66) was connected
from the mini-optic fiber to a rotary joint that spins freely, and
the second (1000 pm, NA 0.66) was connected from the rotary
joint to the optogenetics-LED optogenetics-LED source. This
latter was connected to a current controller that in turn was
commanded by a pulser device that creates programmable TTL
pulses from a software (Prizmatix Pulser/Pulser PC Software,
Prizmatix Ltd., Israel). Mice were photostimulated according to
a 3 h protocol composed by 36 light trains of 30 s delivered at
10 Hz [10 ms on/90 ms off pulses; ~3-4 mW per pulse, a power
estimated from measurements in continuous wave (CW) mode]
and separated by a resting period of 4.5 min. Considering that
our duty cycle is 10%, we estimated that the total energy applied
during a 30 s photostimulation train is equivalent to 9-12 m].
Prior to the surgery, the power at the tip of each mini-optic
fiber was systematically measured with an optical power meter
(PM100D coupled with sensor S120C, Thorlabs, United States)
by connecting it to the LED system operating in CW mode
(maximum output power at the 200 pwm mini-optic fiber tip:
~4.5 mW). Once the surgery was completed, we set the values
in the current controller to deliver the proper power at the tip
of the fiber during the photostimulation. For LFP recordings,
the recording electrode was connected to the headstage of a
Multiclamp 700B amplifier through a 50 pm diameter Ni/Ag
wire, and the ground of the mouse connected to the ground
of the amplifier. Finally, the animal was placed inside a small
(~20 x 20 x 20 cm?) custom-made Faraday cage and light trains
of 10 Hz were elicited to evoke LFPs in current-clamp (I = 0)
voltage follower mode.

Immunostainings, EdU Proliferation
Assay and Countings

Fifteen minutes prior to photostimulation, intraperitoneal EdU
injections were performed to labeled cells in the S phase of
the cell cycle (10 mM EdU solution in PBS at 50 mg/kg; ref.
C10340, ThermoFisher Scientific, United States). 1 h after the

end of the photostimulation, mice were perfused with phosphate
buffer saline (PBS) followed by 0.15 M phosphate buffer (PB)
containing 4% paraformaldehyde (PFA, Electron Microscopy
Sciences, United States), pH 7.4. Brains were then left in PFA for
2 h at 4°C before washing and storing them in PBS at 4°C. The
day of immunostainings, coronal vibratome slices (100 jxm) were
prepared in PBS at 4°C and permeabilized with 1% Triton and
4% Normal Goat Serum (NGS) during 2 h at RT under agitation.
Then, slices were first incubated at 4°C under gently agitation
for 3 nights with rabbit anti-Olig2 (1:400, ref. AB9610, Merck-
Millipore) and mouse anti-CC1 (1:100, ref. OP80, Calbiochem)
diluted in 0.2% Triton X-100 and 2% NGS and revealed for
2 h at RT with secondary antibodies coupled to Alexa-405 and
Alexa-633, respectively (1:500, ThermoFisher Scientific). EdU
was revealed for 2 h at RT after immunostainings by using
the Clik-iT EdU Alexa-555 (C10638, ThermoFisher Scientific).
Between each incubation step and at the end of the protocol, slices
were rinsed 3 times in PBS for 10 min under genlty agitation.

Confocal images (0.75 pum z-step) were acquired using a 63X
oil objective (NA = 1.4) with a LSM 710 confocal microscope
(Zeiss) and processed using NIH Image]' as described (Balia
et al,, 2017). Cell densities were obtained by counting Olig2™,
CC1™", and EAU™ cells with the ROI manager tool (Image]) and
by dividing the number of cells by the volume, as previously
described (Balia et al., 2017).

Statistics

All data were expressed in mean = SEM. A level of p < 0.05 was
used to designate significant differences. Two group comparisons
were performed using the non-parametric Mann-Whitney Test.
Multiple comparisons were done with the non-parametric
Kruskal-Wallis Test followed by a Dunn’s multiple comparison
test. Statistics and plotting were performed using GraphPad
Prism 5.00 (GraphPad Software Inc., United States).

RESULTS

Functional ChR2 Expression in Cortical
GABAergic Interneurons of Cre-Lox
Transgenic Mice in Brain Slices

Three major cortical GABAergic interneuron subtypes can be
defined according to the expression of three different markers:
PV-, somatostatin (SST)-, and ionotropic serotonin receptor
5HT3a (5HT3aR) (Rudy et al., 2011). PV and SST interneurons
constitute about 70% of the total population whereas SHT3aR
interneurons about 30% (Rudy et al., 2011). Cortical GABAergic
interneurons are mainly born in the medial and caudal ganglionic
eminences (MGE and CGE, respectively). The MGE is the site
of origin of 60% of the cortical interneurons, mostly PV- and
SST-interneurons (Marin, 2013; Wamsley and Fishell, 2017),
while the CGE is the second source producing approximatively
30% of interneurons (Anderson et al., 2001; Nery et al., 2002).
More recently, Gelman et al. (2011) also demonstrated that the
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FIGURE 2 | Photoactivation of ChR2-expressing FSI and NFSI in PN10 Nkx2.16":ChR2-YFP-*/+ mouse pups in brain slices. (A1,B1) Current-clamp recordings of
a FSI (A1) and a NFSI (B1) expressing ChR2 in cortical layer V at PN10. Note the differences of firing properties between the two cells in response to 800 ms
depolarizing and hyperpolarizing steps (bottom square pulses). (A2,B2) The same FSI (A2) and NFSI (B2) were photostimulated (blue bars) with 10 ms light pulses
during 30 s at different frequencies. (C,D) Average percentage of success to elicit action potentials with light trains at different photostimulation frequencies for FSI
(black) and NFSI (gray) at PN10 (C) and PN21 (D). *p < 0.05; *p < 0.01; and ***p < 0.001 for comparisons across each interneuron subtype, Kruskal-Wallis Test
followed by a Dunn'’s post hoc Test; not significant differences (p > 0.05) between FSI and NFSI for each frequency are not indicated; Mann-Whitney test.
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TABLE 1 | Electrophysiological properties of FSI and NFSI at PN10 in Nkx2.1°"€:ChR2-YFPLoX/ + mice.

Parameter PN 10 FSl(n = 18) NFSI (n = 12) p-value Comparison
Fotal (H2) 30.94 + 2.84 31.67 +2.43 NS -
Finitial (H2) 94.65 + 8.43 131.20 + 13.41 <0.05 FSI < NFSI
Fooo (H2) 63.86 + 5.13 68.06 + 5.50 NS -

Ffinal (H2) 59.56 + 5.66 54.01 4+ 4.84 NS -
Early accommodation (%) 30.64 + 2.03 44.87 + 3.74 <0.01 FSI < NFSI
Late accommodation (%) 5.11 £ 1.55 11.12 £ 1.79 <0.05 FSI < NFSI
Threshold (mV) —39.86 + 2.48 —35.88 + 1.89 NS -

First spike amplitude (mV) 74.23 + 1.89 78.71 £ 1.60 NS -
Second spike amplitude (mV) 73.30 £+ 1.80 74.48 £ 1.62 NS -
Spike amplitude reduction (%) 1.02 + 0.25 5.10 + 0.91 <0.0001 FSI < NFSI
First spike duration (ms) 1.32 £0.08 149 £0.16 NS -
Second spike duration (ms) 1.42 1+ 0.08 1.89 + 0.22 <0.05 FSI < NFSI
Spike duration increase (%) 7.84 +£0.71 26.00 + 2.62 <0.0001 FSI < NFSI
AHP (mV) -11.07 £ 1.21 —5.63 + 0.76 <0.01 FSI > NFSI
AHP width (ms) 30.17 + 14.49 9.38 + 1.96 <0.05 FSI > NFSI
Rm(MQ) 203.07 £ 16.62 206.74 + 46.89 NS

Frotal, total frequency; Finiiai, inStantaneous discharge frequency; Fooo, frequency at 200 ms; Frng, frequency at the end of the pulse; AHF, after-hyperpolarization; Rm,

membrane input resistance. Statistical differences are in Bold.

embryonic preoptic area (POA) is a third source and suggested
that this region contributes with approximately 10% of all
GABAergic interneurons in the murine cerebral cortex. POA-
derived progenitors give rise to PV, SST, and Reelin-expressing
interneurons (Marin, 2013).

The specification of cortical interneurons in each generating
area depends on a transcriptional network that regulates
interneuron  development. Among transcription factors
important for interneuron specification, Nkx2.1 is specifically
expressed in MGE- and POA-derived progenitors that generate
70% of cortical interneurons. These progenitors mainly generate
both PV and SST interneurons with those in the POA producing
more heterogeneous neuron subtypes (Marin, 2013; Wamsley
and Fishell, 2017). Interestingly, the earliest wave of OPCs is
also generated from Nkx2.1-expressing progenitors settled in
the MGE and POA (Kessaris et al., 2006). Nevertheless, most of
the Nkx2.1-derived precursors giving rise to oligodendroglia are
eliminated by PN10 and thus should not significantly interfere to
the ChR2 targeting of Nkx2.1-derived interneurons from this PN
stage (Kessaris et al., 2006).

In the present study, we used Nkx2.1¢¢:ChR2-YFPLo¥/+
mice to drive the PN ChR2 expression in MGE- and POA-
derived interneurons from embryonic stages (from ~E11.5
which corresponds to the peak of interneuron production;
Anderson et al., 2001). At PN10-12, YFPT interneurons were
easily detected in the Nkx2.1°:ChR2-YFPY*/* mouse line in
all cortical layers (Figure 1C). We focused on layer V since
our previous studies in interneuron-OPC interactions were
performed in this layer (Figure 1C; Vélez-Fort et al, 2010;
Balia et al., 2015, 2017; Orduz et al., 2015). We first examined
the electrophysiological properties of YFPT cells in layer V
by using patch-clamp recordings in acute slices of the barrel
cortex (Figures 2A1,B1 and Table 1). As expected from Nkx2.1-
derived interneurons at this age, recorded YFPT cells could

be distinguished as fast-spiking interneurons (FSI; Figure 2A1)
and non-fast-spiking interneurons (NFSI; Figure 2B1) by their
characteristic action potential discharges in response to current
injections (Daw et al, 2007; Orduz et al,, 2015). FSI were
mainly distinguished from NFSI by their pronounced AHP and
a restricted spike duration increase and amplitude reduction
during action potential discharges (Table 1; see Orduz et al,
2015). Other analyzed parameters such as the initial frequency,
second spike duration and early and late accommodations were
also different between the two groups (Table 1; see section
“Materials and Methods”).

To test whether ChR2 was functionally expressed at PN10 in
Nkx2.1¢¢:ChR2-YFPX*/*+ mice, we photostimulated recorded
YFP™ interneurons using an optic fiber placed in Layer V.
Independently of the interneuron identity, all tested YFPT cells
responded with action potential discharges to light-pulse trains
(Figures 2A2,B2). While the success rate of the response during
a 30 s-train delivered at 10 Hz was very high for both FSI and
NESI, a progressive decrease in the capacity of neurons to follow
the stimulation train was observed when increasing the frequency
from 20 to 50 Hz (Figures 2A2,B2,C). No significant differences
were observed between FSI and NFSI for each tested frequency,
indicating that it is not possible to set up specific parameters to
exclusively activate either FSI or NFSI (Figure 2C).

Two main reasons could explain the decreased response of
YFP* interneurons at higher frequency photostimulation trains:
(1) a limited intrinsic capacity of immature interneurons to
sustain high frequency discharges during long trains, and (2)
a lower level of expression of ChR2 at PN10. To assess the
first possibility, we mimicked the light train protocol with
current pulse injections at 50 Hz for 30 s (Figures 3A1,A2).
All recorded FSI and NESI responded faithfully with action
potentials to each current pulse injection, while the success
rate during train photostimulation remains low at this early
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FIGURE 3 | The fail of response at high frequency photostimulation in brain slices at PN10 is not due to interneuron immature membrane properties. (A) An identified
ChR2-expressing interneuron recorded in current-clamp mode during a 50 Hz photostimulation protocol (A1) in a brain slice at P10. Note the numerous failures
(inset) in response to blue light pulses (blue bars). The same neuron stimulated with current injections (400 pA, 10 ms; (A2)) at 50 Hz showed virtually no failures
(inset). (B) Comparison between the percentage of success of photostimulation versus current stimulation at 50 Hz for FSI and NFSI in mice at PN10. (C) An
identified ChR2-expressing interneuron recorded in current-clamp mode during a 50 Hz photostimulation protocol (C1) in a brain slice at PN21. Note the increased
number of APs (inset) triggered by photoactivation (blue bars) compared with the interneuron at PN10 (A1). The same neuron stimulated with current injections

(400 pA, 10 ms; €C2) at 50 Hz showed virtually no failures (insets). (D) Comparison between the percentage of success of photostimulation versus current stimulation
at 50 Hz for FSI and NFSI in mice at PN21. **p < 0.01 and **p < 0.001, Mann-Whitney Test.

PN stage (Figures 3A,B). Therefore, the intrinsic properties of
interneurons in younger mice are not responsible for a low
success rate during higher frequency trains. To test for the level
of expression of ChR2 during development, we performed the
same experiments at PN19-22, i.e., during the third PN week
(Supplementary Figure 1 and Table 2). Although we observed a
maturation of the electrophysiological properties of interneurons
during the second and third PN weeks (Tables 1, 2; Pangratz-
Fuehrer and Hestrin, 2011), FSI were still distinguished from
NESI by the presence of a more pronounced AHP and small

variations of the duration and amplitude spikes (Supplementary
Figures 1A1,B1 and Table 2). Other parameters such as
early accommodation and input resistance were significantly
different between FSI and NEFSI at a later developmental stage
(Table 2). After recording the electrophysiological profile, we
photostimulated the patched YFP* interneuron using trains of
photostimulation at 10, 20, 30, and 50 Hz (Supplementary
Figures 1A2,B2). At PN19-22, the success rates for both FSI and
NESI were close to 100% for trains at 10, 20, and 30 Hz and
dropped to around 80% at 50 Hz (Figure 2D and Supplementary
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TABLE 2 | Electrophysiological properties of FSI and NFSI at PN21 in Nkx2.1°"¢:ChR2-YFPLoX/ + mice.

Parameter PN 21 FSI (n = 18) NFSI (n = 8) p-value Comparison
Fiotal (H2) 64.5 + 6.42 64.38 + 8.37 NS -
Finitial (H2) 185.7 £ 22.46 2431 +£24.14 NS -
Fooo (H2) 132.9 + 11.81 131.8 + 20.54 NS -
Fiinal (H2) 126.5 + 13.36 116 £ 16.79 NS -
Early accommodation (%) 21.99 + 4.01 45.78 + 6.61 <0.01 FS < NFS
Late accommodation (%) 52+ 1.93 6.49 £2.28 NS -
Threshold (mV) —44.26 £1.25 —44.59 + 0.92 NS -
First spike amplitude (mV) 7784 £1.7 81.82 + 1.57 NS -
Second spike amplitude (mV) 7623+ 1.6 76.65 + 1.6 NS -
Spike amplitude reduction (%) 2.0+0.3 6.05 + 3.68 <0.01 FS < NFS
First spike duration (ms) 0.6 + 0.04 0.77 £ 0.12 NS -
Second spike duration (ms) 0.62 + 0.04 0.87 +£0.14 NS -
Spike duration increase (%) 3.47 £ 0.41 11.96 + 1.98 <0.0001 FS <FS
AHP (mV) —18.63 + 0.93 -11.16 £ 1.73 <0.01 FS > NFS
AHP width (ms) 5.4 +0.77 2.29 + 0.21 <0.05 FS > NFS
Rm(M®) 185.9 + 14.55 242.8 + 18.62 <0.05 FS < NFS

Frotal, total frequency; Finiiai, inStantaneous discharge frequency; Fooo, frequency at 200 ms; Frng, frequency at the end of the pulse; AHF, after hyperpolarization; Rm,

membrane input resistance. Statistical differences are in Bold.

Figures 1A2,B2), as expected from the limited capacity of ChR2
to follow high frequency trains (Lin et al., 2009). Indeed, current
injections mimicking photostimulation at 50 Hz in PN19-22 mice
caused a significantly higher success rate of ~100% in FSI and
NFSI (Figures 3C,D). Altogether, these results indicate that a
lower level of ChR2 expression in the second PN week compared
to 10 days later is probably at the origin of the decrease of the
success rate with respect to the photostimulation frequency at
PN10.

Since PV-expressing FSI are highly connected to OPCs in the
second PN week (Orduz et al., 2015), we also aimed at specifically
photostimulating these interneurons in PVr¢:ChR2-YFPLox/Lox
mice during this period. However, YFP* interneurons were never
detected in acute slices under the epifluorescence microscope
and were very rarely observed under the confocal microscope at
PN10 (Figure 4A). The scarcity of ChR2 expression in this mouse
line at early PN stages was concomitant to the lack of response
of FSI, recognized from their intrinsic electrophysiological
properties, to a 10 Hz-photostimulation train at this age (n = 2,
Figures 4B1,B2). Since this line has been extensively used in
the adult (Cardin et al., 2010), we examined later developmental
PN stages. Compared to PN10, immunostainings revealed an
extensive co-labeling of PV and YFP in cell bodies and branches
at PN20 and PN26 (Figure 4A). At PN19-22, 5 out of 7
neurons emitted at least one action potential in response to
light train stimulation at 10 Hz (Figure 4B2) and one cell
responded faithfully to each train pulse. In average, the success
rate of discharge at 10 Hz was 14.62 + 14.23% (Figure 4C).
However, FSI rarely responded to higher frequency light trains
at this age (Figure 4C). All recorded YFP™ neurons at PN26
responded faithfully with action potentials to each pulse of the
light train stimulation at 10 Hz (success rate: 100%, n = 7,
Figures 4B1,C2). Nevertheless, the success rate of YFPT FSI
progressively decreased at 20, 30, and 50 Hz-photostimulation

trains (Figure 4). Therefore, there is an increased functional
expression of ChR2 from PN10 to PN26 in PVC™:ChR2-
YFPLo¥/LoX mice, Considering that in Nkx2.1¢7:ChR2-YFpLox/+
at PN21 the success rate of FSI is still high at 50 Hz (Figure 2C),
a maximum level of ChR2 expression is probably not attained in
PVCre:ChR2-YFPLO¥/L% mice in the fourth PN week.

In summary, contrary to a late PN expression of ChR2
in PVCre:ChR2-YFPL¥/LoX mice, ChR2 is already expressed in
Nkx2.1¢7¢:ChR2-YFP**/+ mice at PN10, the age corresponding
to the peak of synaptic connectivity between interneurons and
OPCs in the somatosensory cortex (Orduz et al., 2015). Indeed,
all recorded YFP* interneurons responded to photostimulation
trains at this developmental stage, although the success rate
during a long train of 30 s significantly decreases at frequencies
higher than 30 Hz. The most suitable light train frequencies
to obtain a maximum and reliable number of action potentials
during 30 s in Nkx2.1¢":ChR2-YFP'*/*+ mice were between
10 and 20 Hz. Since FSI and NEFSI fire at lower frequency rates
in pups than in adults (Tables 1, 2), 10 Hz constitutes a good
compromise to efficiently activate around 80% of interneurons
during long light trains (30 s; Figure 2C).

Light-Evoked Local Field Potentials in
Acute Slices and in vivo in
Nkx2.1€"¢:ChR2-YFPL°*/*+ Mice

Neocortical GABAergic interneurons are inhibitory cells and
constitute a minority of cortical neurons (10-20% in rodents;
Rudy et al, 2011). For these two reasons, our observation
of a single photoactivated interneuron does not necessarily
ensure that light stimulation through the optic fiber will
induce the activation of an interneuron population. To assess
our ability to generate action potentials in a large number
of ChR2-expressing interneurons, we first examined whether
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FIGURE 4 | Optogenetic stimulation of FSI in PVC®:ChR2-YFPLoX/LoX mice during postnatal cortical development in brain slices. (A) Confocal images of cortical

interneurons expressing ChR2 (YFP, green) and PV protein (red) at low (left) and high (right) magnifications at PN10, PN20 and PN26 mice. Note the faintly

cytoplasmatic expression of YFP at PN10 compared to a brighter and more extensive membrane expression at later ages. (B) Current-clamp recordings of a layer V
(Continued)
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FIGURE 4 | Continued

ChR2-expressing FSI (B1) at PN10. Depolarizing and hyperpolarizing steps are indicated (bottom square pulses). No action potentials were evoked by a 10 Hz
photostimulation train (blue pulses) in this neuron (B1 right, inset), but the photoactivation-induced response increased during development (B2,B3, right). Note that
photoactivation (blue pulses) of a layer V ChR2- expressing FSI at PN26 evoked action potentials in response to every light pulse (B3 right, inset). (C) Average
percentage of success to elicit action potentials with light trains delivered from 10 to 50 Hz at PN19-22 and PN26 in the PVC™®:ChR2-YFPL%/LoX mice. *p < 0.05;
*p < 0.01, Kruskal-Wallis Test followed by a Dunn’s post hoc Test; not significant differences (p > 0.05) between FSI and NFSI for each frequency are not indicated.
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FIGURE 5 | Photo-evoked LFPs in PN10 mouse pups in brain slices and in vivo. (A) Extracellular recordings were performed in the cortical layer V of brain slices

during photostimulation with an optic fiber located just above the recording site (A1). LFPs evoked by photostimulation (A2, blue lines) were faithfully reproduced in
response to every light pulse (black trace, inset) in ChR2-expressing transgenic mice (Cret/~). Recording of the same slice during bath application of glutamatergic
and GABAergic antagonists (50 uM APV, 10 uM NBQX, 10 pM SR95531; A2 red trace) and TTX (1 wM, A2 gray trace) are shown. DIC: Differential interference
contrast image. (B) /n vivo extracellular recordings of cortical layer V were performed by the placement of a custom-made optrode containing a mini-optic fiber and a

responses were evoked in a Cre~/~ control mouse.

50 wm Ni/Ag wire (B1). In vivo LFPs were successfully evoked by photostimulation (B2, blue lines) above 1.5 mW of light power in a ChR2-expressing transgenic
mouse (Cre*/~). The reported powers from 1.5 to 4 m\W correspond to the power per pulse estimated from measurements in continuous wave (CW) mode. No

photostimulation elicited LFPs in acute cortical slices. We found
that a 10 Hz photostimulation train induced LFPs with great
fidelity in cortical layers II to VI (n = 2 slices in 2 animals,
not shown), but since most of interneuron-OPC interactions
in pups have been described in layer V (Vélez-Fort et al,
2010; Balia et al., 2015, 2017; Orduz et al., 2015), we analyzed
in more detail the effect of interneuron activation in this
layer (Figures 5A1,A2; n = 5 slices in 2 animals ). These
LFPs were less sensitive to the glutamatergic and GABAergic
receptor antagonists APV, NBQX, and SR95531 than to the
NaT-channel blocker tetrodotoxin (TTX) that abolishes action
potential generation [Figures 5A1,A2; amplitude reduction of
the first LFP: 4.32 + 0.86% (n = 5) and 4839 £ 12.1%
(n = 3), respectively]. It is noteworthy that a TTX-insensitive
component also persisted in all tested slices (Figure 5A2). It

probably corresponded to the LFP generated by the current
directly flowing through ChR2 channels in interneurons. These
data indicate that recorded light-evoked LFPs upon 10 Hz
photostimulation trains resulted from the direct generation
of action potentials by multiple nearby ChR2-expressing
interneurons instead of postsynaptic potentials (the latter could
have been generated by inhibitory postsynaptic potentials or
by disinhibition of inhibitory circuits resulting in increased
excitatory postsynaptic potentials).

To analyze the effect of photostimulation in vivo, we
performed a surgery at PN10 to implant an optrode including an
optic fiber placed at the surface of the cortex. Since light poorly
penetrates into scattering tissue, we tested whether neuronal
responses were evoked by light in layer V by using a wire
electrode to record light-evoked LFPs in this layer at a frequency
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FIGURE 6 | The in vivo photoactivation of layer V cortical interneurons at P10 does not modify oligodendroglia density. (A) Experimental design for a
photostimulation protocol. Mice were injected with EAU (50 mg/kg) and then photostimulated during 3 h. (B) Olig2 (green), CC1 (red) and EAU (magenta) cells
stained after the photostimulation session. An Olig2+/CC1 ~OPC is indicated in the first panel (arrowhead, insets). Only few Olig2*/CC1+ OLs were found at this
age (arrowhead in second panel, insets). Note that not all EdU-stained cells were Olig2* cells (arrowheads in the last two panels). (C) Density of total oligodendroglia
(lig2*), OPCs (Olig2*/CC1~), differentiated OLs (Olig2+/CC1+), total proliferative cells (EdUY), and proliferative OPCs (Edu™/Qlig2+t/CC17) in the three tested
conditions. No significant differences were found for any comparison (p > 0.05, Kruskal-Wallis Test followed by a Dunn’s post hoc Test).

of 10 or 20 Hz (Figure 5B1). To firmly maintain the optrode
on the mouse skull, it was necessary to artificially harden the
bone with a layer of glue before drilling (see section “Materials
and Methods”). Once the animal was awake after surgery,
it was placed in a chamber where the mini-optic fiber was
connected to a 460 nm LED source through an optic fiber
patch cord in order to record light-evoked LFPs (Figure 5B2; 4
Cre(™/=) mice and 3 Cre!~/~) mice). Photostimulation trains
elicited weak responses when the power was set at 1.5 mW
per pulse at the tip of the optrode (Figure 5B2). However,
light-evoked LFPs increased for each light pulse at 2.5 and
4 mW (Figure 5B2). These responses were absent in Cre(=/—)
animals of the same littermates, used here as a control group
(Figure 5B2).

Our results demonstrate that Nkx2.1¢7:ChR2-YFP*%/*+ mice
can be used to activate a population of ChR2-expressing
interneurons as early as PN10. We established the best conditions
for whole-cell and LFP recordings in brain slices and set up the
conditions to ensure layer V interneuron activation in vivo.

Effect of in vivo Interneuron Activation

on the Oligodendroglia Population

It was recently showed that photoactivation of layer V
glutamatergic neurons has a rapid effect on increasing the
proliferation rate of OPCs in juvenile mice (Gibson et al,
2014). Here, we analyzed whether the activity of GABAergic
interneurons also influence OPC proliferation at PN10-11, when
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the synaptic connectivity between interneurons and OPCs is
maximal in the somatosensory cortex (Orduz et al, 2015).
We photostimulated awake pups to trigger a response of layer
V ChR2-expressing interneurons using ~3-4 mW per pulse
(Figure 5B2). In these set of experiments, the wire electrode
was not present on the implant (Figure 1B). Based on our
previous characterization in slices, we chose 10 Hz as frequency
for in vivo photostimulation. However, since 10 Hz represents
a relatively low stimulation frequency for cortical interneurons
that discharge at higher rates even in the immature mice
(Table 1), we opted to multiply the number of stimulation trains.
The photostimulation protocol lasted 3 h and comprised 36
stimulation trains of 30 s at 10 Hz (Figure 6A). Before the
photostimulation session, we intraperitoneally injected 50 mg/kg
of EdU, a thymidine analog that integrates the genome during the
S phase of the cell cycle (Figure 6A). After the photostimulation
session, we waited 1 h before perfusing the animal and
removing the implant (Figure 6A). Then, immunostainings
were performed to simultaneously identify all OL lineage
cells (Olig2) and mature OLs (CC1), while EAU was revealed
to detect proliferating cells. We considered Olig2™/CC1~
cells as OPCs and Olig2™/CC1™" cells as differentiated OLs
(Figure 6B). We compared the effect of the photostimulation
within three different experimental groups: 1) Cre(=/~) ChR2-
non-expressing photostimulated mice (n = 4); 2) Cre*/~) ChR2-
expressing non-photostimulated mice (1 = 5); and 3) Cre(*/~)
ChR2-expressing photostimulated mice (n = 6). The two first
groups were considered as controls.

The region carrying the implant was recognized under the
confocal microscope by the presence of a small lesion in upper
layers of the cortex (Figure 1C). To ensure that we analyzed
the photostimulated area, only the slices showing a small lesion
were further imaged at high resolution in order to perform cell
countings in layer V (1 to 3 slices per mice). Cell countings
did not reveal any significant difference in the total density of
Olig2 cells, Olig2™/CC1~ OPCs or differentiated Olig2t/CC1+
OLs (Figure 6C, left). As expected for this early developmental
age, most Olig2™ cells were OPCs in all conditions (Figure 6C,
left). Moreover, we found that controls and photostimulated mice
did not display any significant change in the total population of
EdU™ cells or in the population of EdUT/Olig2*/CC1~ OPCs
(Figure 6C, Right). It is noteworthy that no EdU*/Olig2t/CC1+
OLs were observed in our samples, suggesting more symmetric
than asymmetric divisions of OPCs at PN10-11. In conclusion,
we did not observe any difference in the density of proliferating
OPCs after a 3 h stimulation protocol, suggesting a limited effect
of interneuron activity on OPC proliferation at this age. This
result supports and complements our previous findings showing
that the GABAergic synaptic activity of OPCs does not play a role
in oligodendrogenesis (Balia et al., 2017).

DISCUSSION

Here, we describe an experimental procedure to activate cortical
GABAergic interneurons of PN10 mouse pups by using an
optogenetic approach. We first determined that Nkx2.1-driven

ChR2-expression allowed for a reproducible activation of cortical
layer V. GABAergic interneurons at PN10, whereas ChR2 was
insufficiently expressed in the PV-Cre mouse at the same
age. Combining photostimulation with both whole cell patch-
clamp recordings in brain slices and in vivo extracellular
recordings, we determined a suitable photostimulation protocol
to ensure a reliable photoactivation of targeted cells. We
also provide an experimental procedure to place a mini-optic
fiber in the neonatal mouse brain in order to photoactivate
interneurons in deep cortical layers of awake pups. Finally,
we analyzed the effect of a particular neuronal photoactivation
protocol on the oligodendroglia population in the neonatal
neocortex.

Optogenetic studies have been proved to largely contribute to
our current understanding of mature nervous system circuitry.
However, only recent efforts have allowed for the implementation
of this technique in the neonatal brain (Bitzenhofer et al.,
2017a,b; Ahlbeck et al, 2018). Indeed, one of the major
prerequisite for a selective and reliable optogenetic stimulation
is to attain a sufficient level of opsin expression in targeted
cells. This is more difficult to achieve in mouse pups due
to the low or variable protein expression during early PN
stages. In line with this, we found that the functional ChR2
expression of FSI in PV-Cre:ChR2-YFP1o¥/floX mice was largely
insufficient at PN10, preventing the emission of action potentials
in these interneurons. PV, the major marker of FSI, starts to be
expressed during the first PN week, but reaches high levels late
during neocortical development. At PN10, PV mRNA expression
revealed a moderate labeled of mRNA-positive cells in layer
V of the somatosensory cortex compared to PN16 (De Lecea
etal, 1995). A developmental increased pattern of PV expression
was also observed in our immunostainings in concomitance
with an increased ChR2 expression (Figure 4). Therefore, the
PV-Cre transgenic mouse line is not appropriate for inducing
a sufficient ChR2 expression driven by the PV promoter at
PN10. Contrary to the late expression of ChR2 in PV-Cre:ChR2-
YFPIoX/flox mice, this channel is more expressed at this age
in Nkx2.1-Cre:ChR2-YFPfloX/+ mjce (Figure 1C). An efficient
ChR2 expression was expected in this mouse line since Nkx2.1
is expressed in interneuron progenitors at early embryonic stages
(Marin, 2013; Wamsley and Fishell, 2017). In addition, fate-
mapping approaches used to track the development of Nkx2.1-
derived interneurons exhibited the distribution of these neurons
in the mouse somatosensory barrel cortex already in the first PN
week (Butt et al., 2005). The choice of Cre transgenic mouse lines
is therefore crucial for inducing a sufficient ChR2 expression early
in PN development.

Another key aspect of an optogenetic approach is to ensure
a reliable and consistent readout of action potential discharges
triggered by photostimulation. This is particularly important
considering recent reports indicating that, depending on the
neuronal subtype and light stimulation parameters (i.e., pulse
duration), photoactivation of ChR2 might silence instead of
increasing neuronal activity (Lin et al, 2013; Herman et al,
2014). This undesirable effect is explained by a light-induced
depolarization block that results from an overactivation of
ChR2 and its subsequent exaggerated cation influx, leading to
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an insufficient repolarization (Lin et al., 2013; Herman et al,,
2014). Importantly, Herman et al. (2014) reported that cortical
interneurons were 2 to 4 times more susceptible to ChR2-
dependent silencing than excitatory neuronal subtypes. Although
the light pulse duration was the major responsible for the
observed depolarization block in this study (Herman et al.,
2014), a high frequency photoactivation can also be a triggering
mechanism (Grossman et al., 2011). A first characterization of
the response of ChR2-expressing neurons to photostimulation in
brain slices is an important step, sometimes neglected, to define a
pertinent protocol for in vivo experiments, even when behavioral
tests are conducted.

In the present report, we determined that 10 ms light
pulses delivered at 10-20 Hz reliably trigger action potential
discharges during 30 s in ChR2-expressing interneurons of
Nkx2.1-Cre:ChR2-YFP1¥/+ mice at PN10. Interestingly, action
potentials were triggered with high fidelity in these same cells at
frequencies of 50 Hz upon depolarizing current injections. These
results indicate that the inability of interneurons to respond to
light stimuli is not due to their immature intrinsic membrane
properties at this age, but likely to ChR2 expression levels
and channel gated properties. Indeed, the opening and closing
kinetics of ChR2 are slower than those of voltage-gated Na™
and K" channels. Photocycle models for ChR2 describe two
open states (O1-02) and at least two non-conductive “D” sub-
states characterized by a slow recovery —from 10 s to more
than 20 s- after a dark period (Ernst et al., 2008; Stehfest and
Hegemann, 2010; Grossman et al., 2011; Saita et al, 2018).
This requirement of a long-lasting dark period to recruit ChR2
activation upon a new light stimulus partially explains the
limited neuronal response to high frequency photostimulation
(Ernst et al., 2008; Grossman et al., 2011). In addition, due
to the O1-to-O2 turnover, short inter-pulse intervals preclude
the proper ChR2 closing (Grossman et al., 2011; Saita et al,
2018). In this line, Grossman et al. (2011) found that in
response to 50 Hz photostimulation trains applied to ChR2-
transfected hippocampal neurons, only 63% of the responsive
ChR2 were closed in the inter-pulse interval compared to 99% at
10 Hz, preventing membrane repolarization and leading to the
depolarization block of these neurons (Grossman et al., 2011).
Nevertheless, since not all the channels are activated upon a
single photostimulation, a strong level of protein expression can
partially compensate for ChR2 slow kinetics. Indeed, we observed
that photostimulation of FSI delivered at 50 Hz in PV-Cre:ChR2-
YEPox/flox mjce in the fourth PN week was less efficient than that
of FSI in Nkx2.1-Cre:ChR2-YFP19¥/+ mice in the third PN week
(~15 vs. 75%, respectively).

Neuron-OPC communication has been extensively studied in
both gray and white matters (Maldonado et al., 2011; Maldonado
and Angulo, 2015). Interestingly, GABAergic synaptic contacts
are established on OPCs early in the PN neocortex, reaching
a peak at PN10 (Vélez-Fort et al, 2010; Balia et al,, 2015;
Orduz et al., 2015). In addition, interneurons are known to
act in a paracrine manner by releasing fractalkine to promote
OPC development in the immature neocortex (Voronova et al.,
2017). Finally, Stedehouder et al. (2018) recently demonstrated
that PV interneuron myelination by oligodendrocytes is an

activity-dependent process, as shown for other neuronal cell types
(Hines et al., 2015; Mensch et al., 2015; Wake et al., 2015).
All these data indicate a close relationship between GABAergic
interneurons and oligodendroglia during PN development, and
suggest a role of the activity of these neurons in regulating
oligodendroglia function. After determining the parameters for
interneuron photoactivation in vivo at PN10, we examined the
effect of an increased interneuron activity on OPC proliferation
at this critical developmental stage for OPC development
in the somatosensory cortex (Hill et al, 2014; Balia et al,
2017). We found that the activity of GABAergic interneurons
did not change either OPC proliferation or the number of
OPCs and OLs in response to a 3 h photostimulation session.
This result is in line with our previous report showing no
changes in OPC proliferation after the genetic inactivation
of interneuron-OPC synapses at the same age (Balia et al,
2017). However, a previous study had shown that 30 min
photoactivation of cortical glutamatergic neurons had a rapid
effect on the proliferation of these progenitors in juvenile mice
(Gibson et al., 2014). It is therefore possible that the activity
of glutamatergic and GABAergic neurons in the neocortex
play different roles in OPC function. Alternatively, other
stimulation paradigms for interneuron activation, closer to
their higher firing frequency, need to be tested. Indeed, OPCs
might respond in a different manner to different stimulation
paradigms (Nagy et al., 2017). To test this possibility, however,
other variants of ChR2 would be probably more appropriate
such as the form E123T/T159C that has a success rate
higher than 80% at 60 Hz (Berndt et al, 2011), or the
ChETA variant that allows for a stimulation up to 200 Hz
(Gunaydin et al., 2010).

CONCLUSION

In conclusion, this report provides a step-by-step description
of an experimental protocol for the optogenetic interrogation
of a neuron-oligodendroglia interaction in mouse pups. This
methodology could be useful for instance to analyze whether
neuronal activity promotes oligodendroglia migration by
inspecting the cell density in different cortical layers after in vivo
stimulation or to search for activity-dependent interneuron-OPC
synaptic plasticity by performing electrophysiology in brain
slices or immunostainings of synaptic compartments at the end
of the in vivo protocol. It can also be adapted to other optogenetic
tools and cellular interactions of the developing brain to get new
insights on the role of glial cells in vivo during neuronal circuit
formation and maturation.
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Article Il

A. Objective

Convergent evidences pointed out a common embryonic origin and a close relationship of
GABAergic INs and OPCs derived from MGE and POA derived during postnatal development.
The majority of INs arise from these two embryonic regions, the 60% and 10% respectively,
as well as the firstOPCs (Kessaris et al., 2006). Interestingly both progenitors express the
transcription factor Nkx2.1 (Butt et al., 2008; Kessaris et al., 2006).

« Beside this common embryonic origin, GABAergic INs and OPCs are also close partners
during cortical development. It has been shown that migrating INs communicate to OPCs by
secreting factors that promote oligodendrogenesis. In addition, as we already mentioned
before, OPCs represent the only non-neuronal cell type in the CNS that receive functional
synaptic inputs from neurons and are innervated by GABAergic INs » (Orduz et al., 2019). In
the mouse somatosensory cortex, the team described a peak of GABAergic synaptic activity
of OPCs at PN 10, restricted to a precise temporal window and characterized by a highly
sophisticated spatial organization of interneuron-OPC microcircuits (Orduz et al.,, 2015).
« Interestingly, this connectivity occurs in parallel with the period of massive PCD of both
cortical INs and OPCs» (Orduz et al., 2019).In particular, firstOPCs are believed to
completely disappear at the end of cortical development while up to 40% of INs coming from
the same embryonic regions are eliminated in the first postnatal week (Southwell et al.,
2012; Kessaris et al., 2006).

Considering the convergence in the embryonic origin of INs and firstOPC, their
concommittant death and their highly regulated transient connectivity, we hypothesized the
existence of a fine-tuned balance between OPCs and their ontogenetically-related INs that
might participate to cortical construction.

In order to assess the functional impact on cortical development of the strong relationship
between firstOPCs and their embrionically interneuronal partners, we first focus our
attention on the transient and very local arrangement of IN-firstOPC microcircuits, analyzing
their spatial organization and connectivity. Second, we analyzed the fate of a surviving

subpopulation of cortical firstOPCs during the second and third postnatal weeks. Finally, we
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prevented the death of these two ontogenetically-related cell populations by genetically
inducing the survival of cells committed to die and analyzed the consequences. We
specifically inactivated the pro-apoptotic Bax in both INs and firstOPCs using the Cre
Nkx2.1¢e;Rosa26tTomato |ine crossed to Bax™f;Bak*- mice. Rosa26tdTomate js ysed to label Bax
knockout cells. We first evaluated the death and survival of different subtypes of INs and
firstOPCs derived from a common embryonic origin to then analyze the impact of rescued
INs and OPCs on cortical circuit formation, maturation and myelination. In summary, our aim
was to understand how ontogenetically-related INs and OPCs interact during postnatal

development.

B. Methodology

1) Transgenic Cre-Lox mice used in our study

In this study, we produced several transgenic lines. First, we used Dbx1¢¢,
Nkx2.1Cre, Rosa26YFP, Rosa26tdTomato lines to generate
Dbx1¢¢/Rosa26"?, Nkx2.1¢¢/Rosa26" and Nkx2.1¢¢/Rosa26tTomato transg
enic mice which allowed us to follow cells derived from the ePOA and MGE
and POA respectively (Xu et al.,, 2008 ; Hirata et al.,, 2009). «.The
Dbx1¢¢/Rosa26Y" and Nkx2.1¢¢/Rosa26"F’ mice were also crossed with
the NG2PsRed  trgnsgenic mouse in order to recognize the whole OPC
population by the expression of the red fluorescent protein variant
(DsRed.T1) expressed under the control of the mouse NG2 (Cspg4)
promoter/enhancer (Zhu et al., 2008).

We then generated Dbx1¢¢/Rosa26Y/PLPPsRed  triple transgenic mice in
which the proteolipid protein (PLP) promoter targets the expression of
DsRed, specifically in mature OLs. This mouse line allowed us to follow
FirstOLs derived from Dbx1-expressing progenitors of the POA through YFP
fluoresence, and OLs from all origins through DsRed (Orduz et al., 2019).

In addition, we used the Nkx2.1¢¢ transgenic line crossed with the
Rosa26tdTomato transgenic mouse to genetically target Nkx2.1-expressing

progenitors from the POA and MGE (Jax laboratories). Finally, we crossed
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Nkx2.1€¢;Rosa26tTomato \yith the Baxtm25k:Baktm1Thsn/l to induce the survival
of Nkx2.1-derived FirstOPC and IN survival. Stanley J. Korsmeyer's lab
(Harvard Medical School) designed this transgenic line, using a vector to
flank exons 2-4 with loxP sites in Bax sequence. « When bred to Cre
recombinase expressing mice, the resulting offspring will have exons 2-4 of
Bax deleted in the cre-expressing tissues (determined by promoter driving
cre expression) » (Jax laboratories). For Bak, Dr. Craig B. Thompson's lab
(University of Pennsylvania) designed a vector to replace exons 3-6
(encoding the Bcl2 homology domains) with a neo cassette. We crossed
this line with the Baxtm2Sk:Baktm1Thsn// |ine harboring the floxed Bax allele
and the Bak knock-out allele in order to inactivate Bax and permanently
label Nkx2.1-derived cells. Thus, we

used Nkx2.1¢;Rosa26tdTomato-Bqa k*/~:Baxf line as knockout mice.

C. Main results

In my second project, we genetically target ontogenetically-related Dbx1- and
Nkx2.1-derived INs and oligodendroglia to follow the dynamic of their death and
survival as well as IN-OPC microcircuits. Finally, to study the role of these two cell
types in circuit formation during cortical development, we induce Nkx2.1-derived IN
and firstOPC survival by using a genetic approach that inactivates Bax and Bak in

these cells.

1) Connectivity between Dbx1-derived INs and firstOPCs

In Dbx1¢¢;Rosa26"FP;NG2PsRed mice, INs and firstOPCs derived from Dbx1-
expressing progenitors of the POA were lineage-traced with the
fluorescent reporter YFP, and OPCs from all origins with DsRed. In this line,
we observed in the somatosensory cortex at PN 10, i.e. at the peak of
synaptic connectivity between INs and OPCs (Orduz et al. 2015), that YFP*
cells were forming small groups of cells spatially close to each other. In
order to asses the presence of firstOPCs in these groups, we identified the

YFP*/DsRed* cells and verified their identity by co-labeling with the
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oligodendroglial lineage marker Olig2. The small cell groups observed were
composed of YFP*INs only, YFP*/DsRed*OPCs only or YFP*INs and
YFP*/DsRed* OPCs simultaneously. Interestingly, we also observed that the
stimulation of presynaptic YFP* INs elicited synaptic currents on neighbor
YFP*/DsRed* OPCs in 42.8% of tested pairs, completely abolished by
GABAAR antagonist Gabazine, confirming the GABAergic nature of these
synapse. On the contrary, the connection probability was significantly
reduced in all IN-OPC tested pairs (23.8%) or pairs with YFP~/DsRed* OPCs
(13.5%).

This tight spatial arrangement of YFP*/DsRed* OPCs with their
ontogenetically-related INs and the preferential connectivty of YFP*INs
with YFP*/DsRed* OPCs suggest potential specific interactions between
these two cell populations. This study identifies the common embryonic

origin as a factor favoring IN-OPC connectivity.

2) Dbx1-derived INs and firstOPCs form cell clusters

In the Dbx1‘¢R0sa26""" mice at PN 10, « using the unsupervised
hierarchical cluster analysis via multi-scale bootstrap resampling, we
evaluated the existence of unbiased YFP* cell groups clustered according to
their intersomatic cell distance » (Orduz et al., 2019).

We were able to recognized clusters composed by INs only (62.4%), INs
and oligodendroglia (mixed, 26.1%) or oligodendroglia only (Olig2* cells,
11.5%).

3) Surviving Dbx1-derived OPCs produce OLs in cell clusters

We analyzed the distribution and fate of Dbx1-derived oligodendroglia
during development in the somatosensory cortex and observed a decrease
in the density of YFP*/Olig2* cells from PN 4 to PN 10. From PN 10 to PN
19, in contrast, we did not observe significant changes in the densities of
YFP*/Olig2* cells, and all Olig2* cells remained relatively stable. We also
showed that surviving YFP*/Olig2*/CC1-OPCs became mature OLs

mantaining the organization in cell clusters at PN 19.
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4)

5)

Dbx1-derived OLs myelinate multiple axons inside the clusters

Using Dbx1¢¢;R0sa26""P;PLPPsRed triple transgenic mice, in which PLP
promoter targets the expression of DsRed specifically in mature OLs, we
performed triple immunostainings against YFP to trace Dbx1-expressing
progenitors, the axonal marker SMI-312 and the MBP. We observed that
YFP*/DsRed* OLs myelinate axons surrounding their YFP*interneuron
partners. We also performed other stainings against SMI-312 and PV which
revealed that PV*axonal segments co-localized with branches of
YFP*/DsRed* OLs in cell clusters. In addition, about a fifth of these branches
were SMI-312*/PV* while the others were SMI-312*/PV-. « Similar
proportions were observed for YFP~/DsRed* OLs derived from other origins
outside YFP*cell clusters. Therefore, YFP*/DsRed*OLs from the POA
behave as other OLs and myelinate PV*and PV~ neurons without a
preference for PV* axons, indicating that the function of these clusters is
not to preferentially myelinate YFP*IN partners» (Orduz et al,,
2019). « Finally, the branches of these YFP*/DsRed* OLs covered relatively
small areas, suggesting that they myelinate GABAergic PV* and
glutamatergic PV~ fibers being part of the YFP* IN microcircuit » (Orduz et
al., 2019).

Connectivity between Nkx2.1-derived INs and firstOPCs

We observed that Nkx2.1-derived INs showed a high connectivity with
their lineage-related firstOPCs while a low connectivity with OPCs coming
from other embryonic regions. These data demonstrated that firstOPCs
from both MGE and POA in physiological conditions remains synaptically
connected with their ontogenetically-related INs in the postnatal
neocortex. On the contrary, once we induced the aberrant survival of
ontogenetically-related firstOPCs and IN by inactivating Bax, we found that
the cells prevented to die did not show the same high connection

probability observed in physiological condition during the second postnatal
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week. This suggests that the connectivity between the two populations

may be a signal promoting survival.

6) Programmed cell death is key for oligodendroglia homeostasis

Interestingly, contradicting our expectations, we observed that the
population of rescued tdTomato*/Olig2* cells was not compensated by a
reduction of OPCs from other embryonic origins but, on the contrary,
induced an increase in the density of the other following OPC waves
tdTomato/Olig2*. The PCD is thus not only a mechanism to ensure a
correct IN-first OPC interactions and reach a proper excitation/inhibition
balance of neuronal networks, but is also required to regulate the densities
of OPCs and myelinating OLs in the cortex. We also observed a consequent
increase in myelination in cortical deeper layers concordant with the

increase in mature OLs density identified in LV-VI » (Orduz et al., 2019).
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Developmental cell death regulates lineage-related
interneuron-oligodendroglia functional clusters and
oligodendrocyte homeostasis

David Orduz® 2> Najate Benamer23®, Domiziana Ortolani?3®, Eva Coppola?34, Lisa Vigier?34,
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The first wave of oligodendrocyte precursor cells (firstOPCs) and most GABAergic inter-
neurons share common embryonic origins. Cortical firstOPCs are thought to be replaced by
other OPC populations shortly after birth, maintaining a consistent OPC density and making
postnatal interactions between firstOPCs and ontogenetically-related interneurons unlikely.
Challenging these ideas, we show that a cortical firstOPC subpopulation survives and forms
functional cell clusters with lineage-related interneurons. Favored by a common embryonic
origin, these clusters display unexpected preferential synaptic connectivity and are anato-
mically maintained after firstOPCs differentiate into myelinating oligodendrocytes. While the
concomitant rescue of interneurons and firstOPCs committed to die causes an exacerbated
neuronal inhibition, it abolishes interneuron-firstOPC high synaptic connectivity. Further, the
number of other oligodendroglia populations increases through a non-cell-autonomous
mechanism, impacting myelination. These findings demonstrate unprecedented roles of
interneuron and firstOPC apoptosis in regulating lineage-related cell interactions and the
homeostatic oligodendroglia density.
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uring development, oligodendrocyte precursor cells

(OPCs), the obligate progenitors of myelinating oligo-

dendrocytes (OLs) in the Central nervous system (CNS),
arise from multiple restricted periventricular germinal regions.
Three sequential waves of OPCs populate the cerebral cortex
according to a ventro-dorsal temporal progression!. A first wave
arises from Nkx2.1-expressing precursors of the medial gang-
lionic eminence (MGE) and the embryonic preoptic area (ePOA)
around the embryonic day 12.5 (E12.5). A second wave is gen-
erated by E14.5 from precursors expressing the homeobox gene
Gsx2 in the lateral and medial ganglionic eminences (LGE and
MGE) and, finally, a third wave arises at birth from precursors
expressing the homeobox gene Emx1 in the cortex!.

Cre-loxP fate mapping in transgenic mice revealed that the first
wave of OPCs (firstOPCs) from the MGE and ePOA is eliminated
10 days after birth in the mouse cerebral cortex, and replaced by
OPCs produced in the second and third waves'. Although first-
OPCs survive in other CNS regions!?, their massive death in the
neocortex makes unlikely any role of this OPC population in
cortical circuit maturation and myelination!-3. Furthermore, the
genetic ablation of firstOPCs led to the conclusion that this cell
population may play redundant functions with other OPCs since
they are replaced with no drastic alterations of myelination!2. In
fact, OPCs tend to homeostatically maintain their cell number®>,
and it is assumed that competition among OPC waves partici-
pates to this process during development!.

As firstOPCs, the majority of cortical GABAergic interneurons
are born from progenitors expressing the transcription factor
Nkx2.1 settled in the MGE and ePOA®. While the MGE produces
around 60% of the entire interneuron population, the ePOA
contributes with ~10% (refs. ©8). Beyond this common
embryonic origin, interneurons and OPCs are close partners
during cortical development. First, migrating interneurons signal
to OPCs in a paracrine fashion by secreting factors that promote
oligodendrogenesis®10. Furthermore, OPCs represent the only
non-neuronal cell type in the CNS that receive functional
synaptic inputs from neurons and are innervated by GABAergic
interneurons!1-13. In the mouse somatosensory cortex, the
GABAergic synaptic activity of OPCs reaches a peak at postnatal
day 10 (PN10) and then declines!>!415. Restricted to a precise
temporal window, OPC connectivity is characterized by a highly
sophisticated spatial organization of interneuron-OPC micro-
circuits!®. Interestingly, this transient connectivity occurs during
the period of massive programmed cell death of both cortical
interneurons and OPCsb!21%16. Indeed, the entire firstOPC
population! and 40% of interneurons!® are eliminated during the
first two postnatal weeks. The convergence in the embryonic
origin of interneurons and firstOPC, their death and their highly
regulated transient interneuron-OPC connectivity suggests pos-
sible interactions between these two cell types that might parti-
cipate to cortical construction.

Challenging the above-mentioned established views, our
results demonstrate that not all firstOPCs die in the developing
neocortex and that the surviving subpopulation displays a spe-
cific spatial distribution and a preferential synaptic connectivity
with their ontogenetically-related interneurons. Furthermore,
the induction of the concomitant survival of MGE- and ePOA-
derived interneurons and firstOPCs committed to die causes a
significant decrease of interneuron-firstOPC connection prob-
ability while generating an exacerbated neuronal inhibition.
Therefore, although rescued interneurons are functional and
target other neurons, they lack their preferential connectivity
with firstOPCs. Finally, the prevention of interneuron and
firstOPC apoptosis causes a general increase in the entire oli-
godendroglia population and a hypermyelination of deep cor-
tical layers after the end of the period of massive cortical

programmed cell death. Our results contradict the notion that
different OPC waves play redundant roles and compensate for
each other.

Results

Connectivity between Dbx1-derived interneurons and first-
OPCs. The common embryonic origin of interneurons and
firstOPCs may impact the transient and very local arrangement of
interneuron-OPC  microcircuits previously reported in the
somatosensory cortex!®. Progenitors expressing the transcription
factor Dbx1 in the ePOA produce a subset of firstOPCs that begin
the invasion of cortical territories by E14 (refs. 17:18). In addition,
they also give rise to a small, but very diverse population of
interneurons that preferentially invades deep cortical layers”-817,
To specifically follow firstOPCs and interneurons from the ePOA
at postnatal stages, we produced Dbx1“RE;Rosa26YFP;NG2PsRed
triple transgenic mice. In this mouse line, interneurons and
firstOPCs derived from Dbx1-expressing progenitors of the ePOA
were lineage-traced with the fluorescent reporter YFP, and OPCs
from all origins with DsRed!®1%. We initially examined sections
of the somatosensory cortex at PN10 when interneurons reach a
peak of synaptic connectivity with OPCs!>. As expected from
previous reports”®17, YFP* cells were scarce and distributed
mainly in cortical layers V and VI (Fig. la). Interestingly, we
observed that instead of appearing homogeneously distributed, a
majority of them were rather prone to gather together by forming
small cell groups spatially segregated from one another (Fig. 1a).
To assess the presence of firstOPCs in these groups, we searched
for YFP+/DsRed " cells and verified their identity by co-labeling
with the oligodendroglial lineage marker Olig2 (Fig. 1a). Groups
of Dbx1-derived cells were composed of YFPT interneurons only,
YFP*/DsRed* OPCs only or YFPT interneurons and YFP/
DsRed ™ OPCs simultaneously. This narrow spatial arrangement
of YEP*/DsRed™ OPCs with their ontogenetically related inter-
neurons suggests potential specific interactions between these two
cell types.

OPCs synaptically interact with interneurons by forming very
local microcircuits during the second postnatal week!®. We thus
compared the synaptic connection probability of presynaptic
YFP* interneurons with either YFPt/DsRedt OPCs (from
Dbx1-expressing progenitors) or YFP~/DsRed™ OPCs (from
other sources) using paired recordings in layers V and VI of acute
somatosensory cortical slices during the second postnatal week.
Patched cell pairs never exceeded intersomatic distances of 80 um
to remain in the spatial range of interneuron-OPC connections!.
We found that the stimulation of presynaptic YFP™T interneurons
elicited synaptic currents on neighbor YFP*/DsRed™ OPCs in
42.8% of tested pairs (Fig. 1b, c). The evoked postsynaptic
currents (PSCs) were completely abolished by the GABA,
receptor antagonist SR95531 (Gabazine), confirming the
GABAergic nature of these synapses (Fig. 1b). Interestingly, the
connection probability was significantly reduced when consider-
ing all interneuron-OPC tested pairs (23.8%) or pairs with YFP—/
DsRed* OPCs (13.5%, Fig. 1c). The 3.2-fold higher connection
probability of postsynaptic YFPT/DsRed™ OPCs compared to
YFP~/DsRed™ OPCs was not accompanied by changes either in
PSC amplitudes or short-term synaptic plasticity (mean ampli-
tudes: —5.54 + 1.23 pA vs. —5.57 + 1.26 pA, respectively, p = 0.98;
paired-pulse ratio: 0.45+0.03 vs. 0.49 +0.06, respectively, p =
0.55, Mann-Whitney U test; data represent mean + SEM). In
addition, we observed a peak of connectivity at PN10-11 for both
YFP*/DsRedt OPCs and YFP—/DsRedt OPCs (Fig. 1d),
indicating that the connectivity of YFPT interneurons with OPCs
derived from distinct origins followed the similar developmental
regulation of the entire interneuron population!®.
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Fig. 1 Dbx1-derived interneurons preferentially target OPCs from the same lineage. a Confocal images of YFP* interneurons (green) and YFP*/DsRed™
OPCs (green and red) in layers V and VI of the somatosensory cortex in a Dbx1RE;Rosa26YFP:NG2PsRed mouse at PN10. Olig2 (cyan, right) immunolabeling
for the same cortical field identifies oligodendroglia within these groups. White dotted squares surround two YFPT cell groups shown in insets. The first
group (1) is composed of two YFPT interneurons and the second (2) of a YFP+ interneuron and two YFP*/DsRed*/Olig2+ OPCs. Arrowheads point to two
other groups of YFP* interneurons. Scale bars: 100 and 10 um. b Paired recording between a presynaptic YFP* interneuron and a YFP*/DsRed* OPC.
Action currents evoked in a YFPT interneuron (green) elicited PSCs recorded in a YFPt/DsRedt OPC (yellow; average of 100 traces) that were abolished
by the GABA4 receptor antagonist SR95531 (5 uM, gray; n =5 connected pairs). € Connection probabilities for all tested DsRed™ OPCs (black, n =168),
YFP*/DsRed* OPCs (yellow, n=56), YFP—/DsRed* OPCs (red, n=118) and postsynaptic YFP* interneurons (green, n=72). Note that presynaptic
YFPT interneurons target preferentially YFPt/DsRed™ OPCs compared to YFP—/DsRed™ OPCs or postsynaptic YFPT interneurons (Chi-squared test;
significant p-values are indicated). d Connection probabilities for YFP*/DsRed™ OPCs (yellow) and YFP—/DsRed* OPCs (red) as a function of three
postnatal stages (PN8-9, PN10-11 and PN12-13; n =12, n =17, n = 6 tested pairs for YFP*/DsRed* OPCs and n =15, n= 26, n =17 tested pairs for YFP—/
DsRed* OPCs). e Sequential paired recordings between a single presynaptic YFPT interneuron (green) and two different neighbor OPCs, a YFP*/DsRed™
OPC (yellow) and a YFP—/DsRed+ OPC (red). Note that action currents evoked in the YFP* interneuron elicited PSCs in the YFP+/DsRed+ OPC, but not
in the YFP—/DsRed* OPC. f Connection probabilities for sequential paired recordings revealed a high connection probability for YFP*+/DsRed+ OPCs
(yellow) compared to YFP—/DsRed®™ OPCs (red; n = 58 sequential paired recordings) (Chi-squared test)

The preference of YFP* interneurons to innervate YFPT/DsRedt  interneurons to innervate any surrounding cell when organized in
OPCs suggests that interneuron-OPC connectivity is positively ~ YFPT cell groups. Since YFPT interneurons were also often close to
influenced by the embryonic origin. However, this preferential each other (Fig. 1a), we tested their synaptic connectivity when their
connectivity could also result from a higher capacity of YFPt intersomatic distances were <80 um. Despite sharing a common
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origin, pairs of YFPT interneurons had a lower connection
probability (13.9%) than that of their ontogenetically related YFP+/
DsRed* OPCs in the second postnatal week (Fig. 1¢; Supplementary
Fig. 1). In addition, we used sequential paired recordings between a
single presynaptic YFPT interneuron and two distinct neighbor
OPCs to compare, within the same YFP cell group, the connection
probability between YFP*/DsRed™ OPCs and YFP~/DsRed™ OPCs
(Fig. le). We also observed a 2.6-fold increased connectivity onto
YFPT/DsRed™ OPCs compared to YFP~/DsRed™ OPCs inside
YFPT cell groups (Fig. le, f). Therefore, in comparison to other
neighbor postsynaptic YFPT interneurons or OPCs from different
origins, YFPT/DsRedt OPCs constituted the preferential synaptic
target of YFP™ interneurons when these two YFP™ cell types were
spatially associated. As for the entire populations of interneurons
and OPCs!, Dbxl-derived YFP' fast-spiking interneurons
(FSI) and non-fast interneurons (NFSI) innervated YFP*/DsRed*
OPCs and YFP~/DsRedt OPCs (Supplementary Fig. 2). However,
YFP* FSIs constituted a prevalent presynaptic input onto any OPC
(Supplementary Fig. 2c). We concluded that, in the second postnatal
week, the connectivity between interneurons and firstOPCs is
favored by their embryonic origin.

Dbx1-derived interneurons and firstOPCs form cell clusters.
Our functional data showed a preferential connectivity between
interneurons and firstOPCs derived from the ePOA in groups of
YFPT cells at postnatal stages. Therefore, these cells should form
predictable YFPT cell clusters throughout layers IV and VI in
Dbx1CRE;R0sa26YFP mice at PN10, ie. at the peak of their
synaptic connectivity (Fig. 1d). To test this possibility, we used
unsupervised hierarchical cluster analysis via multi-scale boot-
strap resampling to evaluate the existence of unbiased YFPT cell
groups clustered according to their intersomatic cell
distances?®2!. To discriminate YFPT interneurons from YFP+
oligodendroglia in large field of views, we performed immuno-
labelings against YFP, the marker for the oligodendrocyte lineage
Olig2 and the marker for mature OLs CCl (Fig. 2a, b).
We considered YFP*/Olig2=/CC1~ cells as interneurons, YFP/
Olig2t/CC1~ cells as firstOPCs, YFPT/Olig2t/CC1+ cells as
differentiated OLs and calculated Manhattan distances from their
X, ¥, z coordinates (see Methods). Figure 2c illustrates a den-
drogram showing the hierarchical relationship between identified
YFPT cells, grouped according to their Manhattan distances. By
randomly resampling elements of the data, the bootstrap-based
approach computed p-values for each YFP1 cell cluster at each
branch of the dendrogram?. Only cell groups with a 95% con-
fidence probability were considered as clusters supported by data
(Fig. 2b, ¢, gray boxes). This statistical analysis revealed that most
YFPT cells were organized in cell clusters (Fig. 2c). We found that
72.5% of detected clusters were formed by two to three cells and
93.6% of clusters contained a maximum of seven cells, indicating
that a cluster size is restricted to few cells (Fig. 2d). We recognized
clusters composed by interneurons only (62.4%), interneurons
and oligodendroglia (mixed, 26.1%) or oligodendroglia only
(Olig2 ™ cells, 11.5%) (Fig. 2b, c, €). When considering all inter-
somatic distances (Euclidean) among YFP™ cells in clusters, the
mean distance in mixed and Olig2™ cell clusters was significantly
reduced with respect to that of clusters formed exclusively by
YFPT interneurons (Supplementary Fig. 3a). However, when
considering clusters containing only two YFP* cells, both YFP+
interneuron and mixed clusters displayed similar distances
(Supplementary Fig. 3b). The mean intersomatic distance of
mixed clusters containing only two cells was limited to 70 + 4 um
(Supplementary Fig. 3b). In line with the existence of predictable
clusters, all connected pairs found with patch-clamp recordings
occupied a very confined space with interneuron-OPC

intersomatic distances <60 pm, independently of the origin of
cells (Supplementary Fig. 4).

The computation analysis and distribution of OPCs in
connected pairs showed that the organization of YFP* cells
in cortical layers IV-VI is not random and follows a distribution
where YFP™ interneurons and YFP™ oligodendroglia appear often
close to each other. These results indicate that the preferential
connectivity of interneurons and firstOPCs from the Dbx1 cell
lineage can be predicted by the existence of these clusters.

Surviving Dbx1-derived OPCs produce OLs in cell clusters. It is
considered that the first wave of OPCs does not play a role at
postnatal stages in the neocortex because it totally disappears
at around PN10 (refs. 3), when the myelination process has not
started yet. However, our data revealed the presence of functional
lineage-related interneuron-firstOPC connections during the
second postnatal week, indicating that a subpopulation of cortical
firstOPCs survives. We therefore analyzed the distribution and
fate of Dbx1-derived oligodendroglia during development in the
somatosensory cortex (Fig. 3). We observed a seven-fold decrease
in the density of YFP1/Olig2™ cells from PN4 to PN10 which
were mainly firstOPCs at these ages (Fig. 3a, b). As expected,
similar dynamics were observed for the total number of Olig2*
cells and OPCs, but the decrease from PN4 to PN10 was much
less pronounced (Fig. 3e, f). Together, these results indicate that
firstOPCs constituted a main population of Olig2™ progenitors
dying during the first postnatal days. From PN10 to PN19, the
densities of YFP1/Olig2™ cells and all Olig2* cells remained
relatively stable (Fig. 3a, e). As for the whole population of OPCs
and OLs (Fig. 3f, g), a reduction in the density of YFP/Olig2*/
CC1~ OPCs at PN10 was followed by an increase in the density
of YFPT/Olig2*/CC1%+ OLs at PN19 (Fig. 3b-d), indicating that
surviving YFPT/Olig2™/CC1~ OPCs became mature OLs
(referred as firstOLs). At PN90, the density of YFP*/Olig2™ cells
were not significantly different to those at PN10 and PN19 but
showed a tendency to decrease (Fig. 3a—c). In fact, the entire
Olig2™ cell population also decreased at this age, probably
because the brain reached its adult size (Fig. 3e). Interestingly,
unsupervised hierarchical cluster analysis revealed that a majority
of YFPT cells were still organized in cell clusters at PN19 and
followed similar distributions and compositions to clusters at
PN10 (Supplementary Fig. 3c-i). In particular, the mean inter-
somatic distance in mixed clusters formed by two cells was
similar between the two developmental stages (~70 pum; Supple-
mentary Fig. 3b, d). Finally, these clusters were also visualized in
the motor and visual cortex where the dynamics of YFPT oli-
godendroglia followed similar trends during postnatal develop-
ment (Supplementary Fig. 5).

In conclusion, YFPT interneurons and YFPT OLs keep their
organization in cell clusters at later development stages, suggesting
that interneurons and firstOPCs from the Dbx1 cell lineage form a
functional unit that persists in the postnatal neocortex.

Dbx1-derived OLs myelinate multiple axons inside clusters. To
determine the capacity of YFP™ OLs to myelinate axonal fibers in
the third postnatal week, we generated a DbxICRE;R0sa26YFP;
PLPDsRed triple transgenic mice in which the proteolipid protein
(PLP) promoter targets the expression of DsRed specifically in
CCI1t OLs*22, This mouse line allowed us to lineage-trace first-
OLs derived from Dbx1-expressing progenitors of the ePOA with
the fluorescent reporter YFP, and OLs from all origins with
DsRed. We imaged cell clusters composed of YFPT/DsRedt OLs
and YFP*/DsRed~cells recognized as interneurons by their large
somata (Fig. 4a, ¢) and, in some cases, by the expression of
Parvalbumin (PV), a specific marker for FSI (Fig. 4d). Similar to
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Fig. 2 Dbx1-derived interneurons and OPCs form cell clusters at PN10. a Confocal image of a coronal section of the somatosensory cortex from a PN10
Dbx1RE:R0sa26YFP mouse showing YFP* cells. Scale bar: 200 um. b Magnification of the rectangle in a showing the unsupervised clusters of YFP* cells
detected by hierarchical cluster analysis in this region (dotted ellipses). Insets: two identified clusters containing OPCs and detected with an approximately
unbiased p-value > 0.95. They are indicated by arrowheads in the dendrogram in ¢. Note that C6 is formed by two YFP*/Olig2t/CC1-OPCs and C7 by a
YFPT interneuron (negative for both Olig2 and CC1) and a YFP*/Olig2+/CC1~OPC, showing the co-existence of different cell clusters. Mature YFP+/
Olig2+/CC1+ OLs are rarely observed at this age. Scale bars: 80 and 10 um. ¢ Hierarchical clustering dendrogram displaying the relationship between
Dbx1-derived interneurons (green), OPCs (yellow) and OLs (magenta) according to their Manhattan distances in the same slice. Detected YFPT cell
clusters with approximately unbiased p values > 95% are shown in gray boxes while isolated cells are outside these boxes (72 3% cells in clusters vs.
28 +3% isolated cells; n =11 slices from 4 mice, p <0.0001, Mann-Whitney U test). d, e Percentages of clusters according to the number of cells per

cluster (d) and the cell composition (e)

PN10, YFP*/DsRed™ OLs at PN19 appeared confined around
YFPT interneurons compared to YFP~/DsRed™ OLs, confirming
the existence of mixed clusters formed by lineage-related inter-
neurons and firstOLs later in development (Fig. 4e, f).

First, we performed triple immunostainings against YFP, the
axonal marker SMI-312 and the myelin basic protein (MBP)
(Fig. 4a, b). In 11 analyzed clusters, a large number of branches of
YFP*/DsRedt OLs co-localized with both SMI-312 and MBP
(Fig. 4b). Hence, differentiated YFP*/DsRed™ OLs myelinate
axons surrounding their YFP™ interneuron partners (Fig. 4c).
Interestingly, PV interneurons which constitute a major input of
OPCs at PN10!> are the main myelinated GABAergic inter-
neuron subtype in the cortex?3-2%. We thus tested whether YFP*/
DsRed™ OLs myelinate surrounding axons of PV ™ interneurons.
Immunostainings against SMI-312 and PV revealed that PVt
axonal segments co-localized with branches of YFP*/DsRed™
OLs in cell clusters (Fig. 4c, d). Quantifications showed that about
a fifth of these branches were SMI-3121/PV+ while the others
were SMI-3127/PV~ (Fig. 4d, g). Similar proportions were
observed for YFP~/DsRed™ OLs derived from other origins
outside YFPT cell clusters (Fig. 4g). Therefore, YFP*/DsRed*
OLs from the ePOA behave as other OLs and myelinate PV ' and

PV~ neurons without a preference for PV+ axons, indicating that
the function of these clusters is not to preferentially myelinate
YFP* interneuron partners. As for the entire interneuron
population?42>, 5 out of 5 YFPT FSI were myelinated while 3
out of 4 YFP+ NFSI were not (Supplementary Fig. 6). Finally, the
branches of these YFPT/DsRed™ OLs covered relatively small
areas (Fig. 4b, d), suggesting that they myelinate GABAergic
(PV1) and glutamatergic (PV ™) fibers being part of the YFPT
interneuron microcircuit.

Connectivity between Nkx2.1-derived interneurons and first-
OPCs. To test whether the preferential interneuron-firstOPC
connectivity does not occur exclusively in the subset of Dbx1-
derived firstOPCs, we generated Nkx2.1°RE;Rosa26YFP;NG2PsRed
and Nkx2.1CRE;Rosa26'dTomato transgenic mice to label all cells
derived from the MGE and ePOA with YFP or tdTomato. In the
first line, OPCs from other origins also expressed the DsRed.
Given the large number of Nkx2.1-derived interneurons in these
mice (around 70%)°, it was impossible to recognize a specific
spatial organization in cell clusters (Fig. 5a). However, Nkx2.1-
derived OPCs and OLs followed similar dynamics to those of
Dbx1-derived oligodendroglia (Fig. 5b-d). While the total
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Fig. 3 Surviving Dbx1-derived OPCs become differentiated OLs. a-¢ Densities of YFP*/Olig2* cells (a), YFP*/Olig2t/CC1~-OPCs (b) and YFP+/Olig2+/
CC1+ OLs (c) at PN4, PN10, PN19 and PN9O in the somatosensory cortex of Dbx1RE:Rosa26YFP mice (dots represent n =3 to 5 animals per age). Note that
YFP+/0lig2+ cell density highly decreases from PN4 to PN10 (a). A reduction of YFP*/Olig2+/CC1~OPCs (b) is followed by an increase in YFP*/Olig2+/
CC1* OLs (€) during development (one-way ANOVA test followed by a Tukey's Multiple Comparison test). d Confocal image of differentiated firstOLs at
PN19 identified by the expression of YFP (green), Olig2 (red) and CC1 (magenta). Note the presence of a YFPT/Olig2—/CCl~interneuron in close vicinity
of this YFP+/0Olig2+/CC1* OLs (white arrowhead). Scale bar: 20 um. e-g Densities of total Olig2+ cells (e), Olig2*+/CC1~OPCs (f) and Olig2+/CC1+ OLs
(g) at PN4, PN10, PN19 and PN9O0 in the somatosensory cortex of DbxTRE:Rosa26YFP mice (dots represent n=3 to 5 animals per age). Note that Olig2+
cell density decreases more from PN4 to PN10 than at later stages (e). A reduction of Olig2+/CC1~ OPCs (f) is followed by an increase in Olig2+/CC1+
OLs (g) during development (one-way ANOVA test followed by a Tukey's Multiple Comparison test). Data are presented as mean + SEM

population of Olig2™ cells from the MGE/ePOA remained rela-
tively stable, the OPC density decreased and OL density increased
from PN10 to PN19. Then, we performed paired recordings
between a fluorescent interneuron and a nearest OPC, whether
from the same origin or from a different origin, during the second
postnatal week (Fig. 5e, f). As for Dbx1-derived cells, Nkx2.1-
derived interneurons displayed a high connection probability of
38.9% with their lineage-related firstOPCs while only of 8.3%
with OPCs from distinct origins (Fig. 5h). These data show that
all surviving firstOPCs from both MGE and ePOA remains
functionally associated with interneurons sharing a common
origin in the postnatal neocortex.

Connectivity of lineage-related cells rescued from death. Large
populations of interneurons and firstOPCs are eliminated by pro-
grammed cell death in the cerebral cortex during the two first
postnatal weeks!16, We thus analyzed what would be their con-
nectivity if cells committed to die survived. To examine the impact
of the concomitant rescue of lineage-related interneurons and
firstOPCs on interneuron-firstOPC connectivity and neuronal
circuit function, we prevented their death by the conditional
deletion of the pro-apoptotic Bcl2-associated X protein (Bax) which
regulates interneuron apoptosis!® and promotes the elimination of
pre-oligodendrocytes®. We inactivated Bax function by crossing a
mouse harboring floxed Bax alleles with Nkx2.1CRE;Rosa26tdTomato
mice (hereafter referred as Bax"/ mice). It is noteworthy that
Dbx1CRE mice could not be used in these experiments since Dbx1
and Bax alleles are on the same chromosome.

An efficient rescue of Nkx2.1-derived interneurons, firstOPCs
and firstOLs occurred in Bax/ mice in all cortical layers at PN10

and PN19 (Supplementary Fig. 7; interneurons, 35.1% and 32.3%
increase, firstOPCs, 59.5% and 75.1% increase and firstOLs, 61.1%
and 50.5% increase at PN10 and PN109, respectively). Despite these
large cell density increases, paired recordings between tdTomato™
interneurons and tdTomato™ OPCs revealed a significant reduc-
tion of their connection probability from 38.9% in controls to
14.3% in Bax/ mice during the second postnatal week (Fig. 5g, h).
To corroborate this decrease in the connectivity, we analyzed
GABAergic PSCs of tdTomato™ OPCs evoked by extracellular
stimulation in the presence of glutamate receptor antagonists at
intensities known to activate a large number of fibers at this age?3.
Evoked GABAergic PSCs were robustly decreased in tdTomato™
OPCs of Baxf mice, confirming the reduced connectivity of
rescued firstOPCs with interneurons (Fig. 5i, j). This low
connectivity could result either from specific disruption of
lineage-related interneuron-firstOPC interactions or a lack of
capacity of rescued interneurons to form synapses and integrate
neuronal networks. To distinguish between these possibilities, we
used acute thalamocortical slices to analyze neuronal excitatory
and inhibitory PSCs in a simple circuit motif where layer IV
glutamatergic neurons receive a weak excitatory thalamic input
compared to FSI which activation triggers powerful intracortical
feedforward inhibition?” (Fig. 6a). As expected in control?/,
electrical thalamic stimulation induces direct small excitatory PSCs
and large disynaptic inhibitory PSCs in layer IV glutamatergic
neurons in the third postnatal week (Fig. 6a, b). Therefore, unlike a
defect of rescued interneurons to form synapses, neuronal
inhibitory currents were robustly increased in Bcle//P mice, resulting
in a strong decrease in the excitation/inhibition ratio (Fig. b, c).
Furthermore, while 4 out of 8 paired recordings between FSI and
glutamatergic neurons were connected in control, 7 out of 7 were
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Fig. 4 Dbx1-derived OLs myelinate axons of PV+ and PV~ neurons in cell clusters. a, ¢ Confocal images of two YFP* cell clusters composed of YFP*/
DsRedt OLs (white arrowheads) and YFP interneurons at PN19 in the somatosensory cortex of Dbx1CRE:Rosa26YFP:PLPPsRed mice. Insets: magnification of
a YFP+/DsRedt OL and a YFP interneuron of the same clusters (asterisks). Scale bars: 25 and 5 um. b The DsRed™ branches of OLs belonging to the
cluster in a (top, white arrowheads) co-localize with the axonal marker SMI-312 (middle) and MBP (bottom), confirming that these cells are myelinating
cells (n= 24 firstOLs from n =3 mice). d The DsRed* branches of OLs belonging to the cluster in ¢ (top, white arrowheads) co-localize with the axonal
marker SMI-312 (middle) and PV, the specific marker of FSI (bottom), confirming that some branches myelinate PV* interneurons. The asterisk indicates
the soma of the PV+/YFP interneuron in the cluster (mean area occupied by YFP+/DsRed* OL: 13419 + 698 um?2; mean diameter: 155.57 £ 7.88 um; n =
9 from 9 clusters). Scale bars in b and d: 50 um. e Spatial distribution of YFP*/DsRed* OLs (red) and YFP—/DsRed* OLs (gray) with respect to YFP+
interneurons (green) in YFPT cell clusters (n =22 clusters). Note the shorter intersomatic distances for OLs and interneurons from the Dbx1 lineage, but
the lack of a specific orientation of OLs. f Box plots of distances (d) of YFP*/DsRed* OLs (red) and YFP—/DsRed* OLs (gray) to YFP+ interneurons (mean
intersomatic distance: 44.2 £ 3.5 um for n =33 YFP*/DsRed* OLs compared to 53.5 + 2.1um for n=99 YFP~—/DsRed* OLs, respectively, in 22 clusters;
Mann-Whitney U test; significant p-value is indicated). Boxes show interquartile ranges and medians; whiskers indicate 10% and 90% percentile values.
g Dot plots of percentages of PVt and PV~ axons co-localizing with SMI-312 and DsRed™* branches of YFP*/DsRed* OLs (red; n = 7 clusters from 3 mice)
and YFP—/DsRed™ OLs (gray; n=7 clusters from 3 mice) (two-way ANOVA, F=0.978 and DF = 1; significant p-values are indicated). Data in g are
presented as mean £ SEM

connected in Bax”f mice (Fig. 6d, e). Connected pairs in this
mouse line displayed larger inhibitory PSCs than controls without
changing their short-term synaptic plasticity and thus their
presynaptic release properties (Fig. 6d-f). This suggests that
rescued interneurons, in addition to be supernumerary, formed
more synaptic contacts into their postsynaptic glutamatergic
neurons than controls. Hence, the exceeding number of
interneurons in Baxf mice caused a hyper-innervation of other
neurons, enhancing the inhibitory drive of neuronal networks and

leading to a drastic excitation/inhibition imbalance. In contrast,
they lost their preferential innervation with their lineage-related
firstOPCs. Nkx2.1-derived interneurons rescued from death were
thus functional and contacted other neurons, but their survival did
not promote interactions with firstOPCs.

These findings show that the connectivity between interneur-
ons and firstOPCs sharing a common origin constitute a highly
specific and regulated process that, unlike for neurons, cannot be
promoted by increasing cell densities. Since forcing the survival of
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Fig. 5 The preferential interneuron-firstOPC connectivity is reduced in Baxf mice. a Confocal images of YFP+ (green), Olig2+ (red) and CC1+ cells in layer
V of the somatosensory cortex in a Nkx2.1°RE:Rosa26YFP mouse at PN10. The white dotted square surrounds a YFP+ interneuron and a YFP*/Olig2+/CC1~
OPC shown in insets. Another YFP+/Olig2t/CC1~ OPC (solid arrowhead) and a YFP—/Qlig2+/CC1+ OL (open arrowhead) are indicated. Scale bars: 100
and 20 um. b-d Layer V and VI densities of YFP*/QOlig2+ cells (b), YFP*/Olig2+/CC1~OPCs (¢) and YFP*/QOlig2+/CC1+ OLs (d) at PN10 and PN19 in the
somatosensory cortex of Nkx2.1°RE:Rosa26YFP mice (dots represent n =3 mice per age). e-g Paired recordings between a presynaptic fluorescent
interneuron and an OPC of the same origin (e) or a different origin (f) in control mice, or between a presynaptic tdTomato™ interneuron and a tdTomato™
OPC of the same origin in Bax”f mice (g). h Connection probabilities for OPCs of the same origin in control (black, n = 36), OPCs of different origin in
control (light gray, n = 24) and OPCs of the same origin in Bax”f mice (dark gray, n = 35). Note that presynaptic interneurons target preferentially OPCs of
the same origin in control (black) compared to OPCs of different origin (light gray) or OPCs of same origin but after Bax inactivation (dark gray; Chi-
squared test; significant p-values are indicated). i GABAergic PSCs evoked by stimulation of neuronal fibers (100 ps; 20 V) in firstOPCs of control (black)
and Bax”f mice (dark gray) recorded at —70 mV in the presence of 10 UM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulfonamide (NBQX)
and 50 uM D-(—)-2-amino-5-phosphonopentanoic acid (D-AP5), showing a reduced mean GABAergic PSC in the Baxf mouse. Stimulation artefacts were
blanked for visibility. The stimulation time is indicated (arrowheads). j Dot plots of current densities for firstOPCs in control (black; n = 20) and Bax¥f (dark
gray; n=18) mice calculated by dividing the mean amplitude of evoked PSCs by the cell capacitance. Note the decreased PSC densities in knockout mice
(Mann-Whitney U test; significant p-value is indicated). Data in b-d and j are presented as mean + SEM

tdTomato/Olig2* cells in Bax”/ mice was not accompanied by a
reduction of non-recombinant tdTomato~ OPCs and OLs in any
cortical layer (Supplementary Fig. 8). Later in development, after
the end of the massive programmed cell death of interneurons and
firstOPCs in the cortex2®, quantifications of non-recombinant
tdTomato~ oligodendroglia revealed a significant increase in the
density of this glial cell population in Bax/ mice (Fig. 7; increase
of 39% of tdTomato~/Olig2™ cells considering all layers at PN19).
While tdTomato~ OPCs were significantly increased in layers
I-IIT where there is less myelin than in deep cortical layers
(Fig. 7b-d; 64% increase of tdTomato~ OPCs in I-III layers),

these cell types does not promote their connectivity, our data also
suggest that, in the normal postnatal neocortex, the firstOPCs
that display low levels of connectivity undergo apoptosis while
those highly connected survive (Fig. 7f).

Programmed cell death is key for oligodendroglia homeostasis.
The genetic ablation of specific OPC waves from ventral regions
does not modify the total OPC number and myelination in the
postnatal cortex, suggesting that competition of OPCs from dif-
ferent origins compensate from one another!. An imbalance in the
firstOPC number should therefore be compensated by a reduction

of OPCs from other sources to maintain the correct cell density.
To test whether the increase in firstOPCs in Bax/ mice is coun-
terbalanced by a reduction in OPCs from different origins, we
quantified the densities of tdTomato~ OPCs and tdTomato~ OLs
in layers I-III, VI and V-VI. At PN10, the increased density of

tdTomato~ OLs were highly increased in layers IV and V-VI of
Bax/f mice (Fig. 7b-d; 44% and 38% increase of tdTomato~ OLs
in layer IV and V-VI, respectively). Consequently, we observed a
significant increase in myelination, detected by myelin basic
protein (MBP), in layer V and VI at PN19 (Fig. 7d, e). These
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Fig. 6 An exceeding number of interneurons increases inhibition in neuronal networks. a Diagram representing the experimental procedure where a layer
|V glutamatergic neuron recorded during the extracellular stimulation of the ventro-basal nucleus (VB) of the thalamus. In this circuit, the recorded neuron
is synaptically connected by FSI which also receive thalamic input that triggers a strong disynaptic feedforward inhibition. b Excitatory (inward) and
inhibitory (outward) PSCs evoked by thalamic stimulation in layer IV glutamatergic neurons of control (black) and Bax?f mice (dark gray) recorded at —70
and O mV, respectively, in acute thalamocortical slices during the third postnatal week. Stimulation artifacts were blanked for visibility. The stimulation time
is indicated (arrowheads). ¢ Dot plots of excitation/inhibition (E//) ratio obtained for glutamatergic neurons in control (black, n =13) and Bax (dark gray,
n=10) mice by dividing excitatory PSCs by inhibitory PSCs (Mann-Whitney U test; significant p-value is indicated). d, e Paired recordings between a
presynaptic FSI and a layer IV glutamatergic neuron in control (black, d) and Bax”f (dark gray, e) mice. Note that action currents evoked in FSI elicited
larger PSCs in glutatamergic neurons of Bax”f mice. f Dot plots of PSCs evoked by the first (PSC1) and second (PSC2) action current in the FSI
(Mann-Whitney U test; significant p-value are indicated). The paired-pulse ratio (PPR = PSC1/PSC2) was not different between control (black, n = 4 out of

8 pairs connected) and Bax”f (dark gray, n=7 out of 7 pairs connected) mice, indicating that there were no changes in the release probability of
presynaptic FSI (PPR: 0.45+0.05 and 0.52 + 0.07, respectively; p = 0.412, Mann-Whitney U test). Data are presented as mean + SEM

results indicate that the prevention of cell death of lineage-related
interneurons and firstOPCs induced a major imbalance in other
oligodendroglia populations that impacted myelination at late
developmental stages.

Overall, these findings show that the population of rescued
tdTomato™/Olig2 ™ cells was not compensated by a reduction of
OPCs from other sources. On the contrary, the concomitant
persistence of lineage-related interneurons and firstOPCs committed
to die induced a pronounced oligodendroglia imbalance through a
non-cell-autonomous mechanism, after the period of massive
cortical programmed cell death (Fig. 7g). Therefore, oligodendroglia
homeostasis in the developing cortex is not solely determined by
competition among different OPC waves. Apoptosis is thus not only
required to properly set interneuron-firstOPC interactions and reach
a correct excitation/inhibition balance of neuronal networks, but
also to regulate the proper densities of OPCs and myelinating OLs
across different cortical layers.

Discussion

Revealing how interneurons and OPCs interact during postnatal
development is fundamental for our understanding of how these
different cellular subtypes contribute to the assembly, maturation
and myelination of cortical circuits. Here we shed light on a
complex postnatal interplay between interneurons and firstOPCs
derived from the same embryonic origin, characterized by the
existence of functional cell clusters that unexpectedly display a high

synaptic connectivity. Late in development, surviving firstOPCs
differentiate into mature oligodendrocytes inside cell clusters where
they myelinate different types of neuronal fibers in vicinity of their
interneuron counterparts. Therefore, the region of birth in the
embryo and the cell lineage favor postnatal cellular interactions that
are tightly regulated during development. Indeed, the connectivity
between lineage-related interneurons and firstOPCs is not pro-
moted by increasing their cell densities (Fig. 7f, g). Furthermore,
contrary to the idea that OPC populations from distinct embryonic
origins compensate with each other to homeostatically control OPC
density!, the concomitant increase of lineage-related interneurons
and firstOPCs is not translated into a decrease in other OPC
populations but to a high increase in the entire oligodendroglia
population via a non-cell-autonomous mechanism (Fig. 71, g). Our
findings question the idea that the different waves of OPCs compete
with each other to regulate OPC density and point to unprece-
dented roles of developmental death of interneurons and firstOPCs
in regulating their lineage-related cell interactions and the home-
ostasis of oligodendroglia.

Our initial hypothesis was that the common origin between
interneurons and firstOPCs favors the assembly of interneuron-
OPC microcircuits that display a very local arrangement!®. Here
we show that the cell lineage favors both the distribution of cells
in predictable clusters and their preferential high local con-
nectivity. Moreover, Bax-dependent rescue experiments indicate
that interneurons and firstOPCs prevented from death induces a
decrease rather than an increase in the proportion of lineage-
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Fig. 7 Imbalance of oligodendroglia homeostasis and hypermyelination in Baxf mice at PN19. a Confocal images of tdTomato™ (red) and Olig2* (cyan)
cells of layers V and VI of the somatosensory cortex in control (left) and BaxT (right) mice at PN19. Note the large increase in the number of non-
recombinant tdTomato—/Olig2™ oligodendroglia in Baxf mice. Scale bar: 50 um. b, ¢ Densities of non-recombinant tdTomato—/Olig2+/CC1~OPCs (b)
and tdTomato—/Olig2/CC1+ OLs (c) in layers I-1lI, IV and V-VI of the somatosensory cortex in control (left) and Bax?T (right) mice at PN19 (dots
represent n = 3 animals per condition; Mann-Whitney U test; significant p-values are indicated). d Confocal images of MBP in the somatosensory cortex of
control (left) and Bax (right) mice at PN19. The characteristic gradient of increasing myelination from superficial to deep cortical layers occurs in both
controls and Bax”f mice. Note the increased myelination of deep layers in the Bax”f mouse. Scale bar: 200 um. e Dot plots of mean MBP fluorescence
intensities in layers I-1ll, IV and V-VI of the somatosensory cortex in control (n = 6 slices from 2 animals) and Bax’f (n =5 slices from 2 animals) mice at
PN19 (Mann-Whitney U test; significant p-value is indicated). Data are presented as mean = SEM. f, g Schematic diagram illustrating postnatal functional
clusters between interneurons and oligodendroglia derived from the MGE and ePOA (red), same cell types already eliminated by programmed cell death
(PCD, pink) and oligodendroglia from other sources (blue) in control (f) and Baxf (g) mice during postnatal development. Note the decreased connection
probability of firstOPCs in Bax”f mice with respect to controls at PN10 and the increase in both recombinant (red) and non-recombinant (blue)

oligodendroglia in Bax”f mice (g) with respect to controls (f) at PN19. A non-cell-autonomous mechanism impacts the number of non-recombinant
oligodendroglia as these cells are not targeted in Bax¥f mice at PN19

related interneuron-firstOPC synaptic connections. Since Bax-
dependent rescue of firstOPCs circumvents synaptic activity, our
results suggest that those firstOPCs that display low levels of
connectivity undergo apoptosis in normal conditions (Fig. 71, g).
This is in line with a role of these neuron-glia synapses in OPC
survival?3. Interestingly, a recent report demonstrates that

interneuron survival depends on their high levels of connectivity
by pyramidal neurons during the period of interneuron pro-
grammed cell death?. Synaptic activity seems therefore to be a
crucial factor favoring both neuron and OPC survival. The
sophisticated organization in small clusters formed by inter-
neurons and firstOPCs establishing functional interactions also
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recall previous reports describing a delicate anatomical and
functional interplay between clonal pyramidal neurons in the
network3?. Nevertheless, reports on how cortical GABAergic
interneurons are organized in the cortex remain contradictory.
While interneurons labeled at the clonal level tend to distribute
into local clusters of few neurons31:32, findings using barcoded
retrovirus libraries for large-scale analyses of specific identified
clonal cells show that interneurons disperse broadly in
the neocortex?334 A more recent report shows that spatially
clustered interneurons from the MGE and ePOA obtained by
low-titer retrovirus-injected radial glia in the embryo develop
electrical but not chemical synapses after PN143>, Although the
non-random allocation of interneurons derived from MGE/ePOA
seems acknowledged by all authors, restricted clustering of sibling
interneurons is still a matter of debate. In this report, inter-
neurons and firstOPCs inside cell clusters are unlikely to be clonal
since the massive interneuron production occurs two days before
that of firstOPCs: E10.5 for Nkx2.1-derived interneurons3® and
E12.5 for firstOPCs!. However, this point as well as the molecular
and cellular factors allowing for the joint positioning of these two
cell types in deep cortical layers will need further investigation.

Recent reports show that 5-15% of myelinated deep-layer axons
belong to GABAergic PVt FSI?3-2°. In addition, the protein
composition of myelin enwrapping non-GABAergic and
GABAergic axons differ, the latter expressing 20% more MBP?4
Considering the recently established OL heterogeneity’, we could
speculate that pyramidal cells and interneurons are myelinated by
distinct OLs endowed with the ability to produce different myelin.
However, our data show that individual OLs, derived or not from
the ePOA, myelinate similar proportions of PVT and PV —axons
and thus neurons of different nature and origins. Whether a single
OL has the ability to produce myelin segments with distinct
molecular composition according to the neuronal subtype remains
unknown. Moreover, the lack of preference of firstOLs for PV+
axons in YFPT cell clusters suggests that interactions between
lineage-related interneurons and firstOLs do not guide the firstOL
to preferentially myelinate the axon of its interneuron partner.
Thus, activity-dependent myelination by firstOLs probably does not
follow a predetermined ontogenetic program. Nevertheless, firstOLs
remain close to their lineage-related interneurons and their pro-
cesses project towards different directions covering a whole distance
of around 150 um which ensures the myelination of multiple axons
in proximity of their interneuron counterparts. Therefore, the
proximity of firstOLs to Dbxl-derived interneurons might sub-
stantially contribute to myelination and maturation of specific local
circuits by facilitating action potential propagation and synchroni-
zation of glutamatergic and GABAergic neurons within a restricted
space. In line with this, neuronal circuits formed by interneurons
onto pyramidal cells are confined with a high connection prob-
ability at intersomatic distances < 200 um33.

Although OPCs are highly motile*?, it is more likely that these
progenitors stay in the same cluster rather than move from a
cluster to another during postnatal development. In fact, cultured
OPCs derived from ventral regions, which includes firstOPCs,
have less inherent migration capabilities than OPCs from dorsal
regions. Furthermore, in adult demyelinating lesions, OPCs
derived from ventral regions display a reduced capacity to pro-
liferate and differentiate into mature OLs compared to those of
dorsal regions®®. Although RNA-sequencing did not reveal dif-
ferences in the gene expression profile among OPC populations?,
unappreciated functional differences of OPCs from distinct ori-
gins are emerging, underlying the importance of functional
analyses of specific cell types.

Oligodendroglia are over-generated during development and
subsequently eliminated by programmed cell death during the
first two postnatal weeks!#%41. It was recently showed that the

transcription factor EB (TFEB) promotes the death of pre-
myelinating OLs in a Bax-dependent manner, a mechanism
controlling the spatial and temporal specificity of brain myeli-
nation?%. In the neocortex, the three waves of OPCs are thought
to contribute to the homeostatic regulation of these progenitors
by competition!. In fact, cortical OPCs have an incredible capa-
city to regulate their own density throughout life. In the devel-
oping somatosensory cortex, a sensory (whisker) deprivation
causes an increased death of newly-formed OLs that is accom-
panied by an enhanced OPC proliferation?. OPC differentiation
or ablation also triggers OPC migration and proliferation in the
adult, a process that rapidly restore cell density®. OPCs react to
any change in the oligodendroglia population to compensate for
its loss and ensure the correct myelination of neuronal circuits.
Only severe pathological conditions such as chronic hypoxia in
the young!3 or progressive Multiple Sclerosis in the adult*? per-
turb the OPC capacity to preserve the homeostasis of its pool.
However, a potential impact of neuron-glia interactions on oli-
godendroglia homeostasis had not been previously explored.
Challenging previous views, our findings show that the rescue of
lineage-related interneurons and firstOPCs committed to die
induces an unexpected global increase in oligodendroglia density
(Fig. 7f, g). These findings reveal a new role of programmed cell
death during cortical development in controlling the oligoden-
droglia number via a non-cell-autonomous mechanism.

The mammalian cortex is unique as it is the only structure in the
CNS that hosts different transient cell populations that almost
completely disappear at early postnatal stages: Cajal Retzius neurons,
subplate neurons, cortical plate transient neurons and firstOPCs23,
In addition, glutamatergic projection neurons and GABAergic
interneurons also undergo a significant cell death that induces
30-40% reduction of their initial population?8. The precise functions
of this previously underestimated cellular death are still unknown,
but they are probably not restricted to a simple elimination of
supernumerary cells. Interestingly, recent data show that pyramidal
neuron apoptosis is critical to regulate interneuron survival and
stabilize excitatory-inhibitory ratios of cortical networks?®. Beyond
these findings, our study shows that the death/survival balance of
interacting neurons and glia is key to build their long-term inter-
actions and ensures the proper myelination and construction of
cortical circuits after the phase of massive cell death in the cortex.

Methods

Transgenic mice. The experiments of the present study followed European Union
and institutional guidelines for the care and use of laboratory animals and were
approved by the French ethical committee for animal care of the University Paris
Descartes (Committee N°CEEA34) and the Ministry of National Education and
Research (Project No: 13094-2017081712355709). Several transgenic lines were pro-
duced. First, Cre lines driven by the Dbx1 and Nkx2.1 promoter were used as het-
erozygous to generate Dbx1CRE;Rosa26YP, Nkx2.1°RE;Rosa26Y"P and Nkx2.1CRE;
Rosa26dTomato transgenic mice and lineage-trace cells derived from the ePOA!8 and
MGE and ePOA!L. Dbx1RE;Rosa26YFF and Nkx2.1°RE;Rosa26YFF mice were also
crossed with the NG2PsRed heterozygous transgenic line which allowed us to recognize
the whole OPC population by the expression of DsRed!”. In another set of experi-
ments, the Dbx1°RE;R05a26YF mice was bred with the PLPPsRed mice?2 which
allowed us to recognize the OL population by the expression of DsRed. Finally, the
Bax!m2Sjk;Baj 1tm1Thsn/] line®3 harboring the floxed Bax allele and the Bak knock-out
allele (stock N°006329; Jackson Laboratories) was crossed with the Nkx2.1CRE;
Rosa26!dTomato Jine to inactivate Bax and permanently label Nkx2.1-derived cells. We
used Nkx2.1RE;Rosa26t4Tomato; By j+/=:Baxf/f line as knockout (Bax/f) mice. For
electrophysiological experiments, we used as controls Nkx2.1°RE;Rosa26tdTomato Jine
when recorded OPCs needed to be identified by fluorescence, otherwise Cre negative
Nkx2.1°RE;Rosa26!dTomato; Bak+/=;Bax1#f mice from the same littermates of Bax/
mice were used. For cell countings, we used as controls Nkx2.1CRE;Rosa26tdTomato;
Bak™/~;Bax* animals from the same littermates of Bax// mice. Dbx1-expressing
progenitors of the ePOA generate interneurons in deep cortical layers and firstOPCs
in all layers; other Dbx1-derived neuronal types such as layer I Cajal Retzius neurons
and cortical plate transient neurons in upper layers are not generated from the ePOA
and were not considered in this study’-%17:1825, No other Dbx1-derived neuron or
glial cell types have been reported in the cerebral cortex!”. Animals were genotyped by
PCR using primers specific for the different alleles and maintained in the animal
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facility under 12 h light/dark cycle with ad libitum access to food and water. Both
female and male were indiscriminately used.

Acute slice preparation. Most experiments were performed using 300-um-thick
acute parasagittal slices of the barrel cortex from transgenic mouse with an angle of
10° to the sagittal plane!!°. In experiments aiming to analyze the E/I ratio of layer IV
glutamatergic neurons we performed 350-um-thick tangential thalamocortical slices.
An Olympus BX51 microscope equipped with a x40 fluorescent water-immersion
objective allowed us to visualize YFP and DsRed fluorescent proteins by means of
excitation beams supplied by Blue and Green Optoleds (Optoled Light Sources, Cairn
Research, UK). Two sets of excitation/emission filters were used (470 and 525 nm
filters for YFP, and 560 and 620 nm filters for DsRed) and images were collected and
acquired with an iXon+ 14-bit digital camera (Andor Technology, UK) and with
Imaging Workbench 6.0 software (Indec Biosystems, USA), respectively.

Paired recordings and extracellular stimulation. Electrophysiological experi-
ments were performed at RT using an extracellular solution containing (in mM):
126 NaCl, 2.5 KCl, 1.25 NaH,POy,, 26 NaHCO3, 20 glucose, 5 pyruvate, 3 CaCl,,
and 1 MgCl, (95% O,, 5% CO,). During paired recordings, presynaptic inter-
neurons were recorded with an intracellular solution containing (in mM): 130 K-
gluconate (KGlu), 10 GABA, 0.1 EGTA, 0.5 CaCl,, 2 MgCl,, 10 HEPES, 2 Na,-
ATP, 0.2 Na-GTP, and 10 Na,-phosphocreatine (pH = 7.3), and postsynaptic cells
(OPCs, interneurons and layer IV glutamatergic neurons) with an intracellular
solutions containing (in mM): 130 CsCl, 5 4-aminopyridine, 10 tetra-
ethylammonium chloride, 0.2 EGTA, 0.5 CaCl,, 2 MgCl,, 10 HEPES, 2 Na,-ATP,
0.2 Na-GTP, and 10 Na,-phosphocreatine (pH = 7.3). During extracellular sti-
mulation, layer IV glutamatergic neurons were recorded with a similar intracellular
solution but containing 125 mM CsCH;SO5H (CsMeS) instead of CsCl (pH = 7.3).
Extracellular stimulations were obtained using either a monopolar electrode (glass
pipette) placed in layers V and VI near the OPC recorded with a CsCl-based
intracellular solution or a bipolar concentric electrode placed in the thalamic
nucleus while recording layer IV glutamatergic neurons in CsMeS-based intra-
cellular solution (100 ms pulse, 5-40 V; Iso-Stim 01D, npi electronic GmbH,
Tamm, Germany). Potentials were corrected for a junction potential of —10 mV/
when using KGlu- and CsMeS-based intracellular solution.

Whole-cell recordings were performed with a Multiclamp 700B and signals
filtered at digitized at 4 kHz and 20 kHz respectively. Off-line analysis of digitized
data was performed using pClamp10.1 software (Molecular Devices) and
Neuromatic package within IGOR Pro 6.0 environment (Wavemetrics, USA)%4. A
paired recording was considered as connected when the average of PSCs recorded
in the postsynaptic cells was 2-fold larger than the standard deviation of the noise.
Paired-pulse ratios were calculated as PSC2/PSC1!%. The E/I of ratio of layer IV
glutamatergic neurons was calculated as EPSCs/IPSCs.

The spatial x-y coordinates of connected and unconnected YFP* interneurons
and OPCs were extracted from DIC images. The recorded slice was oriented to fix
the y axis as the shorter imaginary line from the soma of the YFP interneuron,
considered at position 0, to the cortical surface (Supplementary Fig. 4a). The x axis
was parallel to the cortical surface. After obtaining the x—y position of each
recorded OPC with respect to the presynaptic YFP™ interneuron, we calculated the
intersomatic interneuron-OPC distance (d), and the angle a with respect to the y
axis (Supplementary Fig. 4a).

Immunostainings and cell countings. Immunostanings were performed on per-
fused mice at different ages (n = 3-5 animals per age)?>. Animals were perfused
with phosphate buffer saline (PBS) followed by 4% paraformaldehyde (PFA).
Brains were postfixed during 1h in PFA and stored in PBS at 4 °C. For immu-
nostainings against Olig2, CC1, YFP and MBP, coronal vibratome slices (100 um)
were prepared in PBS ice-cold solution (4 °C), permeabilized with 0.2% triton X-
100 and 4% Normal Goat Serum (NGS) for 1 h and incubated one night with
antibodies diluted in a 0.2% triton X-100 solution and 5% NGS. For immunos-
tainings against PV, SMI-312 and MBP, slices were permeabilized with 1% triton
X-100 and 10% NGS overnight and incubated four nights with primary antibodies
diluted in a 1% triton X-100 solution and 10% NGS. Different immunostainings
were performed by using rabbit anti-Olig2 (1:400; ref. AB9610, Millipore), mouse
monoclonal anti-CC1 (1:100; ref. OP80, Calbiochem), chicken anti-GFP (for
detection of YFP; 1:1000; ref. A10262, ThermoFisher Scientific), rat monoclonal
anti-MBP (1:100; ref. AB7349, Abcam), rabbit anti-PV (1:1000; ref. PV-27, Swant)
and mouse anti-SMI-312 (1:1000; ref. 837901, Eurogentec) antibodies. All primary
antibodies were washed three times in PBS and incubated in secondary antibodies
coupled to Alexa-405, Alexa-488, Alexa-546 or Alexa-633 at room temperature for
2 h for immunostainings against Olig2, CC1, GFP and MBP (1:500) and for 2 days
for immunostainings against PV, SMI-312 and MBP (1:200; Life Technologies).
Confocal images were acquired using a x20 water objective or x63 oil objective
with LSM-710 confocal microscope or a x20 and x63 oil objectives with a SP8
Leica confocal microscope. Images were processed and analyzed using NIH Image]
and Imaris softwares.

For cell countings, YFP™ or TdTomato™ cells were identified as co-localized or
not with Olig2* and CC1+ (at least n =3 mouse per age; for each mouse, we
counted n = 4 slices). To prevent border effects in countings, cells that were at the

boundaries of the analyzed volume were not considered in three of the six sides of
the cube if their Olig2* nucleus was not fully inside. To estimate the percentage of
myelinated PV* and PV~ axon segments per DsRed™ OLs, we first determine the
number of DsRed ™ OLs branches co-localizing with SMI-312 and then determine
the number of PV* and PV~ branches. For MBP fluorescent intensities, images
were acquired with a x63 oil objective and submitted to a background subtraction
measured in layer I. Then, the mean intensity values were directly measured with
NIH Image] using rectangle selection tool to delineate different layers.

Unsupervised cluster analysis of YFP+ cells from the ePOA. The unbiased
identification of YFP™ cell clusters was assessed by applying an unsupervised
agglomerative cluster analysis via multi-scale bootstrap resampling?®2l, First, we
extracted x, y, z positions of layers IV-VI YFP*+/Olig2*/CC1~OPCs, YFP*+/Olig2*/
CC1* OLs and YFP+/Olig2~/CC1~ interneurons in the confocal sections used for
cell countings at PN10 and PN19 (3-4 slices per mouse; #n =4 mouse per age). To
display the hierarchical relationship of identified YFP cells according to their spatial
proximity, we computed Manhattan intersomatic distances to produce a distance
matrix and build a hierarchical dendrogram using the package hclust under the R
environment?!. It is noteworthy that Manhattan distances were used for building the
dendrogram because, based in absolute distances, they are less influenced by outliers
than Euclidean distances. Instead, the proximity of cells was evaluated with Euclidean
distances. In the dendrogram, each identified YFP+ cell is considered as a single object
which repeatedly merges into higher-level clusters to its closest objects until forming a
hierarchical tree. To determine whether unbiased clusters of YFP™ cells were sup-
ported by data, we assessed the uncertainty of clusters at each branch of the den-
drogram with the Pvclust package under the R environment2(, This package computes
10,000 bootstrap samples generated by randomly resampling our experimental data
and by performing bootstrap replications of the dendrogram. By computing both
bootstrap probability values and approximately unbiased probability values for each
cluster in the dendrogram, we inferred whether the distribution of cell clusters was
random or not. If the probability of a given cluster is too low, the cluster does not
exist, but if the probability is >95%, we considered that the cluster is strongly sup-
ported by the data?. Finally, once objective cell clusters were detected, we determined
the number of cells per cluster, the cell composition of each cluster, and the Euclidean
intersomatic distances among all cells in a cluster.

Statistics. All data are expressed as mean + SEM from #n pairs, cells or animals.
GraphPad InStat software version 3.06 was used for statistical comparisons. The
nonparametric two-tailed Mann-Whitney U test for independent samples was used
to determine statistical differences between two means. When comparisons within
single pairs were required, the two-way Wilcoxon signed-rank test for related
samples was used. For comparisons of cell densities, we used a one-way ANOVA
test followed by a Tukey’s multiple comparison post hoc test. In the case of
comparisons of myelinated PV+ and PV~ axons by DsRed* and DsReD~ OLs, we
used a two-way ANOVA test followed by a multiple comparison Bonferroni’s
multiple comparison post hoc test. For comparisons of cluster composition and cell
distances generated by hierarchical cluster analysis, each group of data was sub-
jected to D’Agostino—Pearson normality test. Since data were not normally dis-
tributed, we used one-way Kruskal-Wallis test followed by a Dunn’s multiple
comparison post hoc test. Cumulative distributions were compared using
Kolmogorov-Smirnov test. Correlations were tested with a Pearson r test and
differences were considered significant when p < 0.05.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Discussion

In the CNS, neuronal myelination is ensured by OLs, a process that is higly regulated and
depending on the generation, proliferation and differentiation of OPCs during development
and throughout life. Interestingly, many evidences in the litterature have shown that
oligodendroglia dynamics and homeostasis is mainly influenced by neuron-oligodendrocyte
lineage communcation which occurs through many different mechanisms, regulating
multiple stages of OL maturation. Nowadays, it is well known that both OPCs and OLs can
sense environmental signals through a large diversity of receptors for growth factors,
signaling molecules, neurotransmitters and neuromodulators (Thornton and Hughes, 2020).
Moreover, in addition of non-synaptic communication, it has been shown that OPCs are the
only glial cells receiving bona fide synapses from neurons. All neuron-oligodendroglia
communication modes influence oligodendroglia function and myelination in order to
ensure brain function (Habermacher et al., 2019).

Since the last 15 years, it has been demonstrated that OPCs receive a major synaptic input
from GABAergic INs that disappears after the second postnatal week (Lin and bergles 2004;
Vélez-Fort et al.,, 2010; Balia et al.,, 2015). Interestingly, previous studies in the team
demonstrated that, in the somatosensrory cortex, OPCs form a transient and highly
organized network with GABAergic INs, characterized by a peak of synaptic connectivity at
PN 10 (Orduz et al., 2015). In addition, PV FSlIs represents a preferential synaptic input of
OPC (Orduz et al., 2015, 2019). Nowadays, we have many evidences in litterature pointing
out a strong relationship between cortical INs and OPCs during both, embryonic and
postnatal development. It has been shown that these two populations share a common
embryonic origin deriving from the MGE and POA from progenitors expressing the same
transcription factors such as Nkx2.1 (Butt et al., 2008). Interestingly, beyond the common
origin both cell types are also initially over-produced to then significantly die during the first
PN week (Kessaris et al., 2006 ; Southwell et al., 2012). In additions, PV INs represent the
largest proportion of myelinated GABAergic axons in mice and human cortex (Micheva et al.,
2016 ; Stedehouder et al., 2017). Finally, Voronova et al. (2017) showed that migrating INs
release Fraktalkine, paracrine factors promoting OPC differentiation. Even if several

evidences suggest a crucial role of IN-OPC interactions for the development and correct
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function of neuronal circuitry, many questions are still unresolved. Acquiring more
knowledge about how INs and OPCs interact during embryonic and postnatal development
is of crucial importance to understand how these two populations contribute to the

assembly, maturation and myelination of cortical circuits.

In the first project, we followed a previous study in the team, focusing our attention on the
transient synaptic input that OPCs receive from INs at the begining of the massive OPC
differentiation, to potentially identify the implication of interneuron activity on OPC
maturation. Using an optogenetic approach, we set up an experimental procedure to
selectively activate cortical GABAergic INs in vivo in PN 10 mice. This specific age
corresponds to the peak of interneuron-OPC synaptic activity.

As a first step, we identified Nkx2.1® mice as a more suitable mouse model than PV mice
to obtain an efficient ChR2 expression and photoactivation of cortical INs at PN 10. Thus,
combining optogenetics, whole cell patch-clamp recordings in brain slices and extracellular
recordings in vivo, we determined a photostimulation protocol to ensure an efficient
photoactivation of targeted cells. We also set up a surgical procedure to implant a mini-optic
fiber in the neonatal mouse brain in order to photoactivate cortical INs in awake pups.
Finally, we analyzed the effect of INs photoactivation protocol on the oligodendroglia

population in the neonatal neocortex.

In the last 10 years, optogenetics has been considered one of the most groundbreaking
innovations in the field of neuroscience since it largely contributed to our understanding of
mature nervous system circuits, allowing for the observation and modulation of cellular
activities. However, not many studies have been performed in neonatal brain due to many
techniqual limitations and efforts for the implementation of this technique in mouse pups

(Bitzenhofer et al., 2017; Ahlbeck et al., 2018).

The first prerequisite to obtain a selective and reliable optogenetic activation of targeted
cells is to reach a good level of opsin expression. This is more challenging in mouse pups
since protein expression during early PN stages is lower and more viarable compared to later
developmental periods. In our study, we first drove the ChR2 expression using PV promoter,

Ca%*-binding protein major marker of FSls and expressed during the first PN week. However
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we found that the ChR2 expression was very low in FSIs of PV-Cre:ChR2-YFPflo/flox mice. As a
consequence, FSI were not able to trigger action potentials. However, immunostainings
performed later in the development on PV-Cre mouse slices revealed a simulataneous
increase of PV expression in concomitance with an increased of ChR2 expression in the same
neurons. Cortical INs expressing both ChR2 (YFP*) and PV* displayed a more extensive and
brighter membrane expression of the channel at PN 26 compared to the faintly
cytoplasmatic expression observed at PN 10. Indeed, patch clamp recordings at PN 26
revealed that photoactivation-induced responses. Our results are in line with previous
studies showing a weakly PV mRNAexpression at PN 10 in layer V of the somatosensory
cortex compared to PN 16, i.e. where it has been observed a mature levels of PV mRNA
expression (De Lecea et al., 1995). We thus identified PV-Cre transgenic mouse line as not
suitable for our study at PN 10. We finally chose Nkx2.1-Cre:ChR2-YFPMo/* mice for the
earlier expression of Nkx2.1 transcription factor during cortical development compared to
PV, which ensured a consistent ChR2 expression with a reliable IN photoactivation at so early
developmental stages (Marin, 2013; Wamsley and Fishell, 2017). In addition Butt and
colleagues (2005), using a fate-mapping approach, followed Nkx2.1-derived IN development
demostrating that they were already invading the mouse somatosensory barrel cortex
during the first postnatal week. Therefore the first and crucial condition to take into account
in optogenetics studies is the choice of the appropriate Cre transgenic mouse line to obtain a

sufficient ChR2 expression in the age of your interest.

Once ensured the light sensitive channel expression, another key aspect to take into account
when using an optogenetic approach is the kinetics response of the channels after
photostimulation. It has been shown that the stimulation dynamics can be limited by both,
light pulse duration and high frequency photostimulation. Although ChR2 is a depolarizing
channel, studies conducted by Herman and colleagues (2014) demonstrated that ChR2 might
silence rather than activate certain types of neurons. This effect is due to a long-lasting ChR2
photostimulation which leads to a mechannism of « depolarization block », a state
characterized by an excessive cation influx followed by a difficult membrane repolarization
and following the inability to trigger action potentials. In particular, increasing pulse duration
and keeping moderate frequency of light stimulation induce a transient activation of regular-

spiking INs followed by a period of inability to trigger action potentials. On the contrary,
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excitatory PNs and subsets of fast-spiking neuronal populations are less sensitive to this
block width pulse dependent. In any case, it has been shown that light pulse duration has a
treshold over which neurons expressing ChR2 fail to trigger action potentials and get
silenced (Herman et al., 2014). As mentioned, increasing the frequency of photocativation
can also trigger the depolarization block. This effect is due to a decrease in membrane re-
polarization between consecutive spikes which reduces the ionic driving force to restore the
conditionf for a spiking event. This effect is dependent on the repolarizing rate of ion
channels expressed in the cell type. It has been shown indeed that some neuronal
populations are more sensitive to depolarization block, as it has been demonstrated in vitro
by Mattis et al. (2011) where the use of ultrafast microbial opsins showed a greater

tendency of excitatory neurons to enter depolarization block compared to FSls.

Based on previous reports, we tested different frequencies and we finally decided to use for
our project short-width light pulses (10 ms light pulses) delivered at 10-20 Hz to
photostimulate ChR2-expressing INs of Nkx2.1-Cre:ChR2-YFP*/* mice at PN 10. This
frequency was the most reliable to trigger action potential discharges during 30 s.
Interestingly, we observed that at the higher used photostimulation frequency (50 Hz), the
INs response was characterized by action potential failures while current injections delivered
at the same frequency were able to induce action potentials in these same cells. Different
from the effects described before, depending on INs intrinsic membrane properties, these
results indicate that the failures observed in IN responses were due to ChR2 expression
levels and channel gated properties. It has been described that ChR2 opening and closing
kinetics is slower than those of voltage-gated Na*and K* channels. In addition, it has been
described many photocycle models to explain the ChR2 photocurrent decay under both
continuous illumination and high frequency trains of light pulses. The most convincing is
characterized by four-state, two open states (01— O2) and two non-conductive “D” sub-states
with a slow recovery (from 10 s to 20 s) after a dark period (Ernst et al., 2008; Stehfest and
Hegemann, 2010; Saita et al., 2018). This long-lasting recovery time needed to restore ChR2
activation could explain the failures observed in IN responses (Ernst et al., 2008; Grossman
et al., 2011). In addition, according to the model, O1 and O, are usually at equilibrium but
sustained illumination increases 0,/0: ratio. O, state is characterized by ~10 to 20 fold

lower conductance compared to O, which could explain the reduced ChR2 response to
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sustained photostimulation (Saita et al., 2018). Moreover, Grossman et al. (2011) found that,
after photostimulation at 50 Hz of ChR2-expressing hippocampal neurons, the 63% of the
responsive ChR2 were closed in the inter-pulse interval compared to 99% when stimulated
at 10 Hz, preventing membrane repolarization and inducing the already introduced
depolarization block (Grossman et al., 2011). This weak response obtained when applying
high frequency light pulses due to ChR2 slow kinetics could be attenuated by a strong level
of protein expression. Indeed, we observed that FSI response in PV-Cre:ChR2-YFPflox/flox mice
recorded during the fourth postnatal week was less efficient than the one observed in

Nkx2.1-Cre:ChR2-YFPfo*/* mice recorded in earlier developmental stages.

Another aspect to take into account when using optical stimulation in vivo is the limited light
penetration in the tissue due to its absorption and scattering. This effect decreases light
intensity propagation and avoid a porper excitation in deep cortical layers. Indeed, previous
reports showed that light intensity measured immediately below the fiber is the highest and
then drops exponentially when penetrating in the brain tissue (Al-Juboori et al.,, 2013;
Miyamoto and Murayama, 2015). Looking at previous in vivo studies, it has been shown that,
using light pulses of 11.6 mW/mm?, produced by a blue miniature light emitting diode (LED;
470 nm) placed at the surface of the brain was enough to trigger repsonses in ChR2-GFP-
expressing layer 2/3 neurons (Huber et al., 2008). In another study, the stimulation at a
higher light power (100 mW/mm?) with an optic fiber placed on a small-window craniotomy
while recording with extracellular electrodes was able to allow for the detection of neuronal
firing responses in deep layer V of the primary motor cortex (Arenkiel et al., 2007). These
evidences show that a huge increase in the photostimulus intensity is required to trigger
action potentials from the surface in deep layers. In our in vivo study, we implanted a
cannulae accomodating a mini-optic fiber on the cranial bone (Gradinaru et al., 2009; Yizhar
et al.,, 2011), in order to trigger action potentials in a large number of layer V ChR2-
expressing INs in pups. We chose this region because most of IN-OPC interactions have been
described in that region, early in postnatal development (Vélez-Fort et al., 2010; Balia et al.,
2015-2017; Orduz et al., 2015). We first tested whether photostimulation was able to elicit
LFPs in acute cortical slices. In addition, using a pharmacological approach, we confirmed
that recorded light-evoked LFPs in slices resulted from the direct generation of action

potentials by multiple nearby ChR2-expressing INs . Indeed, the observed responses were
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less sensitive to glutamatergic and GABAergic receptor antagonists than to the Na*-channel
blocker TTX which abolishes action potential generation. After these preliminary results in
slices, we moved in vivo. Taking into account the light limitations due to scattering tissue, we
first implanted both, the optic fiber and a wire electrode to record evoked LFPs in layer V
upon photostimulation. We tested different Led powers from 1.5 mW to 4 mW. We
obtained LFP responses using a low power stimulation, probably for the short distance light
needed to travel to deep layers and the less myelinated cortex in pups compared to adult

mice. We thus established the best protocol and ensure layer V IN activation in vivo.

All these evidences highlight the multiple aspects that must be taken into account when
using an optogenetic approach. In particular, it is needed to establish the suitable light pulse
duration, frequency and power to illuminate neurons avoiding undesirable effects. We thus
set our photostimulation parameters taking in account all the limitations due to ChR2
expression at so early postnatal developmental stages and both, IN and ChR2 intrinsic

properties.

Other limit we had to consider for our experimental design was the placement of a cannulae
that accomodates a mini-optic fiber, directly fixed on the mouse skull for the
photostuimulation in vivo (Gradinaru et al., 2009; Yizhar et al., 2011). This procedure is more
difficult to apply in mouse pups, since their cranial bones are still too soft to stably mantain
the implant. This issue has probably precluded the use of optogenetics to study developing
circuits, privileging pharmacogenetics (Kozorovitskiy et. al 2012 ; Wong et al., 2018), a
versatile but less precise technique in time and space. We found a solution by artificially
hardening the bones with a double layer of glue just before to stereotaxically drill the hole

where the implant will be placed.

Finally, we analyzed how the increase of interneuron activity in Nkx2.1-Cre:ChR2-
YFPfo** mouse in vivo could impact OPC proliferation at PN 10, a critical developmental
stage for oligodednrogenesis and haracterized by a peak of IN-OPC connectivity in the
somatosensory cortex (Orduz et al.,2015 Hill et al., 2014; Balia et al., 2017). « We found that
the activity of GABAergic INs did not change either OPC proliferation or the number of OPCs

and OLs in response to a 3 h photostimulation session » (Ortolani et al., 2018). Our result
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support a previous study in the team in which the inactivation of IN-OPC synapses at PN 10
had not impact on OPC proliferation (Balia et al., 2017). However, Gibson et al., (2014) had
previously shown that long-lasting photostimulation session of cortical glutamatergic
neurons (30 min) in juvenile weaned mice promote OPC proliferation. Another study in the
team used the the 3h photostimulation protocol to stimulate glutamatergic neurons in
demyelinated lesions of adult mice, also observing an increase in OPC proliferation and
differentiation (Ortiz et al., 2019). Unlike glutamatergic neurons, our results suggest that
GABAergic INs might have different roles in controlling OPC function in the neocortex.
Another possibility is the need to test different stimulation paradigms to reproduce with
high fidelity IN activation, using more efficient variants of ChR2 enabling higher frequency
firings, closer to that of INs, in particular that of FSls. Indeed, OPCs respond in a different
manner to different stimulation paradigms (Nagy et al., 2017). Thus, it would be interesting
to test for example ChR2 E123T/T159C or the ChETA variant that displays a faster kinetics
and 80% of success when using up to 200 Hz as photostimulation frequency respectively
(Berndt et al.,, 2011 ; Gunaydin et al., 2010). Another possibility would be to explore the
involvement of metabotropic GABAR activation, like the GABAgR, abundantly expressed in
and downregulated during the differentiation process as for GABAAR (Charles, Deuchars,

Davies, & Pangalos, 2003; Luyt et al., 2007).

While in this first project we investigated the effect of GABAergic INs activity on OPCs
proliferation and differentiation in the early neocortex (Vélez-Fort et al., 2010; Balia et al.,
2015; Orduz et al., 2015), in the second report, we focused our attention on the common
embryonic origin of these two cell populations derived from the MGE and POA (Kessaris et
al., 2006; Fishell et al., 2017). Interestingly, we discovered that a proportion of firstOPCs,
subpopulation believed to completely disappear during postnatal development, survives and
forms functional cell clusters with lineage-related INs. In addition, these cells showed a high
synaptic connectivity within these cell clusters. We also demonstrated that this ratio of
surviving firstOPCs differentiate into mature OLs, myelinating different types of neuronal
fibers nearby their interneuron counterparts, with any preference for their lineage-related
INs . These results reveal that the same embrionic region favors cellular interactions later in
the development that are tightly regulated and crucial for a correct organization and

function of neuronal circuits. Finally, after inducing the aberrant survival of firstOPCs
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committed to die by genetic manipulation, we did not observe any increase in the
connectivity with interneuronal related partners and, surprisingly, any compensation in the
total number of OPCs to homeostatically control and mantain OPC density. On the contrary,
the aberrant survival of lineage-related INs and firstOPCs promotes an increase in the entire
oligodendroglia population, probably through a non-cell-autonomous mechanism. This is in
contradiction with Kessaris et al. work (2006), showing that following OPC waves compete
with each other to regulate OPC density. In summary, we identified a new role for
interneuron and firsOPC cell death in regulating their lineage-related cell communcation and

the oligodendroglia population homeostasis during postnatal development.

This study is in continuity with previous studies of the team (Orduz et al., 2015), but
following the idea that INs and firstOPCs common embryonic origin could favor the
preferential IN-OPC synaptic connectivity , and promote a local arrangement of these two
populations in the somatosensory cortex. In this report, after genetically targeting Dbx1-
derived INs and firstOPCs, we confirmed a high connection probability, positively influenced
by the common embryonic origin. In addition, we investigated the role of firstOPCs and INs
PCD through Bax-dependent rescue experiments. First, the surviving cells rescued from
death do not show the same high connectivity observed in physiological conditions. This
missing communication between INs and rescued firstOPCs suggest that, in normal
conditions, the survival of firstOPCs could be influenced by the connectivity with their
interneuronal partners. On the contrary, the cells displaying low levels of connectivity are
the ones supposed to die. Previous in vitro and in vivo studies demonstrated that, depending
on the cell population, neuronal activity modulate both, cell survival or death (Ghosh et al.,
1994; Golbs et al., 2011; Murase et al., 2011; Blanqui et al. 2017). In addition, a recent report
demonstrated that the prevention of PN death induces the MGE/POA-derived INs rescue
from PCD through an activity-dependent mechanism (Wong et al., 2018). This process has
probably the role to appropriately balance the ratio of excitatory and inhibitory inputs in the
cerebral cortex. From these evidences, it is possible that, as described for PNs and INs, IN

activity favors OPC survival.

The IN and OPC spatial organization in clusters recalls several reports describing the synaptic

connectivity in the neocortex to be highly specific (Yu et al., 2009). For example, it has been
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described in LV from the mouse primary visual cortex that corticotectal PNs and the position
of partner synaptically connected was determined across different species, revealing a
precisely organized cortical microcircuits (Kozloski et la., 2001). Another example is
described in Yu et al. (2009) where excitatory neurons coming from the same mother cell
form a highly specific microcircuit during cortical development. Differently from PN
organization, little is known about the spatial arrangement of neocortical inhibitory INs.
Nevertheless, Ueno et al.,, (2017) described how temporal cortex subregions develop
following different developmental programs compared to other cortical regions, with
different developmental stages for GABAergic INs not following the same described in the
primary sensory cortex. These results suggest the existence of a substantial difference in the
developmental program in the somatosensory and visual cortex which specifies the
organization of the two regions. This reveal how different cortical regions could have region-
specific characteristics and organization during cortical development. Another study,
labelling clonally related INs, identified their spatial organization in individual clonal clusters
containing different IN subtypes (Brown et al., 2011 ; Sultan et al.; 2016). Interestingly, a
recent study found that cortical INs organized in clusters form electrical, but not chemical,
synapses with each other at PN 14 (Zhang et al., 2017). Although all these evidences suggest
that the common embryonic origin plays a crucial role in the organization and circuit
formation of inhibitory INs in the neocortex, a highly organized distribution in functional
clusters is still under discussion. Here we described how INs and firstOPCs, both MGE and
POA derived, are organized in functional cell clusters. Despite this result, the molecular and
cellular mechanisms responsible for their highly regulated localization in deep cortical layers

need to be elucidated.

We also investigated whether MGE/POA-derived IN and FirstOPC organization in clusters,
with IN-OPC intersomatic distances limited to 70+ 4 um, favor the preferential axon
myelination of embrionically-related interneuronal partners. Previous reports showed that a
substantial fraction of myelin in the cortex and hippocampus ensheathes axons of GABAergic
INs, in particular of PV INs, in both mice and humans (Micheva et al., 2016 ; Stedehouder et
al., 2017). In addition, Stedehouder et al. (2018) described how chemogenetic activation of
neocortical PV INs was followed by an increase in their myelination, mostly mediated by a

more elaborated axonal morphology. Interestingly, Micheva et al. (2016) also found a
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significantly different protein composition in GABAergic axon myelin compared to that of
excitatory axons, the first expressing 20% more MBP. This difference in protein composition
might suggest that PNs and INs are myelinated by distinct OLs since it has been already
shown that different regions of CNS are populated by diverse mature OL with some
populations present throughout the brain and others enriched in specific regions (Marques
et al., 2016). Indeed, in line with recent studies (Marisca et al., 2020 ; Marques et al., 2016),
Zonouzi et al., (2019) suggests the existence of different OPC and OL populations in the
neocortex. However, our data did not show any tendency of POA-derived OL in myelinating
INs from the same origin, observing similar proportions of PV* and PV~ myelinated axons.
This lack of preference of firstOLs for PV*axons in YFP*cell clusters suggests that
interactions between lineage-related INs and firstOLs do not guide the firstOL to
preferentially myelinate the axon of its IN partner. We can thus conclude that activity-
dependent myelination by firstOLs is not guided by a predetermined ontogenetic program
(Orduz et al., 2019). It is possible, however, that firstOLs confined in a so small space with
their lineage-related INs could contribute to myelination and maturation of specific local
circuits, facilitating synchronization and propagation of action potentials of both,

glutamatergic and GABAergic neurons, within a restricted space (Orduz et al., 2019).

It has been described in many reports how OPC are over-produced during development, in
three sequential waves to then be eliminated by PCD in order to adjust their final number
during the first two postnatal weeks (Kessaris et al., 2006; Raff et al., 1993). As we already
introduced before, Southwell and colleagues (2012) shown that the 40% of cortical INs are
eliminated through a Bax-dependent mechanism in concomitance with firstOPC
death. Interestingly it has been recently shown the TFEB promotes the death of pre-
myelinating OLs in a Bax-dependent manner, mechanism to ensure a correct spatial and
temporal specification of brain myelination (Sun et al., 2018). Initally, it was thought that the
three waves of OPCs were in competition between each other in order to ensure a correct
balance in OL lineage homeostasis (Kessaris et al., 2006). Previous studies in the optic nerve
indeed decsribed that 50% of OLs die in early development by competition for limited
amounts of survival signals (Barres et al., 1992). It has been also demontrsated in recent
reports the incredible plasticity of Oligodendglia lineage in regulating their cell number

during development, in adult life and also in pathological conditions.
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It has been shown that cortical OPCs are highly dynamic and explore the surrounding
enviroment through motile filopodia (Hughes et al., 2013). Since this continous monitoring, a
decrease in OPC cell number through death, differentiation or injury is rapidly detected and
followed by local migration and proliferation in order to mantain their homeostasis (Hughes
et al., 2013). Other example of oligodendroglia plasticity has been described in the
developing somatosensory cortex, where whisker deprivation was followed by an increase of
newly-formed OLs death, accompanied to an enhancing in OPC proliferation (Hill et al.,
2014). All these evidences show how OPCs react to environmental changes to compensate
for its loss and preserve their homeostasis in order to ensure a correct myelination and
function of neuronal circuits. However, a potential impact of IN-glia interactions on
oligodendroglia homeostasis had not been previously explored. Our groundbreaking results
are in contrast with previous studies. Indeed, the impact of lineage-related INs and firstOPCs
rescued from PCD on the entire oligodendroglial population induces a significant increase of
their density. Our findings reveal a new role of PCD during cortical development in
controlling the oligodendroglia number via a non-cell-autonomous mechanism (Orduz et al.,

2019).

Conclusions

Nowadays, it is recognized that GABAergic INs , over the interplay with PNs, adjust
excitation/inhibition balance for a healthy brain activity. Our study shows that INs also
constitute true partners of oligodendroglia during cortical embryonic and postnatal
development. It is thus very likely that the proper functioning of these two different cell
populations has an impact on each other, at least during the early phases of circuit
formation and maturation.

In our first report, we investigated how interneuron activity affects OPCs at PN 10 in the
somatosensory cortex, prior to their differentiation by describing a step-by-step
experimental protocol for the optogenetic interrogation of this neuron-oligodendroglia
interaction in mouse pups in vivo. Increasing the activity of Nkx2.1 INs we did not observe
any difference in the density of proliferating OPCs, suggesting a limited effect of interneuron
activity on OPC proliferation at this age. This result supports and complements our previous

findings showing that the GABAergic synaptic activity of OPCs does not play a role in
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oligodendrogenesis (Balia et al., 2017). It would be interesting analyze whether GABAergic
activity promotes oligodendroglia migration, mightly related with GABAB receptors
activation, (Luyt et al., 2007) by inspecting the cell density in different cortical layers after in
vivo stimulation. Furthermore, this methodology could be useful to study other cellular
interactions in the developing brain to get new insights on the role of glial cells in vivo during
neuronal circuit formation and maturation. In the second report, we analysed interneuron-
first OPCs common embryonic origin. We shed light on a complex postnatal interplay
between the two distinct populations that is favor by the same embryonic origin of the
cells. In addition, we found unexpectedly a new role for firstOPCs and interneuron PCD,
previously underestimated and restricted to an adjustment of the overproduced cell
number. In line with recent studies, showing how pyramidal cells number is crucial to
regulate interneuron survival and stabilize excitation/inhibition balance (ref), our study
identified in INs and firstOPCs death/survival balance a crucial role to ensure

oligondendroglia homeostasis and a proper myelination.

Several evidences in litterature suggest that GABA communcation of neurons with OL
lineage cells may constitute a major mechanisms of building and modulating the cortical
networks. INs -OL lineage interactions have to be thus further investigated to shed light on
the mechanisms behind this communication and deeply understand this complex and highly
sophisticated interplay which fine-tunes cortical circuitry during embryonic development

and throughout life.
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