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1. Microglia: multifaceted brain macrophages

1.1 General presentation of microglia

1.1.1 Microglia, an atypical glial cell

Microglia are the brain resident macrophages. They were initially described in 1919
alongside oligodendrocytes by Pio del Rio-Hortega, who sought to describe the “third
element” of the brain, being neither neurons nor astrocytes (Sierra et al. 2016). He was
the first one to identify them as phagocytes who display dynamic changes in microglial
morphology, from highly ramified to amoeboid (Sierra et al. 2016; Hirbec, Rassendren,
and Audinat 2019).

Like all tissue macrophages, microglia play a key role in organ integrity through their
contribution to tissue development, homeostasis, repair and in disease (Colonna and
Butovsky 2017; Tay et al. 2017; Hirbec, Rassendren, and Audinat 2019; Prinz, Jung,
and Priller 2019; Prinz et al. 2021a; Augusto-Oliveira et al. 2022). Microglia constitute
the first line of defense of the brain against pathogens or mechanical lesions, and were
first described as such. Indeed, like all tissue resident macrophages, they are
mononuclear phagocytes and maintain tissue homeostasis through phagocytosis,
release of cytokines and chemokines as well as antigen presentation (Colonna and
Butovsky, 2017; Hirbec, Rassendren, and Audinat, 2019; Prinz, Jung, and Priller,
2019; Prinz et al., 2021).

Microglia lie within the brain parenchyma, which is partially isolated from the blood
circulation by the blood-brain-barrier (BBB), thereby conferring them with unique
features (Prinz et al. 2021b; Masuda et al. 2022). On the one hand, microglia are part
of the large contingent of glial cells, namely non-neuronal brain cells, which also
comprise astrocytes and oligodendrocytes (Jakel and Dimou 2017; Greenhalgh, David,
and Bennett 2020). Astrocytes, initially thought to constitute support cells, acting as
regulators of ion concentration, neurotransmitter availability, neuronal excitability and
metabolic providers, are emerging as key regulators of neuronal activity (Reemst et al.
2016; Siracusa, Fusco, and Cuzzocrea 2019; Greenhalgh, David, and Bennett 2020).
Oligodendrocytes, which are derived from oligodendrocytes progenitor cells (OPC),
generate the myelin sheath essential for the regulation of electrical transmission. In

addition, both OPC and oligodendrocytes are emerging as highly dynamic actors in
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brain functions, for instance by regulating adaptive activity-dependent myelination in
the context of learning (Kuhn et al. 2019; Greenhalgh, David, and Bennett 2020; Narine
and Colognato 2022). While cross-talk between microglia and other glial cells are only
starting to be described, it will be extremely important to understand how the dialogue

between glial cells is regulated as well as which cells can act redundantly.

On the other hand, because of the BBB, the brain parenchyma is largely devoid of
circulating cells of the adaptive immune system in physiological conditions, making
microglia the main contingent of immune brain cells (Prinz et al. 2021a). Nonetheless,
microglia are part of a broader community of macrophages, that are present in the
brain vicinity, and collectively called border-associated-macrophages (BAMs) or
central nervous system (CNS)-associated macrophages (CAMs) (Masuda et al. 2022;
Prinz et al. 2021a). BAMs include choroid plexus macrophages, perivascular
macrophages (PVM) or meningeal macrophages, located in the dura or leptomeninges
(Prinz et al. 2021a; Masuda et al. 2022). Because BAMs lie at a critical interface
between brain tissue and adaptive immune cells, they are emerging as important
players in brain immunity during physiology and disease (Prinz et al. 2021a; Masuda
et al. 2022).

As true glial immune cells, microglia lie at the crossroads of interactions between the
immune system and the CNS. Over the past 20 years, landmark studies have revealed
that microglia, in addition to their macrophage functions, also exert physiological
functions in the neural tissue, regulating many aspects of brain development,
physiology and disease (Colonna and Butovsky 2017; Tay et al. 2017; Hirbec,
Rassendren, and Audinat 2019; Prinz, Jung, and Priller 2019; Prinz et al. 2021a;
Augusto-Oliveira et al. 2022). Indeed, microglia have been shown to regulate
neurogenesis, angiogenesis, synaptic transmission via contact with astrocytes as well
as synaptic plasticity by pruning inactive synapses or inducing dendritic spine sprouting
through modulation of the extracellular matrix (ECM) (Sierra et al. 2010; Nguyen et al.
2020; Diaz-Aparicio et al. 2020; Augusto-Oliveira et al. 2022) (Figure 1).

Importantly, these functions span the entire life, from early steps of development, a

feature directly linked to their origin.
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Figure 1. Physiological functions of microglia in the adult brain.

Scheme of physiological roles of microglia in the adult brain. From (Augusto-Oliveira et al.
2022).

1.1.2 Ontogeny of microglia

After the initial observations of Pio Del Rio Hortega who proposed that microglia have
a mesodermal origin and are generated outside of the brain (Sierra et al. 2016), it was
more recently proposed that microglia derive from monocytes of hematopoietic stem
cells (HSCs) origin located in the fetal liver and then bone marrow. Descriptions of
microglia at early stages embryonic stages (Perry, Hume, and Gordon 1985; Alliot et
al. 1991; Ashwell and Waite 1991; Monier et al. 2007) and more recent lineage tracing
studies definitively showed that they are derived from yolk-sac erythromyeloid
progenitor cells (EMPs) (Ginhoux et al. 2010; Kierdorf et al. 2013; Hoeffel et al. 2015).
Early C-kit+ EMPs arise in the extra-embryonic yolk-sac (YS) at E7.5 during the first
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steps of hematopoiesis. These EMPs start differentiating into primitive macrophages,
a pathway dependent on the transcription factors PU.1 and IFR8 as well as the
expression of colony-stimulating factor-1 receptor (CSF1R), which genetic inactivation
results in a complete absence of microglia (Schulz and al. 2012; Kierdorf et al. 2013).
These primitive macrophages circulate through the blood to exit the YS, then reach the
cerebral primordium and start colonizing the neuroepithelium around E9.5 in mice and
4.5-5.5 weeks in humans (Monier et al. 2007; Stremmel et al. 2018). These cells are
in close contact with blood vessels as they migrate from the pia and ventricles into the
parenchyma, suggesting they could enter through the bloodstream (Stremmel et al.
2018) (Figure 2). Some macrophages enter the parenchyma and become microglia,
whereas some remain in the meninges, and other surrounding CNS tissue and become
border-associated macrophages (BAMs), including meningeal and choroid plexus
microglia, or form tight contact with blood vessels and differentiate into perivascular
macrophages (PVM) (Goldmann et al. 2016; Masuda et al. 2022; Utz et al. 2020).

A second wave of microglial invaders has been proposed to come from C-Myb+ late
EMPs generated at E8.5 in the YS, alongside other EMPs which transition through the
fetal liver and will give rise to peripheral tissue resident macrophages. This second
wave of microglial precursors has been reported to express HOXBS8, and invades the
neuroepithelium from E12.5 onwards (De et al. 2018b) (Figure 2). Whether HOXB8+
YS-derived microglia really represent an ontogenically different subpopulation is
however still highly debated (Sharma, Bisht, and Eyo 2021).

Both waves of early microglia constitute the only glial cells present in the brain until the
onset of astrogenesis and oligodendrogenesis in rodents and in humans (Semple et
al. 2013; Reemst et al. 2016). Once in the neuroepithelium, microglia start proliferating
and maturing to constitute the entire adult population of microglia in the brain
parenchyma (Li and Barres 2018; Prinz et al., 2021a). Both waves of early microglia
constitute the only glial cells present in the brain until generation of the onset of
astrogenesis and oligodendrogenesis in rodents and in humans (Semple et al. 2013;
Reemst et al. 2016). Once in the neuroepithelium, microglia start proliferating and
maturing to constitute the entire adult population of microglia in the brain parenchyma
(Li and Barres 2018; Prinz et al., 2021a).
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Figure 2. Microglia and peripheral macrophages ontogeny.

In the yolk sac (YS), several erythromyeloid progenitor cells (EMPs) arise. Some early E7.5
EMPs differentiate into YS macrophages through CSF1R signaling, independently of C-Myb
and colonize the neuroepithelium where they become the resident microglial population. A later
wave of E8.5 EMPs of the YS that express C-Myb, transition through the fetal liver where they
become myeloid precursors (MPs) and go on to contribute to populations of peripheral
macrophages in other organs. This includes HOXB8+ microglia that go on to populate the
cortex from E12.5 onwards. Adapted from (Hoeffel et al. 2015).

PVMs and BAMs, but not choroid plexus microglia also self-renew throughout life,
showing that, like microglia, they are dedicated to their niche (Li & Barres, 2018;
Masuda et al., 2022; Prinz et al., 2021a). Furthermore, since the blood brain barrier
closes around E13.5, there is very little contribution of non-microglial immune cells in
the brain parenchyma, except in contexts of disease, injury and inflammation (Ginhoux
and Prinz 2015) It was recently shown that in humans, microglia have a similar

ontogeny and self-renewing abilities (Bian et al. 2020).
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1.1.3 How to become and stay microglia: overview and implications

As seen in the previous section, adult microglia thus derive from embryonic YS-
macrophage progenitors. While brain colonization by microglia will be described in the
next chapter, an important issue is how these macrophages become microglia and
how we can define this cell type, in terms of makers and molecular identity. As tissue
resident macrophages, microglia respond to the niche that they colonize and acquire
a specific cellular and molecular identity, as detailed in section 1.3.2.2 (Hickman et al.,
2013; Lavin et al., 2014; Gosselin et al., 2014; Butovsky et al., 2014; Bennett et al.,
2016). In particular TGF-R signalling is an essential regulator of microglial identity,
notably important for microglial maturation and not for BAM maturation (Buttgereit et
al. 2016; Utz et al. 2020; Zoller et al. 2018). Importantly, both acute signals and
epigenetic regulators (Datta et al. 2018) are required for the proper maturation of
microglia in the brain parenchyma. The interpretation and integration of niche-derived
signals is tightly linked to the ability of microglia to respond to their environment via a
unique set of endogenous ligand sensing a variety of signals including pathogens
called “the microglial sensome”(Abels et al., 2021; Hickman et al., 2013; Hickman & El
Khoury, 2019). The integration of niche signals converges onto the induction of the
expression of Sall1, a transcription factor key for microglia identity (Bennett et al., 2018;
Buttgereit et al., 2016; Thion, Low, et al., 2018; Utz et al., 2020). Importantly, circulating
monocytes that engraft into the brain in physiological conditions, were reported to lack
the capacity to induce Sall1, suggesting that, in addition to brain-derived signals, either
the cell of origin or the time spent in the neural tissue is essential for a cell to become
bona fide microglia (F. C. Bennett et al. 2018; Cronk et al. 2018; Ginhoux and Prinz
2015). This first step leads to a progressive maturation that drives the acquisition of
important receptors that are also key markers of microglia. For instance, the purinergic
P2Y12 receptor (and its counterpart P2Y13) is a central marker of microglia versus
BAM identity, as is essential for microglia to respond to injury but also neuronal activity
(Eyo et al., 2014; Kyrargyri et al., 2020; Milior et al., 2020). More generally, recent
single cell transcriptomic studies in rodents, but also across a variety of species have
enabled to define a microglial core signature, also referred to as homeostatic signature
as detailed in 1.3.2.2 (Geirsdottir et al. 2019; Masuda et al. 2020). In addition to

morphology that has constituted for a long time an important yet ill-defined criteria of
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differentiation, this major step has pushed the field into a new era of disentangling

ontogeny, identity acquisition, states and function as we will see in the next sections.

Consistently with the existence of a true symbiosis between their niche and microglia,
dissociation of brain tissue leads to a rapid downregulation of key factors that constitute
hallmark of microglial identity, including P2Y12 (Gosselin et al. 2017). In addition to
this, microglia are known to display a genuine and continuous dependence on niche-
derived signals. In particular, microglia differentiation and survival is known to rely on
the activation of the CSF1R pathway, a receptor that possesses two ligands, CSF1
and interleukin 34 (IL-34) (W. Lin et al. 2019; Kana et al. 2019; Easley-Neal et al. 2019).
In terms of CSF1 and IL-34 ligands, distinct cell types (neuron versus glia) seem to
produce them in a highly spatiotemporal manner, which will require in depth
investigation (Easley-Neal et al., 2019). Nonetheless, CSF1 inactivation seems to
overall reduce microglia at early steps of brain development while IL-34 inactivation
seems to reduce the density of cells at later stages in the forebrain (Boulakirba et al.,
2018; Greter et al., 2012; Mufioz-Garcia et al., 2021). While the ligands appear partially
redundant, blocking CSF1-R signaling at any step of microglial life induces death of
most of the cells exposed (Easley-Neal et al. 2019). This feature, which is a remarkable
feature of the microglial/neural symbiosis, has enabled the generation of a variety of
tools to deplete microglia and assess their functions (Eme-Scolan and Dando 2020;
Kitic et al. 2019). In particular, global gene inactivation, or blockade of the CSF1R
pathway using antibodies (AFS98) or pharmacological compounds (Plexxikon Inc.
PLX3397) leads to large scale depletion of microglia (Kim et al., 2021). Importantly,
BAMs are also sensitive to CSF1R blockage, implying that this kind of approaches
generate models that lack microglia but also BAMs. As a generality, it has been difficult
to disentangle the roles of microglia versus BAMs, and most of the studies performed
cannot dissociate between the two. More recently, selective cre dependent strategies
or additional models are being explored (Kim et al. 2021). In particular, while global
genetic inactivation of CSF1R leads to a lack of microglia and BAMs, the depletion of
an enhancer of the Csf1r gene called FIRE, enables to generate mice that lack
microglia (and other resident macrophage populations), but still display, to a certain
extent, BAMs (Rojo et al. 2019; Munro et al. 2020). The dependence of microglia to
their niche is hence an important feature that enables their manipulation and functional

studies.
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1.1.4 A cell under influence with life-long consequences

As mentioned, microglia are characterized by a sensome, that enables them to detect
a variety of signals (Abels et al., 2021; Hickman and El Khoury, 2019; Hickman et al.,
2013). While we will see in 1.2.3 that they respond to local neuronal signals linked to
activity, it is also important to stress that microglia can be influenced by a broad variety
of signals derived from the body, or the environment (Augusto-Oliveira et al. 2022; Tay
et al. 2017; Hirbec, Rassendren, and Audinat 2019). One example is the microbiota,
which has been shown to influence microglia in part via short chain fatty acid, and in
particular acetate (Erny et al. 2015; Morgane Sonia Thion et al. 2018; Erny et al. 2021).
Similarly, nutrition like high-fat diet and exposure to pollutants can modify microglial
properties (Delpech et al. 2015; Madore et al. 2020; Martinat et al. 2021). In terms of
other exogenous factors, chemotherapy treatments have been reported to affect
microglial activity, as well as activity of other glial brain cells, contributing to what is
called “chemobrain”, linked to cognitive impairments in patients (Gibson et al. 2019;
Gibson and Monje 2021; Gutmann 2019; Whalley 2019).

Another factor that influences microglia in rodents, especially adults, is sexual identity
(Thion et al. 2018; Han et al. 2021; Villa et al. 2018; Yanguas-Casas 2020; Lynch
2022). While these differences could be in part mediated by an acute influence of
steroid sex hormones, microglia isolated from males and females maintained slightly
different properties, with female microglia being more neuroprotective in vitro as well
as when transplanted in vivo (Villa et al. 2018). These observations raise the important
possibility that microglia also integrate these influences in the long-term, potentially via

epigenetic modifications (Ayata et al. 2018).

Lastly, this capacity of microglia to sense, respond and change for a prolonged
timeperiod, is particularly interesting in the context of inflammation. Microglia, as bona
fide immune cells, respond to inflammation, which in the context of brain studies has
been often mimicked by an injection of lipopolysaccharide (LPS), a membrane
component of Gram-negative bacteria (Hoogland et al. 2015; Lively and Schlichter
2018; Roumier et al. 2008). In this context, it has been well established that microglia
respond differently to an LPS exposure after a previous one, either by presenting an

attenuated response (training) or an enhanced one (priming) (Wendeln et al. 2018;
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Neher and Cunningham 2019; Roumier et al. 2008). Such modifications, or immune
memory, can have long-lasting implications for our understanding of microglial
contribution to ageing and normal cognitive decline or responses to neurodegenerative
diseases (Koellhoffer, McCullough, and Ritzel 2017; Bulut, Kilic, and Dominguez-
Andrés 2021; Costa et al. 2021).

1.2 Adult microglia in health and disease

Microglia deficits have long been directly linked to disease in the context of CSF1R
mutations leading to adult-onset leukodystrophy with axonal spheroids (Biundo et al.
2021; Ferrer 2022; Konno et al. 2018). Likewise, homozygous mutations in TREM2
and TYROBP(DAP12) which respectively code for Triggering Receptor Expressed on
Myeloid cells 2 (TREM2) and DNAX-Activating Protein of 12 kDa “(DAP12), lead to
Nasu-Hakola disease, including an early onset dementia (Konishi and Kiyama 2018;
Roumier et al. 2004; 2008; Bianchin et al. 2010; Tay et al. 2017). In addition to these
microgliopathies, microglia have been shown over the past decades to regulate several
core aspects of brain physiology and pathology. Indeed, a large number of studies
have established the main contribution of microglia, and more broadly brain
macrophages to the regulation of behaviors and brain function. A first example is
“sickness behavior’, a coordinated behavioral response to viral infection or
inflammation, leading to reduced social interactions, reduction of appetite and changes
in the levels of cytokine and neurotransmitters (Devlin, Smith, and Bilbo 2022; Béchade
et al. 2021; Jin et al. 2016). Another striking example is the behavioral deficit induced
by the mutation of the Hoxb8 transcription factor, expressed in microglia and other
immune brain cells, leading to obsessive-compulsive behaviors, highlighting the
potential roles of microglia in regulating behaviors altered in neurodevelopmental
disorders (Van Deren et al. 2022; De et al. 2018b). Finally, microglia are now
recognized actors, or at least contributors, to the progression of neurodegenerative
diseases. This feature is illustratred with the identification of polymorphisms in the
Trem2 gene as risk factors for the development of Alzheimer’s disease, a gene only

expressed in microglia and macrophages in the brain (Song and Colonna 2018)
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Based on these studies, microglia are involved in many integrated processes as well
as contributors to almost all brain diseases. In this chapter, | have chosen to focus

mainly on the cellular properties and functions of microglia.

1.2.1 A central role for microglial phagocytosis

Microglia participate to brain homeostasis through phagocytosis, whereby they remove
pathogens as well as dead or dying cells and modulate inflammation, after injury or
simply in normal physiological context, such as during neurogenesis in the dentate
gyrus of the hippocampus in the mouse brain (Sierra et al. 2010; Diaz-Aparicio et al.
2020; Galloway et al. 2019; Janda, Boi, and Carta 2018). Phagocytic functions of
microglia are mediated through several known signaling pathways that underlie
attraction of microglia to their target and phagocytosis. ATP/UDP signaling recruits
microglia to their target (Koizumi et al. 2007). Furthermore, microglia can recognize
pathogens through Toll Like Receptors (TLR) or C-type lectin receptors (CLRs), such
as C-type lectin domain family 7 member A (CLEC7A), but also dying cells presenting
“‘eat me” signal phosphatidylserine (PS) via TAM receptors Axl and Mertk (Colonna
and Butovsky 2017). Furthermore, microglia recognize apoptotic cells’ complement
molecules, in particular via Complement Receptor 3 (CR3) which triggers their
phagocytosis (Borucki et al. 2020). Lastly, the receptor complex involving TREM2 and
DAP12 also expressed by microglia similarly allows them to recognize and phagocyte
pathogens or apoptotic cells (Konishi and Kiyama 2018). In contrast, microglia can also
sense “don’t eat me signals” such as integrin-associated protein Cluster of
Differentiation 47 (CD47), expressed on the surface of healthy neurons, an effect
mediated by receptor Signal regulatory protein a (SIRPa) (Brown and Neher, 2014;
Lehrman et al., 2018)(Figure 3).
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Figure 3. Microglial pathways for sensing and initiating phagocytosis. Microglia sense
“eat-me signals” such as phosphatidylserine on the surface of dying neurons or other neural
cells. They can also sense “don’'t eat me signals” such as CD47 at the cell surface. From
(Brown and Neher 2014).

Importantly, all these pathways have been identified as critical regulators not only in
the regulation of cell numbers or elimination of debris, but also of synapses (Faust,
Gunner, and Schafer 2021; Augusto-Oliveira et al. 2022). As detailed in chapter 2, we
will see that similar tagging, recognition and elimination regulates the number of
synapses in development but also in the mature brain, thereby contributing to cognitive

decline linked to ageing (Cornell et al. 2022)

1.2.2 Microglia: much more than professional phagocytes

If microglia are the professional phagocytes of the brain, this function can also be

performed by other glial cell populations such as astrocytes (Jung and Chung 2018;

26



Faust, Gunner, and Schafer 2021). In addition, microglia contribute to brain functions
via many additional cellular properties, notably the production of cytokines including
IL1beta, IL6, TNF-alpha and many more (Colonna and Butovsky 2017; Werneburg et
al. 2017; Augusto-Oliveira et al. 2022). These cytokines are not only essential for
microglial communication to other cells of the immune system, but also are important
regulators of synaptic plasticity in a variety of context, acting on synaptic stability but
also functional properties (Werneburg et al. 2017). In addition to cytokines, microglia
can produce growth factors, such as IGF-1. They can also produce ECM components
and their regulators, especially metalloproteases (Mosser et al. 2017; Augusto-Oliveira
et al. 2022; Faust, Gunner, and Schafer 2021). This variety of factors produced by
microglia that can act onto neighboring cells is large, and | chose to only illustrate how
combination of factors can regulate an integrated response, in the context of injury and
degeneration (see 1.2.4). Lastly, a major feature of microglia that emerged in the recent
years is their capacity to negatively regulate neuronal excitability, notably via the
transformation of ATP into adenosine (Badimon et al. 2020; Merlini et al. 2021). Taken
together, these reveal ability for microglia to tune brain function in multiple ways. In the

next section, their fine sensing of neuronal activity and metabolism is described.

1.2.3 Microglia as sensors of neuronal activity and metabolism

The initial studies of live microglial imaging (Davalos et al. 2005; Nimmerjahn,
Kirchhoff, and Helmchen 2005) using the Cx3cr19% mice that enabled for the first time
the in vivo visualization of microglia, revealed a complex and rapid surveillance of their
surroundings as well as an acute response to lesions. Since these first steps, key
studies have deciphered how these cells move, respond to injury and neuronal activity,
as well as exert essential roles in the regulation of network activity (Augusto-Oliveira
et al. 2022). Beyond a baseline motility of their branches, which was shown to be
regulated by the potassium 2P channel THIK-1 (Madry et al. 2018), microglia respond
to a variety of signals that are linked to tissue injury, but also neuronal activity. Indeed,
from the live studies pioneered in zebrafish (Ying Li et al. 2012), a series of studies
have revealed that microglia respond to neuronal activity (Augusto-Oliveira et al.
2022). On the one hand, microglia reorient their processes towards active neurons or

synapses, a process that has been shown to rely on P2Y12 and the co-release of ATP
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(S.-S. Lin et al. 2021; Augusto-Oliveira et al. 2022; Eyo et al. 2014; Ying Li et al. 2012).
On the other hand, a series of studies have highlighted that microglia express a variety
of neurotransmitter receptors, rendering them also responsive directly to the release
of neurotransmitters (H. Liu, Leak, and Hu 2016; Pannell et al. 2014). As examples
recently related to functional responses of microglia, these cells can express the
GABAB&1 receptor and respond to GABAergic activity in the neocortex (Favuzzi et al.
2021), and can also express the Serotonin Receptor 5HT2B and respond to serotonin
signaling in the context of sickness behavior (Béchade et al. 2021; Kolodziejczak et al.
2015).

Finally, and importantly, recent studies have revealed that microglia can form somatic
junctions with the cell bodies of neurons, notably via P2Y12 receptors on the microglial
side (Cserép et al. 2020). This interaction also enables the tight link with a network and
mitochondria and could constitute a checkpoint of the electrical and metabolic activity
(Cserép, Posfai, and Dénes 2021). Microglia thus seem to exert a complex monitoring
of neuronal activity and metabolic activity of their neighbors, not only at the synapse,
but also at the cell body. It will be important to dissect out the relative contributions of
these monitoring to the adapted response of microglia in the context of normal brain

physiology or pathology.

1.2.4 An example of coordinated response to injury and disease

Microglia distribute throughout the surface of the adult CNS parenchyma and are
dynamic cells in the adult brain, displaying a highly ramified morphology scanning their
environment via motile processes. Through these processes they can rapidly sense
damage or perturbation to the tissue. Indeed, several studies have shown through live
two-photon imaging that microglia respond to laser ablation of the CNS within a few
hours, by extending their cytoplasmic extensions to the site of injury, likely in order to
prevent propagation of neurotoxic substances to the surrounding tissue (Davalos et al.
2005; Hines et al. 2009; Dibaj et al. 2010; Nimmerjahn, Kirchhoff, and Helmchen 2005)
(Figure 4A). Microglia sense CNS damage signals through expression of specific
receptors. These include purinergic receptors such as P2Y purinoceptor 12 (P2RY12)
and P2X purinoceptor 4 (P2X4) that can sense ATP released by dying cells (llles et al.
2020) (Figure 4A).
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Figure 4. Microglial response in injury and disease. (A) Microglia can sense damage
signals such as ATP that are released by neurons or astrocytes during injury. Adapted from
(Nayak, Roth, and McGavern 2014). (B) Microglia become differentially activated in injury and
disease, having both detrimental and protective effects notably in promoting or preventing cell
death or encouraging break down or strengthening of the ECM, which has led to the concept
of the M1/M2 dichotomy. Adapted from (Tang and Le 2016).

Microglia also respond to more acute injury in the mouse and human brain, such as
traumatic brain injury (TBI), axonal breakage, ischemic injuries or in pathological
contexts such as Alzheimer’s disease (Donat et al. 2017). In these cases, microglia
have been observed to migrate to the site of injury. Once there, microglia can have
protective but also neurotoxic effect (Tang and Le 2016). They can start producing pro-
inflammatory factors, such as IFN-y, TNF-a or interleukin-6 (IL-6) to fight pathogens
and resolve damage, but which can become neurotoxic (Kawabori and Yenari 2015)
and lead to exacerbated neuronal damage and death in chronic degenerative diseases
(Hickman et al. 2018). On the other hand, microglia may release trophic factors such
as pro-neurogenic molecule insulin-like growth factor (IGF-1) to support neuronal
survival and/or remyelination (Tang and Le, 2016). It has also been shown that
microglia respond to injury through remodeling of the extracellular matrix
(ECM)(Kawabori and Yenari 2015; Madsen and Bugge 2013; Kigerl et al. 2009).
Indeed, they are involved in glial scar formation through secretion of extracellular
matrix chondroitin sulphate proteoglycans (CSPGs), but also its degradation through

secretion of matrix metalloproteinases (MMPs) (Kawabori and Yenari 2015). Microglia
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can further contribute to ECM repair through expression of enzyme arginase 1 (Arg1)
whose products contribute to ECM synthesis and strengthening (Tang and Le 2016).
A classical but oversimplified view of the duality of microglial action in disease and
injury was represented in the M1/M2 nomenclature (Tang and Le 2016; Ransohoff
2016)(Figure 4B). In this view, M1 microglia are “activated” pro-inflammatory cytokine
producing cells that tend to have detrimental effect on the surrounding issue and M2
microglia are pro-repair and anti-inflammatory cytokine producing (Guo, Wang, and
Yin 2022). This M1/M2 dichotomy does not do justice to the multiplicity of possible
microglial phenotypes in different pathological contexts and the use of this
nomenclature tends to disappear (Ransohoff 2016). In the next section, the current

view and findings on microglial heterogeneity is described.

1.3 Microglial heterogeneity in health and disease

As seen in the previous section, microglia can perform various functions in the brain in
health and disease. Microglia are multifaceted sensors of the CNS and can adapt and
react to a broad panel of stimuli. For some time microglia were studied through the
prism of M1/M2 activation but it is now assumed that microglia, like other types of CNS
cells -neurons, astrocytes, oligodendrocytes, are a heterogeneous population
throughout time and space, allowing for this functional diversity (Stratoulias et al. 2019;
R. Paolicelli et al. 2022). Indeed, a common pool of microglia can change their “state”
in different fashions depending on their local milieu, by changing their distribution
pattern, morphology, factor secretion and phagocytic activity (Stratoulias et al. 2019;
R. Paolicelli et al. 2022). However, the question remains whether there are “subtypes”
of microglia that possess distinct intrinsic baseline properties that can in turn switch
states to respond differently to the same stimuli (Figure 5) (Stratoulias et al. 2019; R.
Paolicelli et al. 2022). In this section, the current knowledge on microglial

heterogeneity is described
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Figure 5. Microglia heterogeneity during the lifespan. (A) Microglial heterogeneity could
arise from the same pool of microglia, exposed to different sets of signals in their local milieu
that vary spatially, temporally and in health and disease, initiating a change of “state”. (B)
Alternatively, microglia subtypes with distinct intrinsic characteristics could pre-exist and
respond differently to different stimuli, explaining microglial heterogeneity. (C) Different

subtypes of microglia could respond differently to the same stimulus. From (Stratoulias et al.

2019).

1.3.1 Microglia spatial and morphological heterogeneity in the

healthy CNS

In the healthy adult brain microglia are ubiquitously distributed but their density and
morphology can vary in different structures (Tan, Yuan, and Tian 2020). Microglial
density in the adult mouse brain was assessed by several groups which showed that
it was highest in the forebrain compared to midbrain and hindbrain through

immunohistochemistry and flow cytometry using different markers such as F4/80, Iba1
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or LC1 (Tan, Yuan, and Tian 2020). In particular several studies point to the cortex as
a region of high microglia density and the cerebellum as a region of low density (Tan,
Yuan, and Tian 2020) (Figure 6A).
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Figure 6. Microglia distribution and morphologies in healthy and diseased brain. (A) In
the adult brain microglia populate the brain with slight regional variations in density. In addition,
their characteristic ramified morphology varies notably in certain regions like the SVZ. Adapted
from (Tan, Yuan, and Tian 2020). (B) In conditions of disease or injury, such as ischemia,
microglia morphology can vary in differentially according to brain region, as exemplified by
distinct response to ischemia of neocortical microglia display more rounded morphology

changes compared to hippocampal microglia in this image. From (Leyh et al. 2021).
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In addition, microglial density seems to be heterogeneous throughout subregions
themselves (Tan, Yuan, and Tian 2020). Furthermore, it has been shown that
heterogeneity in distribution and morphology of microglia is greatest during
development (described in the next chapter) and microglial morphology is globally
ramified in the adult mouse brain, but the degree of ramification varies between
different regions (Tan, Yuan, and Tian 2020). Only in certain regions, does this diverge
completely, such as in the corpus callosum where microglia are elongated along axons,
and regions where the blood brain barrier is leaky such as the subventricular zone
(SVZ), where amoeboid microglia can be observed (Tan, Yuan, and Tian 2020)(Figure
6A). These changes reflect differences in microglia interaction with their environment,
but the signal and intrinsic characteristics that drive these different morphologies in
microglia are not well understood. Importantly, although diversity in microglial
morphology suggests heterogeneity and morphology can be associated to certain
“sates” or functions, this characteristic alone cannot be used to define the “state” or
function of a microglia (Stratoulias et al. 2019). Nonetheless, in pathological contexts,
microglia can change morphology heterogeneously depending on brain regions or on
their proximity to lesions, indicative of the influence of the milieu on microglia, and the
relevance of morphology as a proper characteristic to probe microglial functional states
(Leyh et al. 2021; Savage, Carrier, and Tremblay 2019)(Figure 6B).

1.3.2 Microglial functional states and transcriptional heterogeneity
and in health and disease

1.3.2.1 Identified microglial states in the adult brain

A few subsets with distinguishing features and suspected functional specialization
have been uncovered in the adult brain (for review see Stratoulias et al., 2019). These
often remain to be further described as “states” or subtypes as they were not always
defined based on exhaustive multidimensional characteristics (transcriptomics, spatial

distribution, morphology) but rather based on functional specialization or
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characteristics such as differential protein marker expression. Interestingly, a putative
subtype of microglia present solely in the neocortex was defined as ontogenically
different HOXB8 microglia (De et al. 2018a). These HOXB8 microglia differed
significantly only by 21 genes from their non-HOXB8 counterparts and although their
precise roles are yet undefined, their loss resulted in pathological grooming behavior
(De et al. 2018a).

On the other hand, De Biase and colleagues reported microglia from different brain
structures can exhibit different “states”, which they propose to be dependent on local
cues (De Biase et al. 2017). Indeed, microglia from the cortex or distinct basal ganglia
nuclei differ in morphology, lysosomal content, membrane properties and bulk
transcriptome and these localization-specific characteristics can be reacquired by
repopulating microglia after depletion (De Biase et al. 2017). Further microglial states
are also observed in homeostatic conditions. For instance, Keratin sulfate positive
(KSPG) microglia are found preferentially in the olfactory bulb, hippocampus and
brainstem (Stratoulias et al. 2019). Similarly, certain microglia associate preferentially
with the axon initial segment (AIS) of neurons exclusively in the cortex and
hippocampus (Stratoulias et al. 2019). Additionally, a group of microglia that have low
expression of purinoreceptors regulate neurogenesis in the adult SVZ and rostral
migratory stream (RMS) (Xavier et al. 2015). These groups of microglia can react
differently to injury or disease, such as AlS microglia that cease AIS contact upon injury
or KSPG microglia that associate with motoneurons in amyotrophic lateral sclerosis
(ALS) models and could thus represent a disease reactive state (Stratoulias et al.
2019). Furthermore, a phenotype of microglia is almost exclusively present in
pathological contexts, and defined as “dark microglia” due to their condensed
cytoplasm and nucleoplasm when observed at the ultrastructural level (Bisht et al.
2016). Their functions in pathology remain unidentified (Bisht et al. 2016). There also
exist sets of microglia that are resistant to CSF1-R inhibition-induced pharmacological
depletion, but the unique properties that allow for their survival are still not well
understood (Stratoulias et al. 2019). Some functional microglial states also emerge

during development and will be described in the next chapter 3.

1.3.2.2 Transcriptional heterogeneity in adult microglia
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It is now possible to track the heterogeneity in microglial transcriptional profiles across
time and space, health and disease, using different single cell sequencing methods in
mouse and human tissues (Masuda et al. 2020). Several groups have thus reported
their findings on the different microglial profiles, as well as comparing them to other
border associated macrophages (BAMs), non-parenchymal macrophages associated
with the CNS and other myeloid cells. These studies thus also allowed for a refinement
of hallmarks of adult microglial identity and homeostatic signature that can be altered
in subtypes. The search for a homeostatic signature of microglia was performed in
several studies, which showed that TGF-f signaling is important for the specification
of commonly identified a hallmark genes signature with Sall1, Tmem119, P2ry12,
Cx3cr1, Trem2, SiglecH, Hexb and Fcrls more highly in microglia and little to not in
other myeloid cells (Hickman et al., 2013; Lavin et al., 2014; Gosselin et al., 2014;
Butovsky et al., 2014; Bennett et al., 2016). Some of these genes, like P2ry12 and
Cx3cr1 are sensome-coding genes that confer specific functions of microglia in
response to brain signals. In humans, the homeostatic signature also includes
CX3CR1 and P2RY12 (Galatro et al. 2017; Gosselin et al. 2017), but microglia show
more regional transcriptional heterogeneity (Masuda et al. 2020). These studies
commonly show that the homeostatic status of microglia can slightly vary regionally,
especially in the mouse cerebellum, albeit to a lower extent in the adult brain than in
the developing brain (described in the next chapter), and these differences have yet to

be associated to specific functions (Masuda et al. 2020).

Contrastingly, several groups have looked at the transcriptional profile of microglia in
disease models and identified a common signature, which was coined disease
associated microglia (DAMs) by Keren-Shaul and colleagues (Keren-Shaul et al.
2017). In DAMs, homeostatic microglia gene expression is downregulated and some
inflammatory genes are upregulated (Deczkowska et al. 2018b). These genes
prominently include ones that code for receptors involved in phagocytosis such as Axl,
Tyrobp, Clec7A or ltgax (coding for CD11c), lipid metabolism genes such as Apoe and
Lpl, but also tissue repair genes Gpnmb and Spp1 (H. Wang 2021). Consistent with
this signature, DAM were initially associated with restriction of AR plaques in
Alzheimer’'s disease (AD) models but similar profiles were broadly found to be

protective in other neurodegeneration disease contexts, such as ALS, aging and
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demyelination (for review see Benmamar-Badel, Owens, and Wlodarczyk, 2020)
(Figure 7A).
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Figure 7. Microglia acquire the DAM profile in Alzheimer’s disease. (A) In some
degenerative diseases such as AD the microglial homeostatic transcriptional is lost after
exposure to unknown signals, leading to stage 1 DAMs expressing a differential profile. At a
more advanced stage microglia acquire a stage 2 DAM profile dependent on TREMZ signalling.
(Deczkowska et al. 2018b). (B) CD11c+ DAM microglia accumulate around AR plaques in a
mouse AD model. (Keren-Shaul et al. 2017).

The emergence of the DAM phenotype was shown to depend on receptor TREM2
signalling, to switch from an early DAM stage 1 to a DAM stage 2 following disease

progression (Deczkowska et al. 2018b) (Figure 7B). Indeed, in Trem2 -/- mouse
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models of AD, AR pathology is worsened (Keren-Shaul et al. 2017) and the DAM profile

is never fully acquired as microglia remained in DAM1 stage.

Furthermore, it was proposed that the DAM phenotype is induced by microglia sensing
of danger signals such as phosphatidylserine on apoptotic neurons, or signals from
myelin debris and AR. Indeed, it has been shown that apoptotic cells can drive the
DAM profile in vitro and in vivo. In humans, similar transcriptomes to DAM have been
observed in microglia from AD patients, and mutations in TREM2 and DAP12/TYROBP
are involved in an early onset dementia disease, Nasu Hakola (Deczkowska et al.
2018; Konishi and Kiyama 2018).Thus, degenerative diseases microenvironment
drives the switch of microglial phenotype to DAM, but the full acquisition of that
phenotype is dependent on the TREM2 pathway, showing that there are also different
states that microglia can attain due to pathological changes in the tissue but can vary
in according to intrinsic properties of microglia (Masuda et al. 2020). Furthermore, there
is evidence that more disease context- specific changes in transcriptomic profiles
which give rise to clusters distinct from DAM in mouse models and human cases of
demyelinating disease, such as autoimmune encephalomyelitis (EAE) and multiple
sclerosis (MS) (Masuda et al. 2020).

Taken together, in the adult brain, microglial are multifaceted cells, but their
heterogeneity and functional switches are most remarkable in disease contexts. In the
next chapter, microglial development and microglial contribution to forebrain

development will be described.
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2. Microglia and forebrain development

2.1 Forebrain structures and morphogenesis

2.1.1 Structures and tracts of the forebrain

The brain is the anterior part of the central nervous system that derives from a sheet
of ectodermal cells, the neural plate, during early development (Figure 8A; for review
see (Colas and Schoenwolf 2001)). The neural plate invaginates and folds dorsally to
become the neural tube which then gives rise to three compartments: the
prosencephalon or forebrain, the mesencephalon or midbrain and the
rhombencephalon or hindbrain (Figure 8B) (Colas and Schoenwolf 2001). In this
thesis, we will focus on the forebrain, which plays a central role in higher cognition,
integration of sensory information, movement and emotions (Medina 2009; Badre
2008; Dumontheil 2014). The forebrain is divided into the telencephalon and more

caudally, the diencephalon (Figure 8B).
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Figure 8. Forebrain. (A) Origin and structures of the forebrain. The forebrain derives from the
neuroectodermal cells which give rise to the neural tube. From Colas and Schoenwolf, 2001.
(B) The anterior neural tube gives rise to the brain, which that can be divided, into 3 main

vesicles including the forebrain. Image by (I, Nrets., 2007).

The telencephalon encompasses the pallium and the subpallium. The pallium is made

up of two cerebral hemispheres that bear the neocortex and the amygdala, which are
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essential for higher cognitive functions and emotional display (Badre 2008; Dumontheil
2014; Medina 2009; Baxter and Croxson 2012). The subpallium contains the basal
ganglia, particularly the striatum, which participates in motor control, learning, memory
and emotions (Phelps and LeDoux 2005; Groenewegen 2003; Medina 2009) (Figure
9A).

The functional implications of these structures largely depend on the establishment of
a correct circuitry, with appropriate specification of their neural components. They also
depend on long-range axonal communication between neurons within the forebrain
such as commissural tracts. These include the corpus callosum (CC), anterior
commissure (AC) and hippocampal commissure which relay information between the
cortices of the two different hemispheres, as well as the internal capsule, which
contains thalamo-cortical axons, cortico-thalamic axons and cortico-subcerebral axons
(Chédotal and Richards 2010) (Figure 9B). In the next section we will describe the

development and specification of forebrain structures throughout embryogenesis.
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Figure 9. Adult mouse forebrain. (A) Schematic sagittal view of an adult mouse brain,
showing the major structures of the forebrain. From (Medina 2009). (B) Major commissural
axon tracts of the forebrain include the corpus callosum (CC), the hippocampal commissure
(HC) and the anterior commissure (AC). Adapted from (Chédotal and Richards 2010).

2.1.2 Forebrain morphogenesis
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During morphogenesis, the different structures of the telencephalon and diencephalon
are specified and the formation of more or less well-defined borders, such as the pallial-
subpallial border (PSB) (Campbell 2003; Rallu, Corbin, and Fishell 2002; Garel,
Huffman, and Rubenstein 2003; Hoch, Rubenstein, and Pleasure 2009). In the neural
tube, this is orchestrated by morphogen gradients secreted from organizer centers that
drive expression of specific combinations of transcription factors to dictate neural cell
identity, including neuronal and glial cells (Figure 10A) (Campbell 2003; Rallu, Corbin,
and Fishell 2002; Garel, Huffman, and Rubenstein 2003; Hoch, Rubenstein, and
Pleasure 2009).

Thus morphogens such as Sonic hedgehog, Wnt, fibroblast growth factors (FGF),
retinoic acid (RA) and bone morphogenetic protein (BMP) pattern the forebrain
(Campbell 2003; Rallu, Corbin, and Fishell 2002; Garel, Huffman, and Rubenstein
2003; Hoch, Rubenstein, and Pleasure 2009).

Thus, progenitors of the pallium express factors Emx1, Pax2, Pax6 or Ngn2 and give
mostly rise to excitatory cells whereas subpallial progenitors express Gsh2, Mash1 and
DIx family members and give mostly rise to inhibitory neurons (Figure 10B) (Wonders
and Anderson 2006; Medina and Abellan 2009; O. Marin and Rubenstein 2001).

During embryogenesis, the subpallium arises into 4 transitory structures: the medial
ganglionic eminence (MGE), the lateral ganglionic eminence (LGE) and the caudal
ganglionic eminence (CGE) and the ventral preoptic area (POA). These regions are
characterized by specific combinations of gene expression, which define distinct
molecular territories from which arise the different nuclei of the basal ganglia (Oscar
Marin and Mller 2014; Nobrega-Pereira et al. 2010; O. Marin and Rubenstein 2001;
Oscar Marin et al. 2002). Through radial migration of neurons born there, the MGE
thus gives rises to the globus pallidus (GP), LGE thus gives rise to the striatum (Str),
the CGE and the POA to the basal magnocellular complex (Oscar Marin and Mduller
2014; Nobrega-Pereira et al. 2010; O. Marin and Rubenstein 2001; Oscar Marin et al.
2002). Some tangential migration of neurons born in those structures participates in
subpallial development, but also pallial development. In particular, GABAergic cortical
and striatal interneurons are born in the MGE, LGE and CGE (Oscar Marin and Mdller
2014).
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Figure 10. Morphogenetic signals and division of the pallium and subpallium during
forebrain morphogenesis. (A) Morphogen gradients dictate pallial and subpallial structures
specification. From (Medina and Abellan 2009). (B) Distinct combinations of gene expression
distinguish pallial and subpallial domains. Axon guidance cues guide thalamic axons to the
cortex. From (Grant, Hoerder-Suabedissen, and Molnar 2012). CH, cortical hem; dLGE,
dorsolateral ganglionic eminence; DP, dorsal pallium; DTB, diencephalon-telencephalic
boundary; Hyp, hypothalamus; LCS, lateral cortical stream; MGE, medial ganglionic eminence;
MP, medial pallium; PSPB, pallial-subpallial boundary; LP, lateral pallium; VLGE, ventro-lateral
ganglionic eminence; VP, ventral pallium; Th, thalamus. (C) Dbx1-LacZ tracing delineates CSA
boundary. Adapted from (Puelles et al. 2016). BLa, basolateral amygdala; CPu, caudate
putamen (striatum); NCx, neocortex; Pir, piriform cortex; VEn, ventral endopiriform cortex;

vms, ventral migratory stream (equivalent of LCS).

The amygdala is part of the ventral pallium and arises from progenitors in the ventral
pallium (Medina 2009). The pallial-subpallial boundary (PSB) marks a sharp boundary
between the pallium and subpallium and on the pallial side of it comprises migrating
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progenitors that have their own transcriptional profile (such as Pax6, Dbx1 and Sp8
TFs) that migrate along the lateral cortical stream (LCS) giving rise to neuronal diversity
in certain amygdalar nuclei, piriform cortex, Cajal Retzius cells and olfactory bulb
neurons (Bielle et al. 2005; Carney et al. 2006; Waclaw et al. 2010; Kohwi et al. 2007;
Puelles et al. 2016) (Figure 10B).

The PSB runs throughout the rostrocaudal axis, and is mostly rostrally the boundary
between the cortex and the striatum (Puelles et al., 2016). However, caudally the PSB
becomes the boundary between amygdala and the striatum, which is only dorsally
appended to the cortex (Carney et al., 2006; Puelles et al., 2016). This boundary is
thus distinguished from what we can define as the cortico-striato-amygdalar boundary
(CSA), the boundary that separates the cortex and the amygdala and is prolonged into

the cortico-striatal boundary dorsally (Figure 10C).
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Figure 11. Timeline of developmental events in the forebrain. Microglia are present
throughout early and late embryogenesis as well as perinatal developmental processes. From
(M. Thion and Garel 2017).

During late morphogenesis, the established structures of the pallium and subpallium
continue their growth in a context of morphogenetic tensions with the advent of
processes such as neurogenesis and neuronal migration-associated expansion of

structures like the cortex as well as mechanical tension associated with axon genesis
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(Hankin, Schneider, and Silver 1988; Van Essen 2020; Saito et al. 2019). In this
context, microglia are the only glial cells present until late gestation with the onset of
genesis of other glial cells (M. Thion and Garel 2017). They are thus present
throughout embryogenesis but also during perinatal developmental processes such as
programmed cell death and synaptogenesis (M. Thion and Garel 2017) (Figure 11). In

the next section, we describe how microglia participate in forebrain development.

2.2. Microglia in development: ontogeny and early functions

2.2.1 Distribution and morphology during forebrain colonization
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In spite of the numerous studies performed, we still have a relatively fragmented
understanding of the mechanisms by which microglia enter and colonize the brain.
Once they start colonizing the brain, microglia show a spatiotemporally precise,
stereotypical and uneven distribution pattern in the forebrain, throughout
embryogenesis and early postnatal development (Thion and Garel, 2017). This has
been observed in many mammalian species such as rodents and primates including
humans (Pont-Lezica et al. 2011). In contrast, microglia tile the surface of the forebrain
parenchyma more uniformly in the adult brain (Thion and Garel, 2017). For instance,
in the embryo, microglia are found to associate with developing blood vessels,
prompting the still debated hypothesis of their entry into the brain through the
vasculature (Arnold and Betsholtz 2013) and accumulate zones of developmental cell
death (Pont-Lezica et al. 2011). This stereotyped pattern of distribution of
developmental microglia is exemplified by transient heterogeneous accumulations at
different “hotspots” as well as varying morphologies during development, that have
been mostly described in mammalian species (Perry, Hume, and Gordon 1985;
Swinnen et al. 2013; Squarzoni et al. 2014). Importantly, embryonic microglia in mice
also associate with radial glia, and accumulate along growing axon tracts such
dopaminergic fibers and corpus callosum (CC) and at the corticostriatoamygdalar
boundary (CSA) (Squarzoni et al., 2014; Thion and Garel, 2017) (Figure 12A). Of note,
transient amoeboid microglial accumulations were also observed in white matter
regions, specifically the CC, in the early rodent postnatal brain (Benmamar-Badel,
Owens, and Wilodarczyk 2020). Similar accumulations in the white matter were
described already in 1939 as “fountains of microglia” in human embryonic brains at

corresponding stages (Kershman 1939)(Figure 12B).
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Figure 12. Early distribution of microglia during forebrain development. (A) Microglia
visualized by CX3CR1-GFP expression populate the forebrain unevenly in the mouse embryo
compared to late postnatal brain and accumulate at hotspots that include the CSA (a-d).
Embryonic microglia morphology is less complex that in the adult brain and is more amoeboid
at certain hotspots such as the CSA (e-g). Microglia do not invade the cortex homogeneously
(h-k). Figure from (M. Thion and Garel 2017). (B) Scheme representing “fountains of microglia”,
highlighted in green, which can be observed in white matter regions (corpus callosum, CC and
hippocampal fissure, HF) and at the border of the striatum in late gestation during human brain

development. Adapted from (Kershman 1939).

Another example of the peculiar microglia distribution throughout early development is
their colonization of the cortex, which unfolds in a specific fashion: they are first
excluded from the cortical plate before E16.5, stay in deeper layers in contact with
progenitors and progressively tile the different cortical layers as postnatal development
unfolds (M. Thion and Garel 2017)(Figure 12A, h-k). In particular, postnatal
development microglia still display some peculiar distributions, as they are excluded
from barrel fields of layer IV developing somatosensory cortex before P5 when they
start migrating into these structures and interact with young thalamocortical synapses

in a CX3CR1 dependent manner (Arnoux and Audinat 2015). From the second
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postnatal week, microglia acquire a more homogeneous distribution in the barrels
(Arnoux and Audinat 2015).

Finally, although they are generally more rounded and possess less ramified branches,
embryonic microglia still vary greatly in morphology, ranging from amoeboid to
branched (M. Thion and Garel 2017) (Figure 12A, e-g). Postnatally, microglia start
adopting a generally more ramified morphology, explaining why amoeboid “fountains
of microglia” stand out (Cengiz et al. 2019)(Figure12B). The diversity in morphology
and spatiotemporal specificities of microglial distribution suggests diverse functions
related to the structures they associate with during embryonic and perinatal

development. These functions are described in the next sections.

2.2.2 The diverse roles of microglia in the developing forebrain

Although their early roles remain largely unexplored, a few precocious embryonic
functions of microglia have been identified (Mosser et al., 2017; Pont-Lezica et al.,
2011; Thion, Ginhoux, et al., 2018a). An important limitation to all the studies presented
herein which conclude on microglial functions, is that the models used usually target
both microglia and BAMs, as well as often peripheral macrophages (Hammond,
Robinton, and Stevens 2018; Eme-Scolan and Dando 2020; Prinz et al. 2021a). As
such, it is important to note that all the functions presented below still need to be
precisely attributed to microglia, or to other populations of macrophages. Nonetheless,
for clarity and concision purposes, | have kept the terminology “microglia” in the

following sections.

2.2.2.1 Prenatal roles of microglia

First, Fantin and colleagues found that appropriate fusion of tip cells to form new
branches in the blood vessel network requires the presence of brain macrophages in
the embryonic hindbrain (Figure 13A) and the developing retina (Fantin et al. 2010;
Arnold and Betsholtz 2013). Close contact between microglia throughout perinatal
development in rodents and humans suggests that they may have a more extensive
role in early angiogenesis (Mondo et al. 2020). Furthermore, microglia have been

shown to regulate axon tract development in the embryonic brain. Indeed, microglia
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regulate the growth of dopaminergic axons into the striatum at E14.5, in a CX3CR1-
dependent, but DAP12/TYROBP-independent manner (Squarzoni et al. 2014) (Figure
13C). In addition, microglia were shown to regulate CC projections fasciculation at the
end of embryogenesis, in a DAP12/TYROBP-dependent manner (Pont-Lezica et al.
2014) (Figure 13C). Interestingly, in both tracts, axonal development was also
perturbed by maternal immune activation (MIA), suggesting that MIA could in part act

through by altering a normal developmental function of microglia (Squarzoni et al.

2014; Pont-Lezica et al. 2014).
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Figure 13. Microglia perform diverse functions in prenatal brains. (A) In the early
embryonic hindbrain, microglia associate with blood vessels throughout their sprouting, and
their absence in Pu.7 7 mice lacking myeloid cells leads to decreased vascular branch points
in the periventricular vascular plexus (PVP). Figure adapted from (Arnold and Betsholtz 2013)
(B) Rendering of 3D reconstructed confocal images of CX3CR1-GFP+ microglia engulfing
apoptotic (E) and viable (F-G) Brn3+ RGCs in the embryonic retina. Adapted from (Anderson,
Zhang, et al. 2019). (C-D) Embryonic microglia are required for appropriate dopaminergic axon
outgrowth and CC axon fasciculation as well as positioning of interneurons. Either CX3CR1 or
DAP12/TYROBP signaling, or both mediate these functions. From (Thion, Ginhoux, et al.,
2018b).

Similarly, Squarzoni and colleague showed that embryonic depletion of microglia, MIA
and genetic inactivation of CX3CR1 and DAP12/TYROBP signalling lead to modified
interneuron positioning in the embryonic cortex (Squarzoni et al. 2014) (Figure 13D).
Consistently, the neocortex of embryonic microglia depleted or MIA offsprings display

long term impairments in inhibitory circuits (Thion et al., 2019).

Finally, although microglia functions have mostly been described during postnatal
development (see 2.2.2.2), some functions such as the elimination of apoptotic cell
bodies and the engulfment of live cells or cell fragments have also been reported
prenatally. Embryonic engulfment of apoptotic cells by microglia was observed in
different contexts, including E4 chick retinal cells, and E20 rat neuronal progenitors as
observed using bi-photon live imaging (Cunningham, Martinez-Cerdeno, and Noctor
2013; Frade and Barde 1998). In a CR3 dependent manner, microglia also engulf
apoptotic and viable retinal ganglion cells (RGCs) in the mouse retina (Anderson,
Zhang, et al. 2019) (Figure 13B). Importantly, despite the fact that their role in reaction
to external insults is not extensively described in the embryo, Rosin and colleagues
have recently shown that microglia can induce breakage of AAV infected or in utero
electroporated damaged radial glia and phagocytose them in the embryonic
hypothalamus, through TAM receptors MertK et Axl signaling (Rosin, Marsters, et al.
2021).

Taken together, microglia prove to be multifaceted actors of early embryonic

development, where their roles are yet to be fully described. By contrast, we have a
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better understanding of their postnatal functions, which will be the focus of the next

sections.

2.2.2.2 Neural cell regulation, survival and maturation

As in the adult brain where they were shown to regulate neurogenesis, microglia
regulate developmental homeostasis also through regulation of neuronal numbers,
survival and maturation (Bessis et al. 2007; Mallat, Marin-Teva, and Chéret 2005;
Sierra, Tremblay, and Wake 2014; Su et al. 2014; Hammond, Robinton, and Stevens
2018; Prinz, Jung, and Priller 2019; Augusto-Oliveira et al. 2022). Cell numbers can
be controlled through regulation of progenitor cells as well as through regulating
survival and apoptosis of differentiated neurons. Microglia are involved in both modes
of regulation. Perinatally, microglia engulf PO hippocampal neurons but also P3
Purkinje cerebellar neurons (Marin-Teva et al. 2004; Wakselman et al. 2008). In these
cases, it has been shown that microglia provoke cell death and engulfment by
producing reactive oxygen species (ROS) and in the PO hippocampus, require
DAP12/TYROBP expression to perform this function (Wakselman et al. 2008) (Figure
14A). In parallel, microglia regulate neuronal survival through secretion of trophic
factors such as IGF1, which promotes the survival of cortical layer V subcerebral and
callosal projection neurons during postnatal development (Ueno et al. 2013; Fujita et
al. 2020) (Figure 14B-C). Such effect of microglia requires CX3CR1 as well the
interaction of microglial NGL-1 and axonal NetrinG1, which enable the accumulation
of IGF1-producing microglia along the axons of layer V neurons (Fujita et al. 2020)
(Figure 14B-C).
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Figure 14. Microglia modulate neural cell populations during early postnatal
development. (A) Microglia regulate neuronal cell populations by inducing cell death through
factor secretion (such as nerve growth factor (NGF), ROS (reactive oxygen species), tumor
necrosis factor (TNF)) and by phagocytosing apoptotic neurons. From (Thion, Ginhoux, et al.,
2018b) (B) Microglia promote P5 layer V somateosensory neurons survival through IGF-1
signalling. Adapted from (Morgane S. Thion, Ginhoux, and Garel 2018b) (C) Subcortical white
matter microglia interact with layer V neurons by sensing their expression of Netrin-G1 via
receptor NGL-1 to promote their survival and regulate oligodendrogenesis and myelination
through IGF-1 signalling. Adapted from (Thion, Ginhoux, et al., 2018b) (D) 3D rendering of a
confocal imaged Iba1+ microglia engulfing a viable ALDHL 1+ astrocyte at P4 in the amygdala.
Adapted from (VanRyzin et al. 2019). (E) In the P7 CC white matter, Iba1+ microglia interact
with NG2+ OPCs and newly born oligodendrocytes. Electron microscopy shows that microglia
(in green) engulf other cells and live imaging shows CX3CR1-GFP+ microglia engulfing viable
NG2+ cells and distinct PSVue+ apoptotic cells. From (Nemes-Baran, White, and DeSilva
2020).

In addition to regulating neuronal numbers, microglia also act onto other glial cells.
Several research groups provided evidence that microglia can engulf astrocytes to
regulate their numbers during development in the cortex, amygdala and retina (Li et
al., 2019; Punal et al., 2019; VanRyzin et al., 2019). In particular, in the first postnatal
week, amygdalar microglia phagocytose viable newborn astrocytes in a sexually

dimorphic and CR3-dependent manner, shaping juvenile play behavior in rats
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(VanRyzin et al. 2019) (Figure 14D). Furthermore, microglia were shown to regulate
oligodendrogenesis in the early postnatal white matter and ultimately myelination
(Benmamar-Badel, Owens, and Wlodarczyk 2020). Similarly to astrocytes, several in
vivo and live-imaging studies have reported that microglia engulf viable
oligodendrocyte progenitors cells (OPC) and newly formed oligodendrocytes in the first
postnatal weeks ( Li et al. 2019; Nemes-Baran and DeSilva 2021; Nemes-Baran,
White, and DeSilva 2020; Irfan, Evonuk, and DeSilva 2022) (Figure 14E). Nemes-
Baran and colleagues reported that this action is mediated through microglial CX3CR1
and ablation of its coding gene leads to hypomyelination in the white matter in the long-
term (Nemes-Baran, White, and DeSilva 2020). Alternatively, but consistentl with often
proposed dichotomous roles of microglial cells, other groups report that microglial
fountains constitute a specialized subtype of CD11c+ microglia that can support
oligodendrogenesis and promote myelination, in part through trophic IGF-1 signalling
(Benmamar-Badel, Owens, and Wlodarczyk 2020; Wlodarczyk et al. 2017). This
specialized microglial state is further described in the next section on developmental

heterogeneity of microglia.

2.2.2.3 Synaptogenesis

In contrast to the limited knowledge that we have on the functions exerted by microglia
and other macrophages during early steps of development, a series of landmark
studies have established that these cells play critical roles in postnatal circuit
refinement, especially in for synaptogenesis and synaptic plasticity. Microglia were
shown to regulate synapses in a dual way, both promoting the formation of synapses
and the elimination of weak ones through pruning. In the mouse brain, neocortical
microglia can promote synaptic growth by contacting active neurons reminiscent of the
same BDNF-driven ability of microglia during motor learning in the mouse adult

hippocampus (Parkhurst et al. 2013; Miyamoto et al. 2016) (Figure 15A).

Importantly, microglia also prune synapses during development (Faust, Gunner, and
Schafer 2021). It was first found that microglia can prune excitatory hippocampal pre
and post-synaptic elements, a process which is impaired in Cx3cr1”- mice (Paolicelli
et al.,, 2011). Concomitantly, it was shown that microglia regulate the activity-

dependent pre-synaptic pruning of retinal projections in the dorso-lateral geniculate
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nucleus (dLGN) of the thalamus, when axons compete to shape ipsilateral and
contralateral territories (Schafer et al. 2012). This process is mediated by tagging of
the synapses by the complement and a further elimination via the Complement
Receptor 3 (CR3) (Schafer et al., 2012; Werneburg et al., 2017; Faust et al., 2021).
Furthermore, synaptic refinement by microglia in the postnatal dLGN can be modulated
by microglial serotonin receptor 5-HT2B, which enables them to sense serotonin (5-
HT) and be recruited to synapse or switch to a phagocytic state (Kolodziejczak et al.
2015).
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Figure 15. Microglia perform diverse functions in postnatal brains. (A) In the first two
postnatal weeks, microglia promote excitatory synapse development dually, via promotion of
spine formation and pruning, which can depend on neuronal activity or signaling from
astrocytes. From (Morgane S. Thion, Ginhoux, and Garel 2018b). (B) Specialized GABA-
receptive microglia also shape interneuron GABAergic synapses. From (Favuzzi et al. 2021).
(C) Synapse elimination by microglia in the sensory deprived barrel cortex is dependent on
metalloprotease ADAM10 expression. ADAM10 inhibition through GI254023X inhibitor leads
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to poor engulfment of Vglut2 and intact synapses in the sensory deprived barrel cortex.
Adapted from (Gunner et al. 2019).

In contrast, in the critical period for somatosensory barrel cortex synaptogenesis, after
sensory lesioning, weak synapses were eliminated via a CX3CR1 and CX3CL1-
dependent process, requiring metalloprotease ADAM10 upregulation in layer IV
neurons and microglia (Gunner et al. 2019) (Figure 15C). Finally, in concert with
complement component 1q (C1q), TREM2 drives the elimination of excitatory
synapses via the recognition of locally exposed phosphatidyl serine (PS) in specific
synapses (Filipello et al. 2018; Scott-Hewitt et al. 2020). This is also the case of
adhesion G-protein coupled receptor GPR56 (Taken together, distinct molecular
pathways enable the recognition of weaker synapses and the following activity-

dependent developmental pruning.

In addition to a microglia/neuronal dialogue, astrocytes can contribute to an additional
layer of regulation (Faust, Gunner, and Schafer 2021). For instance, in the developing
spinal cord, microglia phagocytosis is promoted by astrocyte secretion of the cytokine
interleukin 33 (IL-33) binding to microglial receptor IL1RL1 leading to to engulfed
synapses in the context of developmental pruning (Vainchtein et al. 2018). Complete
IL-33 deficiency led to supernumerary excitatory synapses and overactive circuits
(Vainchtein et al. 2018). Of note, this contrasted with [L-33-induced promotion of
synapse sprouting during memory consolidation in the adult mouse hippocampus, as

a result of microglial ECM remodeling (Nguyen et al. 2020).

Collectively, microglia emerge as essential actors of activity-dependent pruning of
excitatory synapses. More recently, Favuzzi and colleagues also reported that
specialized GABA-receptive microglia selectively prune inhibitory synapses formed by
Parvalbumin (PV) basket interneurons in the somatosensory cortex during the first
postnatal weeks (Favuzzi et al. 2021) (Figure 15B). Depleting microglia or impairing
GABA sensing via GABAs1 receptors in microglia during this critical period led to
impaired inhibitory circuitry (Favuzzi et al. 2021). Such GABA&g1 receptor dependent
modulation was also reported in the context of synapse formation of another
interneuron subtype called Chandelier cells (Gallo, Van Aelst, PNAS, 2022). Taken
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together, microglia emerged as key actors in excitatory and inhibitory synapse

development.

2.3 Developmental heterogeneity of microglia in the
forebrain

2.3.1 Assessing developmental heterogeneity

As illustrated in the previous sections, the variety of known non-pathological microglial
functions is higher during development than in adulthood. Consistently, microglia
heterogeneity is most pronounced during prenatal and in early postnatal development,
a feature which is only observed in ageing and disease (Figure 16). Microglial
heterogeneity during development arises through distinct patterns of distribution,
morphology as described in 2.2.1 but also at transcriptional and proteomic levels that
are dependent on intrinsic properties of microglia and their environmental milieu. In a
yet elusive fashion, microglia respond differently to local signals in the developing brain
(Tan, Yuan, and Tian 2020). It appears that heterogeneously distributed
developmental microglia could also be focusing on the task at hand in their vicinity and
shift their phenotype accordingly (Stratoulias et al. 2021). Importantly, the advent of
single cell RNA sequencing has allowed for more in-depth analysis of microglial
transcriptional diversity. Several groups have thus reported different clusters or states
of microglia identified during development (Hammond et al., 2019; Li et al., 2019;
Masuda et al., 2019, 2020; Matcovitch-Natan et al., 2016). Indeed, the term “state”
highlights that these are not distinct cell types or subsets, but rather cell states that are
triggered in response to local signals, and that microglia can potentially switch states
(Stratoulias et al., 2019; Masuda et al., 2020; Paolicelli et al., 2022).
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Figure 16. Evolution of microglial heterogeneity throughout mouse lifespan. Microglial
cellular heterogeneity is highest in the embryo and its regional heterogeneity is highest during
postnatal development and progressively lessens in the adult brain, until aging or disease.
From (Masuda et al. 2020).

These landmark studies systematically identified proliferative microglia suggesting that
this property is an important hallmark of developing microglia, as expected. In addition,
these studies identified a variety of cell states in rodents, which we are only starting to
characterize. In some of these single cell studies, top genes expressed were identified
and spatial distribution of RNA in situ was probed to determine location of the microglial
subset or to identify if there were preferential localization of these clusters (Hammond
et al., 2019; Li et al., 2019). Moreover, in the human developing brain, studies are still
limited but demonstrate similarly high heterogeneity compared to adult microglia
including proliferative microglial clusters, ATM-like, but also early immune-sensing
homeostatic microglia suggesting that heterogeneity of microglia and potentially
functional specialization is conserved but more complex in humans (Bian et al., 2020;
Kracht et al., 2020; Li et al., 2022; Popova et al., 2021).
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2.3.2 ATM, PAM or CD11c+ microglia

Amongst the diversity of clusters observed in single cell transcriptomic study, one was
observed in several studies and emerged as of particular interest. This cluster
resembling DAMs, was named axon-tract associated microglia (ATM) or proliferative-
associated-microglia (PAM) and localizes in the postnatal white matter of the neocortex
and cerebellum (Hammond et al.,, 2019; Li et al., 2019; Masuda et al., 2020;
Matcovitch-Natan et al., 2016). Molecularly, it is characterized by the expression of
Spp1, which encodes Osteopontin/OPN, Gpnmb, Lgals3, Igf1, ApoE, Lpl, Clec7A and
ltgax, which encodes CD11c (Hammond et al., 2019; Li et al., 2019; Masuda et al.,
2020; Matcovitch-Natan et al., 2016). Li and colleagues went on to show by
immunohistochemistry using CLEC7A as a proxy for this subset, that these cells can
phagocytose newly formed oligodendrocytes (Li et al., 2019), linking this cluster to a
specific functions. Although CD11c (or ltgax) was not a top expressed gene in these
studies, these specific clusters of microglia likely correspond to “fountains of microglia”
and have also been coined CD11c+ microglia (Wlodarczyk et al. 2017; Benmamar-
Badel, Owens, and Wilodarczyk 2020). This microglial state regulates
oligodendrogenesis dually, through trophic support towards OPCs and through
phagocytosis of OPCs and newly born oligodendrocytes, as well as myelination on the

long term (Wlodarczyk et al. 2017; Benmamar-Badel, Owens, and Wlodarczyk 2020).

The question of how this phenotype is induced during development, and at the same
time why it resembles some adult states such as the DAM is increasingly being studied.
In the adult brain CD11c+ microglia have been shown to be upregulated in
demyelination conditions, and their induction to be inhibited by SIRPa a receptor that
senses “don’'t eat me” CD47 expressed on neighboring neurons (Sato-Hashimoto et
al. 2019) (Figure 17A). This study thus suggested that CD11c+ state is induced by
phagocytosis. Consistently, several groups state that microglial apoptosis in early
development could drive this CD11c profile. In the early postnatal retina, where
microglial engulfment of apoptotic cells is important (Anderson, Zhang, et al. 2019)
CD11c+ microglia expressing high Apoe, Spp1, Clec7A and Igf1 resembling DAMs and
ATMs, require apoptotic cell death to be specified and resistant to CSF1R inhibition
(Anderson, Roberts, et al. 2019). Shen and colleagues recently proposed that CD11c
microglia emerge as early as the end of embryogenesis upon phagocytosis of apoptotic

neurons, mediated through aV3-integrin and TAM receptors (Shen et al. 2022). They
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further stress that SPP1/OPN expression by postnatal CD11c+ microglia is central to
preserving their phenotype, and for their functions such as synaptosome engulfment
in vitro (Shen et al. 2022). Taken together, death or tissue damage has been proposed
to regulate the induction of a CD11c+ microglia state, with a main difference between
developmental ATM/PAM states and disease DAM state: whereas DAM requires
TREM2 signaling pathway ATM/PAM induction seems to not require TREM2 presence
(Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019, 2020; Matcovitch-Natan
et al., 2016).
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Figure 17. ATM/PAM and CD11c+ microglia induction and presence in the embryonic
brain. (A) In the adult brain the CD11c+ phenotype is suppressed by microglia SIRPa.
Invalidation of the latter leads to reinduction of CD11c microglia in forebrain white matter,
similar to early postnatal “fountains of microglia”. From (Sato-Hashimoto et al. 2019) (B) ATM-
like cells have been transcriptionally identified in a large single cell sequencing study and have

been detected as early as E11 and throughout embryogenesis. From (La Manno et al. 2021).

Such ATM-like state was not only detected in normal physiological development but
also in the context of injury in the developing spinal cord. Indeed, at early postnatal

stages, microglia sharing similarities with ATM were proposed to participate in scar
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free wound healing upon crush injury in the mouse spinal cord (Li et al., 2020). At the
peak of healing phase, a cluster of microglia in close contact to the injury upregulate
top ATM genes including Spp1, Clec7A and Igf1. Of note microglia bordering the injury
expressed SPP1/OPN, echoing CD11c+ cell specificities. However, this cluster also
uniquely upregulated ECM-related component genes such as Thbs1, which codes for
thrombospondin and Fn1, which codes for fibronectin (Li et al., 2020). The ablation of
the latter gene specifically in CX3CR1+ cells led to incomplete wound healing,

highlighting possible convergence across developmental and injury-induced states.

Finally, a recent comprehensive transcriptional atlas of developing embryonic mouse
brain with 292,495 cells sequenced including all brain cell types revealed the
uncovering of a cluster of ATM-like cells in the prenatal brain, as early as E11,
suggesting that this microglial profile is also induced and could also play specific roles

during embryonic development (La Manno et al. 2021) (Figure 17B).

2.3.3 Other emerging developmental states

Other microglial functional subtypes in development are being investigated but lack
thorough characterization, with regards to transcriptional specificity and modes of
induction such as GABA receptive microglia that regulate specifically inhibitory
synapses in the early postnatal brain (Favuzzi et al. 2021). Of note, Stratoulias and
colleagues identified a late postnatal developmental subtype of microglia that express
enzyme Arginase 1 (Arg1), are enriched locally in the basal forebrain where they are
in close contact with cholinergic neurons, and modulate dendritic spine density in the
female mouse postnatal hippocampus where these neurons project (Stratoulias et al.
2021) (Figure 18A). These were transcriptionally distinct from ATM/PAM/CD11c+ cells
but resembled another identified Arg7 high expressing cluster that had previously been
described but not associated to a function or a localization during postnatal

development (Hammond et al. 2019).
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Figure 18. Recently emerging developmental microglia states. (A) In the late postnatal
brain (P10), a subype of Arg1+ microglia resembling a previously transcriptionally identified
cluster was found to be restricted to the basal forebrain and mediate specific functions during
hippocampal spine maturation. From (Stratoulias et al. 2021). (B) In the embryonic
hypothalamus several microglial clusters have been identified and spatially localized. In

particular, cluster 2 a high Spp7 expressing cluster specifically responds to maternal cold
stress. Adapted from (Rosin, Sinha, et al. 2021).
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To the best of our current knowledge, the only reported embryonic microglial subtype
is an E15.5 embryonic cluster that responds to maternal stress by elevation of CCL3
and CCL4 chemokine secretion in the hypothalamus, preferentially regulating male
PVN oxytocin neurons and OPCs, possibly through SPP1/OPN (Rosin, Sinha, et al.
2021) (Figure 18B).

Understanding prenatal roles and uncovering other functional will be of great interest
to understand how dysfunctional embryonic microglia can affect forebrain

development.
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OBJECTIVES OF THE THESIS

Brain functioning relies on a number of sequential and stereotyped processes that
occurs during embryogenesis and ongoing through early postnatal life. Microglia,
resident brain macrophages, have been implicated in multiple postnatal developmental
events. However, what microglial cells do during prenatal development remains little
explored. Recent studies report that embryonic microglia share transcriptional,
morphological and spatial diversity that has been observed in postnatal microglia,
suggesting a vast array of roles for these cells during embryogenesis. In particular,
specialized functional microglial states have been detected in disease and postnatal
development, but whether microglia assume different functional states in the embryo
is yet to be explored further. To better understand microglia developmental trajectories

and roles during embryonic life, | asked the following questions:

1. Can specific microglial states be detected in the embryonic brain, similar to those
in the postnatal brain?

2. What specific pathways upregulated in embryonic microglial states modulate their
roles?

3. What is the developmental role of microglial accumulations in the embryonic brain?

4. What are the consequences of impaired roles of these microglia for brain

development and pathology?

By addressing these questions, we found in Article 1 (Results section) that a specific
embryonic cluster of Axon Tract-associated Microglia-like (ATM) localized as
accumulated amoeboid cells at sites of morphogenetic fragility during embryonic
forebrain development. We further showed that these embryonic microglia are required
for preventing the formation of cavitary lesions at these sites, and that the ATM-like
profile is linked to lesion repair. These findings uncover a new role for prenatal
microglial heterogeneity in health and disease and shed light on previously unknown

mammalian brain morphogenesis processes.
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RESUME FRANCAIS: INTRODUCTION ET
OBJECTIFS
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Chapitre 1: La microglie : des macrophages cérébraux aux
multiples facettes

1.1 Présentation générale de la microglie

La microglie est présentée comme une cellule gliale atypique, faisant partie du vaste
contingent de cellules gliales, a savoir les cellules cérébrales non neuronales, qui
comprennent également les astrocytes et les oligodendrocytes. Les microglies sont les
macrophages résidents du cerveau, découverts en 1919 par Pio del Rio-Hortega, qui
les a identifiees comme des phagocytes présentant des changements morphologiques
dynamiques. Comme tous les macrophages tissulaires, les microglies jouent un role
clé dans l'intégrité de leur organe de résidence en contribuant au développement, a
I'hnoméostasie tissulaire, a la réparation et aux maladies. Elles constituent la premiére
ligne de défense du cerveau contre les pathogénes ou les Iésions mécaniques. Les
microglies se trouvent dans le parenchyme cérébral, partiellement isolé de la
circulation sanguine par la barriere hémato-encéphalique, leur conférant des
caractéristiques uniques. En tant que cellules immunitaires gliales, les microglies sont
au carrefour des interactions entre le systtme immunitaire et le systéme nerveux
central, régulant de nombreux aspects du développement cérébral, de la physiologie

et des maladies.

Les microglies, initialement considérées d'origine mésodermique, dérivant de
monocytes issus des cellules souches hématopoiétiques situées dans le foie feetal
puis la moelle osseuse, se développent en fait a partir de cellules progénitrices
erythromyéloides du sac vitellin, colonisant le neuroépithélium dés les premiers stades
embryonnaires pour constituer la population adulte de microglies dans le parenchyme
cérébral. Les macrophages associés aux vaisseaux et aux membranes cérébrales,
comme les PVM et les BAM, se renouvellent également tout au long de la vie, étant
dédiés a leur niche respective. De plus, il y a trés peu de contribution des cellules
immunitaires non microgliales dans le parenchyme cerebral suivant la fermeture de la
barriere hémato-encéphalique vers E13.5, sauf dans des contextes de maladie, de
blessure et d'inflammation, et il a récemment été démontré que chez les humains, les

microglies ont une ontogenése similaire et des capacités d'auto-renouvellement.
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La maturation des microglies a partir de progéniteurs de macrophages du sac vitellin
embryonnaire et leur acquisition d'une identité cellulaire et moléculaire spécifique en
réponse a la niche qu'elles colonisent sont essentielles pour comprendre leur
fonctionnement. Cette maturation est notamment influencée par la régulation de voies
de signalisation telles que le TGF- et la dépendance au récepteur CSF1R. Cette
dépendance des microglies a leur environnement est également illustrée par la
nécessité de signaux niche-dérivés, tels que CSF1 et IL-34, pour leur différenciation

et leur survie, offrant ainsi des possibilités de manipulation et d'études fonctionnelles.

Les microglies sont caractérisées par un sensome leur permettant de détecter divers
signaux, non seulement locaux et liés a l'activité neuronale, mais aussi provenant du
corps ou de l'environnement, tels que la microbiote, la nutrition, les traitements
chimiothérapeutiques et l'identité sexuelle, influencant ainsi leurs propriétés et leur
réponse a long terme, notamment dans des contextes inflammatoires et de

vieillissement.

1.2 La microglie adulte en conditions physiologiques et pathologiques

Les déficits des microglies sont directement lies a des maladies telles que la
leucodystrophie causée par des mutations du CSF1R, ou la maladie de Nasu-Hakola
résultant de mutations homozygotes dans TREM2 et TYROBP(DAP12), montrant ainsi
l'importance des microglies dans la physiopathologie cérébrale. De plus, les microglies
régulent divers aspects de la physiologie et de la pathologie cérébrales, y compris les
comportements, comme en témoigne le comportement de maladie, les troubles
obsessionnels compulsifs induits par la mutation du facteur de transcription Hoxb8,
ainsi que leur implication dans les maladies neurodégénératives telles que la maladie

d'Alzheimer.

Les microglies participent a I'noméostasie cérébrale grace a leur capacité de
phagocytose, éliminant les pathogenes ainsi que les cellules mortes ou mourantes et
modulant l'inflammation, que ce soit aprés une blessure ou dans un contexte
physiologique normal, comme lors de la neurogenése dans le gyrus denté de
I'nippocampe chez la souris. Ces fonctions phagocytaires des microglies sont médiées

par plusieurs voies de signalisation connues, notamment les récepteurs de type Toll
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(TLR) ou les récepteurs de type lectine C (CLR), ainsi que le complexe récepteur
impliquant TREM2 et DAP12, qui leur permettent de reconnaitre et phagocyter les
pathogénes ou les cellules apoptotiques. Ces voies de signalisation jouent un réle
crucial non seulement dans la régulation du nombre de cellules ou I'élimination des
débris, mais aussi dans la régulation des synapses, contribuant ainsi au déclin cognitif

lié au vieillissement.

Les microglies, en tant que principaux phagocytes du cerveau, partagent cette fonction
avec d'autres populations de cellules gliales telles que les astrocytes. De plus, elles
contribuent aux fonctions cérébrales par la production de cytokines et de facteurs de
croissance, qui régulent la communication intercellulaire et la plasticité synaptique. En
outre, les microglies ont la capacité de réguler négativement I'excitabilité neuronale,

ce qui leur permet d'ajuster la fonction cérébrale de multiples fagons.

Les études initiales sur les microglies grace a l'imagerie en direct ont montré leur
surveillance rapide et complexe de leur environnement ainsi que leur réaction rapide
aux lésions. Elles répondent a une variété de signaux, notamment en se réorientant
vers les neurones actifs et en exprimant des récepteurs de neurotransmetteurs. De
plus, elles peuvent établir des jonctions somatiques avec les neurones, surveillant

ainsi I'activité neuronale et métabolique.

Les microglies sont des cellules dynamiques dans le cerveau adulte, réagissant
rapidement aux dommages tissulaires grace a des récepteurs spécifiques comme
P2Y12 et P2X4. Elles migrent vers les sites de lésions, ou elles peuvent avoir des
effets protecteurs ou neurotoxiques en produisant des facteurs inflammatoires. En
réponse aux lésions, les microglies remodelent également la matrice extracellulaire
pour soutenir la guérison ou la dégradation tissulaire.

1.3 L'hétérogénéité microgliale en conditions physiologiques et
pathologiques

La section précédente a montré que les microglies peuvent remplir diverses fonctions
dans le cerveau, tant dans la santé que dans la maladie, en agissant comme des
capteurs multifacettes du SNC et en adaptant leurs réponses a une large gamme de
stimuli, ce qui suggére une hétérogénéité fonctionnelle.

Dans le cerveau adulte sain, les microglies sont réparties de maniére ubiquitaire mais

leur densité et leur morphologie peuvent varier dans différentes structures, avec une
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densité plus élevée dans le cortex et une densité plus faible dans le cervelet. De plus,
la densité et la morphologie des microglies semblent étre hétérogénes méme a
l'intérieur des sous-régions elles-mémes, et bien que leur morphologie puisse étre
associée a certains "états" ou fonctions, elle seule ne peut pas étre utilisée pour définir
I'état ou la fonction d'une microglie. En contexte pathologique, les microglies peuvent
changer de morphologie de maniére hétérogéne selon les régions cérébrales ou leur
proximité avec des lésions, ce qui témoigne de l'influence du milieu sur les microglies
et de la pertinence de la morphologie comme caractéristique pour sonder les états
fonctionnels des microglies.

Certains sous-ensembles de microglies avec des caractéristiques distinctives et des
spécialisations fonctionnelles présumées ont été découverts dans le cerveau adulte,

mais souvent, ils restent a décrire davantage en tant qu "états" ou sous-types car ils
ne sont pas toujours définis sur la base de caractéristiques multidimensionnelles
exhaustives. Par exemple, les microglies HOXB8, ontogéniquement différentes,
trouvées uniquement dans le néocortex, présentent une perte de fonction associée a
des comportements pathologiques de toilettage. D'autre part, les microglies de
différentes structures cérébrales peuvent exhiber différents "états" dépendant des
signaux locaux, ce qui peut influencer leur réaction a des conditions pathologiques

telles que la sclérose latérale amyotrophique (SLA) ou l'atteinte de I'axone initial.

Il est désormais possible de suivre I'hétérogénéité des profils transcriptionnels des
microglies dans le temps et l'espace, ainsi qu'en conditions physologiques et
pathologiques, a l'aide de différentes méthodes de séquencgage de cellules uniques
dans les tissus de souris et humains. Plusieurs groupes ont ainsi rapporté leurs
découvertes sur les différents profils microgliaux, ainsi que leur comparaison avec
d'autres macrophages non-microgliaux associés au systéme nerveux, permettant une
compréhension plus précise des caractéristiques de l'identité microgliale adulte et de
sa signature homéostatique. En outre, plusieurs groupes ont examiné le profil
transcriptionnel des microglies dans des modéles de maladies et ont identifié une
signature commune, désignée par Disease Associated Microglia (DAM), qui montre
une régulation a la baisse de I'expression des genes microgliaux homéostatiques et

une régulation a la hausse de certains génes inflammatoires.
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Chapitre 2 : Microglie et développement du cerveau antérieur
2.1 Structures et morphogenése du cerveau antérieur

Le cerveau, dérivé de la plaque neurale, se développe en trois parties principales : le
prosencéphale, le mésencéphale et le rhombencéphale. Nous nous concentrerons ici
sur le prosencéphale, (composé du télencéphale et du diencéphale) crucial pour la
cognition, les émotions et le mouvement, notamment la division en pallium et
subpallium. Ces structures nécessitent un cablage précis et une communication

axonale longue distance pour fonctionner correctement.

Pendant la morphogenése, les structures du télencéphale et du diencéphale se
spécifient grace a des gradients de morphogénes qui régissent l'expression de
facteurs de transcription spécifiques. Les progéniteurs du pallium et du sous-pallium
expriment des facteurs distincts qui déterminent en grande partie la production de
cellules excitatrices ou inhibitrices. De plus, la frontiére palliale-sous-palliale marque
une limite nette entre le pallium et le sous-pallium, définissant ainsi la migration de
certains progéniteurs le long du flux cortical latéral, qui contribuent a la diversité
neuronale dans certains noyaux amygdaliens, le cortex piriforme, les cellules Cajal-
Retzius et les neurones du bulbe olfactif. La frontiére cortico-striato-amygdalienne
(CSA), qui sépare le cortex et 'amygdale, a pour prolongement dorsal la frontiére
cortico-striatale. Enfin, pendant la morphogenése tardive, les structures établies du
pallium et du sous-pallium continuent leur croissance dans un contexte de tensions
morphogénétiques avec l'avénement de processus tels que la neurogenése et
I'expansion associée a la migration neuronale, ainsi que la tension mécanique
associée a la genese axonale. Les microglies, quant a elles, sont les seules cellules
gliales présentes jusqu'a la fin de la gestation, participant aux processus de

développement périnatal tels que la mort cellulaire programmée et la synaptogenése.

2.2. La microglie dans le développement : ontogenése et fonctions
précoces

Malgré les nombreuses études menées, notre compréhension des mécanismes par
lesquels les microglies entrent et colonisent le cerveau reste relativement fragmentée.
Une fois qu'elles commencent a coloniser le cerveau, les microglies montrent un
schéma de distribution spatiotemporellement précis, stéréotypé et inégal dans le

cerveau antérieur, tout au long de l'embryogenése et du développement postnatal
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précoce. Par exemple, dans I'embryon, les microglies sont associées aux vaisseaux
sanguins en développement, ce qui alimente I'hypothése toujours débattue de leur
entrée dans le cerveau par la vasculature. Enfin, bien qu'elles soient généralement
plus arrondies et possédent moins de branches ramifiées, les microglies
embryonnaires varient encore beaucoup morphologiquement, allant de I'amoeboide

au ramifié.

Bien que leurs rdles prénataux restent largement inexplorés, quelques fonctions
embryonnaires précoces des microglies ont été identifiées, notamment dans la
régulation du développement des tracts axonaux et de I'angiogenése précoce. De plus,
les microglies jouent un réle phagocytaire important pendant la période prénatale,
notamment dans I'élimination des cellules apoptotiques et I'englobement de cellules

vivantes ou de fragments cellulaires.

Dans le cerveau postnatal les microglies régulent le développement cérébral en
contrélant les nombres de neurones et en agissant sur d'autres types de cellules
gliales, notamment les astrocytes et les oligodendrocytes. Elles participent a la
régulation de la survie neuronale par la sécrétion de facteurs trophiques tels que
IlGF1, mais peuvent également provoquer la mort cellulaire en englobant des
neurones et des astrocytes par la production de radicaux libres. En outre, les
microglies contribuent a I'oligodendrogeneése et a la myélinisation, mais leur réle dans
ces processus peut étre a la fois promoteur et inhibiteur, selon les conditions et les

signaux environnementaux.

Les microglies jouent également un réle crucial dans le raffinement des circuits
postnataux en régulant la synaptogenése et la plasticité synaptique. Elles favorisent a
la fois la formation de synapses et I'élimination des synapses faibles par élagage. De
plus, les microglies sont impliquées dans le marquage et I'élimination des synapses
via des mécanismes dépendants de l'activité neuronale et de la reconnaissance de
signaux moléculaires spécifiques, ce qui les positionne comme des acteurs clés du
développement synaptique.

2.3 Hétérogénéité développementale de la microglie dans le cerveau
antérieur

La diversité des fonctions non-pathologiques des microglies est plus élevée pendant

le développement que pendant I'dge adulte. Cette hétérogénéité microgliale se
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manifeste principalement pendant le développement prénatal et postnatal précoce,
mais aussi pendant le vieillissement et les maladies. Les microglies en développement
montrent une hétérogéneéité au niveau de leur distribution, de leur morphologie et de
leur profil transcriptionnel, reflétant ainsi leur adaptation aux signaux locaux du milieu

environnant.

Parmi la diversité des clusters observés dans les études transcriptomiques a cellule
unique, un cluster a émergé comme particuliérement intéressant, ressemblant aux
DAMs et nommé microglies associées aux tractus axonaux (ATM) ou microglies
associées a la prolifération (PAM). Ce cluster, localisé dans la substance blanche
postnatale du cortex néocortical et du cervelet, se caractérise moléculairement par
I'expression de Spp1, Gpnmb, Lgals3, Igf1, ApoE, Lpl, Clec7A et ltgax. Les microglies
CD11c+ semblent étre induites par la phagocytose, que ce soit pendant le
développement ou dans des conditions de démyélinisation chez I'adulte, soulignant
ainsi un réle potentiel de la mort cellulaire ou des lésions tissulaires dans leur induction.
Enfin, ces profils de microglies similaires aux ATM ont également été observés dans
des contextes de blessure, suggérant une convergence entre les états

développementaux et induits par des lésions.

D'autres sous-types fonctionnels de microglies en développement sont en cours
d'investigation, mais manquent de caractérisation approfondie tels que les microglies
réceptives au GABA. Un sous-type exprimant I'enzyme Arginase 1 (Arg1) a été
identifié dans le développement postnatal tardif, tandis qu'un cluster embryonnaire
répond au stress maternel en régulant les neurones et les cellules gliales dans

I'nypothalamus.
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OBJECTIFS DE LA THESE

Le fonctionnement du cerveau repose sur un certain nombre de processus séquentiels
et stéréotypés qui se produisent au cours de I'embryogenése et se poursuivent
jusqu'au début de la vie postnatale. La microglie, macrophage résident du cerveau, a
été impliquée dans de multiples événements du développement postnatal. Cependant,
le rble des cellules microgliales au cours du développement prénatal reste peu exploré.
Des études récentes indiquent que les microglies embryonnaires démontrent une
diversité transcriptionnelle, morphologique et spatiale observée chez les microglies
postnatales, ce qui suggére un vaste éventail de roles pour ces cellules au cours de
I'embryogenése. En particulier, des états fonctionnels spécialisés de la microglie ont
été détectés dans des contexts pathologiques et pendant le développement postnatal,

mais la question de savoir si la microglie adopte différents états fonctionnels dans
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'embryon reste a approfondir. Pour mieux comprendre les trajectoires
développementales et les rdles de la microglie au cours de la vie embryonnaire, les
questions suivantes sont a poser:

1. Peut-on détecter des états microgliaux spécifiques dans le cerveau
embryonnaire, semblables a ceux du cerveau postnatal?

2. Quelles sont les voies moléculaires spécifiques régulées dans les états
microgliaux embryonnaires qui modulent leurs réles ?

3. Quel est le réle développemental des accumulations microgliales dans le
cerveau embryonnaire ?

4. Quelles sont les conséquences de l'altération du réle de ces microglies sur le
développement et la pathologie du cerveau ?

En répondant a ces questions, nous avons découvert dans l'article 1 (section
Résultats) qu'un groupe embryonnaire spécifique de microglies Axon Tract-associated
Microglia-like (ATM) se localise sous forme de cellules amiboides accumulées dans
des sites de fragilité morphogénétique au cours du développement du cerveau
antérieur embryonnaire. Nous avons eégalement montré que ces microglies
embryonnaires sont nécessaires pour prévenir la formation de Iésions cavitaires a ces
endroits, et que le profil ATM-like est lié a la réparation des lésions. Ces résultats
révelent un nouveau réle pour I'hétérogénéité microgliale prénatale dans en condition
physiologique et lors de pathologies cérébrales; et mettent en lumiére des processus

de morphogeneése cérébrale des mammiféres jusqu'alors inconnus.

72



RESULTS
73



74



75



Article 1

(Please note this is a draft of the article. Some experiments and modifications are still
to be made before submission)
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ABSTRACT (149 words)

Microglia, the brain resident macrophages, exist in various states in disease and
postnatal life, but their prenatal roles remain poorly understood. Here, we identified an
embryonic state similar to postnatal Axon-Tract-associated-Microglia (ATM), which
transiently accumulates at the fetal cortico-striato-amygdalar and cortico-septal
boundaries, two sites of morphogenetic stress. We showed that embryonic microglia
and ATM-factor Spp1/Osteopontin maintain tissue integrity at these two boundaries by
preventing the formation of cavitary lesions. The ATM boundary niche displayed
microcavities and a developmental morphogenetic fragility, suggesting that ATM
maintain cohesion by promoting repair. Consistently, ATM-core factors were rapidly
induced by mechanical damage, and both microglial repopulation and Spp1/OPN were
required for the efficient resorption of large lesions, highlighting remarkable repair
capacities. Collectively, our study shows a novel role for embryonic microglia and
repair-promoting ATM in maintaining tissue integrity during normal morphogenesis,

with major implications for our understanding of brain wiring in health and disease.
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INTRODUCTION

Microglia, the brain resident macrophages play key roles in brain circuits and display
the remarkable capacity to adopt distinct cellular and transcriptomic states, in
development, ageing and disease [1-10]. However, whether distinct states are related

to specific functions remains largely to be determined.

From their generation site in the early embryonic yolk-sac, microglia seed the brain
primordium at embryonic day (E) 8.5 in mice and gestational week (GW) 4/5 in
humans, and progressively colonize the brain in a highly stereotyped and uneven
manner [1, 11, 12]. Microglia accumulate at hotspots, avoid selective regions such as
the developing cortical plate [13], and show a wide range of morphologies, cellular
behaviors and transcriptomic states, before reaching a homogeneous tiling
characteristic of adult stages. Microglial uneven distribution starts during
embryogenesis and spans into the postnatal period. In particular, specific populations
of amoeboid microglia were found in the postnatal cortical white matter, including the
corpus callosum [7, 8, 14, 15]. These microglia white-matter “fountains” were recently
shown to display a specific transcriptomic state called axon-tract-associated microglia
(ATM) [8] or proliferative associated microglia (PAM) [1]. ATM/PAM are characterized
by the expression of specific markers including Cd11c (/fgax), osteopontin or OPN
(Spp1), Lgals3, Gpnmb, Clec7a and Igf1, which are also shared by disease associated
microglia (DAM), identified in several neurodegenerative disorders [2-10]. Intriguingly,
postnatal ATM/PAM/Cd11c+ microglia have been reported to exert specific functions
in mice including engulfment of nascent glial cells, regulation of myelination and
neuronal survival, in part through Igf1 expression [7, 14-16] [8, 17]. By contrast,
embryonic microglial states and their potential roles in brain development remain

largely to be characterized.

Here, we explored early microglial heterogeneity and identified in both mice and
humans an embryonic ATM-like state. Embryonic ATM formed dense hotspots at two
boundaries of the cerebral cortex, the cortico-striato-amygdalar (CSA) and cortico-
septal boundaries (CSB), known sites of morphogenetic stress [18, 19]. Using transient
depletion and genetic models, we showed that the absence of embryonic microglia
induces at both hotspots large cavitary lesions. This novel role in tissue integrity

partially relied on the ATM-factor Spp1/Osteopontin/OPN, an atypical component of
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the extracellular matrix (ECM) [20]. To further understand microglia and ATM functions,
we examined the CSA niche and observed physiologically-occurring microcavities as
well as a developmental fragility, revealed by increasing morphogenetic stress in a
genetic model of cortical heterotopy [21]. These findings raised the intriguing possibility
that ATM might maintain tissue integrity by promoting repair. Consistently, we found
that ATM-properties are rapidly induced by cortical tissue-lesion as well as during the
resorption of cavitary lesions by repopulating microglia that follow embryonic depletion.
Such dynamic repair properties relied on Spp1/OPN, supporting a key role for a core-
ATM pathway in both tissue integrity and repair. Collectively, this study reveals a novel
role of microglia in maintaining tissue integrity during the complex morphogenesis of
the mammalian brain, with major implications for our understanding of brain

development and the diversity of microglial states and functions.
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RESULTS
Embryonic hotspots of ATM localize at boundaries of the cerebral cortex

To explore prenatal microglial heterogeneity, we examined embryonic single-cell (sc)
transcriptomic datasets [22] and confirmed the presence of an ATM/PAM/Cd11c-like
cluster from embryonic day (E)14.5/15.5 onwards, that we will call embryonic ATM
(Fig. 1A ,S1A and Table S1). Embryonic ATM share a core genetic signature with
previously described ATM (Fig. 1B,C) [8] and PAM (Fig. S1B,C) [7] of the cortical white
matter and proliferative zones, that includes /tgax, which codes for Cd11c, Igf1, Lgals3,
which codes for Galectin3/Mac2, Spp1, which codes for Osteopontin (OPN) and
Gpnmb (Table S2) [7, 8]. Consistently, the embryonic ATM [22] and the PAM [7]
signatures project mainly onto the ATM cluster described by Hammond and colleagues
[8] (Fig. S1D-F). Since ATM were involved in postnatal functions, such as myelination
[7, 14, 15, 17], we wondered where these embryonic cells locate and what might be

their prenatal roles.

To this aim, we performed immunostainings and observed an accumulation of
Cx3cr19P-positive macrophages at the cortico-striato-amygdalar boundary (CSA)
between E14.5 and E16.5, that was highly reminiscent of postnatal ATM (Fig. 1D) [7,
8]. First, these cells displayed an amoeboid morphology in spite of being bona fide
microglia, as assessed by their parenchymal localization (Fig. 1D), the co-expression
with the microglial marker P2Y12R, and the lack of expression of the perivascular
macrophage marker LYVE1 (Fig. 1D) [1, 23]. CSA microglia further displayed a high
expression of the lysosomal markers CD68 and a notable phagocytic capacity, as
assessed in ex vivo slices (Fig. S1G-H). Finally, Cx3cr19% or IBA1-positive CSA
microglia co-expressed ATM-core markers at E15, a timepoint when the hotspot
accumulation is dense (Fig.1E). In particular, using the Cd171c-eYFP line and co-
immunostaining for Mac2, Spp1/OPN and GPNMB (Fig. 1E), we found that more than
60% of CSA microglia co-express proteins encoded by ATM-core genetic signature, in
contrast to adjacent regions, where almost no embryonic ATM-like cells could be
detected (Fig. 1E). The CSA thus appears as a hotspot of embryonic ATM
accumulation, which we also found in human fetal brains from gestational week (GW)

9 to 14 (Fig. 1F and S1l), revealing a conserved pattern between mice and humans.
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To determine whether other forebrain regions showed a continuous accumulation of
embryonic ATM, we performed a longitudinal study using the aforementioned markers.
In addition to scattered cells in the ventral telencephalon and cortical white matter (not
shown), we found an ATM hotspot at the septal dorsal midline below the corpus
callosum, a region called subcallosal streak or corticoseptal boundary (CSB) (Fig.
S2A,B). This accumulation prefigured the distribution of postnatal ATM in the corpus
callosum and dorsal cortical white matter [1, 7, 8, 14, 15, 18]. Taken together, our
analysis reveals that embryonic ATM accumulate at the CSA and CSB hotspots during

normal physiological development.

Microglia prevent the formation of cavitary lesions at sites of ATM hotspots

To investigate the roles of embryonic ATM hotspots, we examined CSA
morphogenesis in the absence of all macrophages, including microglia. We first took
advantage of a previously set-up transient embryonic depletion [24-26], which relies
on the blockade of the CSF1R pathway, an essential pathway for macrophage
development and survival, via injections of a CSF1R blocking antibody (AFS) at E6.5
and E7.5 (Fig. S3A). This procedure induces a drastic depletion of microglial
progenitors, leading to very few microglia in the embryonic brain until E18.5, when
repopulation starts and is largely completed by post-natal day (P)7 [24-26], (Fig.S3A).
We could obtain a highly similar microglial-precursor depletion by feeding pregnant
dams between E6.5 and E15 with food pellets containing PLX3397[27, 28], a
pharmacological inhibitor of CSF1R (Fig. S3B). Finally, we compared both AFS and
PLX3397 depletions with Pu.17 mutant embryos, which lack all myeloid cells [29], to
exclude potential confounding effects related to CSF1R pathway. In all conditions in
which the brain develops in the absence of macrophages, we observed a cavitary
lesion at the CSA boundary, where embryonic ATM normally accumulate (Fig. 2A).
Cavitary lesions examined by transmitted electron microscopy (EM) did not present
basal lamina and hence resembled pseudocysts reported in several pathologies [30]
(Fig. S3D). Such cavities were observed from E14.5 and throughout embryogenesis,
as shown by an enhanced tissue disruption at E18.5 (Fig. 2B). To further check if this
phenotype was specific to the absence of resident macrophages and not to other

populations, we examined models of more transient or more specific depletions. We
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first exposed pregnant dams to PLX3397 from E12.5 to E15, or from E12.5 up to E18.5
(Fig. S3C), and consistently observed similar cavitary lesions at the embryonic CSA
(Fig. 2A,B). Importantly, we examined Csf1r4fre4/ire embryos, which lack a specific
Csf1r gene enhancer leading to an absence of microglia and a relative sparing of other

brain macrophages [31, 32], and observed similar CSA cavitary lesions (Fig. 2A,B).

Because lesions were observed after sectioning, a procedure that could enhance
tissue fragilities, we wanted to ascertain the existence of such striking CSA cavity by
performing whole-brain iDisco tissue clearing and whole-head MRI [33, 34]. iDisco
clearing performed and 3D reconstruction performed in two depletion models and Pu. 1
mutants, revealed an embryonic CSA lesion located in the caudal third of the
telencephalic vesicles at the border between caudal insular cortex, claustrum, striatum
and amygdala, (Fig. 2C and movies S1-7). Similarly, whole-head MRI scanning of
PLX3397 E15.5 embryos and newborns pups showed bilateral low intense signals
after contrast-enhancement, thereby unambiguously confirming the presence of CSA

cavitary lesions (Fig. 2D).

Microglia thus maintain the integrity of the CSA boundary, a site where they normally
form an atypical embryonic ATM hotspot. To assess whether this phenotype was
selective of the CSA, we examined other forebrain regions. We observed a cavitary
lesion at the CSB, another major continuous embryonic ATM hotspot (Fig. S2A). Like
the CSA, the CSB is a site of morphogenetic stress and displays a normally occurring
cavity called the cavum septum that resorbs over development [18, 35]. Microglial
absence or depletion triggered midline cavities in the spot where ATMs normally
accumulate, leading to a large cavity close to the cavum septum location (Fig. S2B).
Collectively, our findings thus reveal a novel role of microglia in maintaining tissue

integrity at dense embryonic ATM hotspots.

ATM-factor Spp1/OPN contributes to tissue integrity at cortical boundaries

Microglia involvement in tissue integrity at hotspots of accumulating ATM raises the
question of the underlying molecular mechanisms. To address this issue, we first
examined whether classical microglial pathways would be required to maintain
embryonic brain integrity at the CSA. We examined Cx3cr1, Dap12/TyroBP and

Complement receptor 3 (CR3) mutants and embryos exposed to a mild prenatal
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inflammation (MIA), which disrupt pathways involved in microglial functions across
development, but found no evidence of lesions at the CSA (Fig. S3E). To investigate
selective ATM-characteristic properties, we focused on extracellular matrix
components Spp1/OPN and secreted proteins GPNMB that have been linked to
adhesion and remodeling, in the context of bone or skin [20, 36]. We took advantage
of available full knock-outs, as these factors are highly and specifically expressed by
microglia and macrophages at these developmental timepoints (not shown). While we
observed no phenotype in Gpnmb knock-outs (Fig S4), we found that Spp 1 inactivation
partially mimicked the absence of microglia, with cavitary lesions present in
approximatively 50% of mutants at the CSA at E14.5 (Fig. 3A) and 70% of mutants at
the CSB at E18.5 (Fig. 3B). Cavities rapidly resorbed overtime, suggesting that while
Spp1/OPN contributes to ATM properties, additional factors are likely involved.
Importantly, ATM-core factors including Mac2 and GPNMB were still expressed in
Spp1 mutants (Fig. 3C). Our findings thus show that OPN is not required for the

induction of ATM-core factors but contributes to microglial function in brain integrity.

The CSA constitutes a site of morphogenetic fragility

The involvement of microglia and ATM-core factor Spp1/OPN in tissue cohesion at
cortical boundaries raised the question of what might be specific to these boundaries.
The CSA and CSB were both shown to be sites of morphogenetic stress, lying at the
border between the cerebral cortex and structures that grow at different paces and into
distinct directions [18, 19, 35, 37, 38]. To assess the local niche of embryonic ATM, we
focused on the CSA, which has been less characterized than the CSB [18]. Using
immunostaining and electron microscopy, we observed that embryonic ATM were
systematically abutting apparent microcavities that form during physiological CSA
development (Fig. S5A). These microcavities contained fragments of membrane and
no basal lamina, suggesting that they could constitute a local tissue fragility, potentially
triggered or amplified by morphogenetic stress. To experimentally test this hypothesis,
we took advantage of a genetic model of conditional RhoA inactivation (Emx71°e*;
RhoA™) that drastically alters cortical morphogenesis and tissue properties by
inducing a large periventricular nodular heterotopia which starts forming around E15.5

[21]. Consistently with the fact that corticogenesis is not drastically altered at early
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stages, we observed no changes in CSA morphology of the mutants at E15.5 [21](Fig.
S5B). However, from E18.5 onwards, when the heterotopia is large and cortical tissue
affected, we started to observe visible lesions at the CSA in 50% of mutant embryos,
progressing to a large lesion observed in all cases at P8 (Fig. S5). Importantly, these
lesions were not due to apparent changes in microglia colonization or induction of
ATM-core factors (not shown). Taken together, these results indicate that the CSA,
which normally displays microcavities, constitutes a site of fragility that can lose its

integrity in response to morphogenetic modifications.

ATM-core factors are induced by lesions and linked to repair

These findings raised the possibility that embryonic ATM might be induced by
microcavities linked to morphogenesis, and required to prevent tissue damage at
fragile spots. If so, it would imply that ATM state would be induced by tissue-lesion and
have key contributions to repair. To test this hypothesis, we first assessed microglial
response to in utero lesions (IUL), using a mechanical poking of the neocortex in E14.5
embryos, followed by recovery of the pregnant dams (Fig. 4A-C). We observed after
2.5 hours (h) a rapid accumulation of Cx3cr19P—positive cells at the lesion site, with
approximatively 30% of them expressing the core-ATM markers Spp1/OPN and Mac2,
and 10% GPNMB (Fig. 4B, C). In utero stab-lesions thus extremely rapidly recruit
microglia that induce ATM-core markers at the injury site. The short timelag
corresponds to a period during which microglia contribute to the repair process, as
illustrated by the fact that a majority of PLX3397-treated embryos displayed
morphological deficits after 2.5 h (Fig. 4D,E). While these deficits could be corrected
overtime, they nonetheless highlight a remarkable involvement in embryonic brain

repair, as previously proposed in the neonatal spinal cord [39].

To further explore whether microglia and ATM could repair existing lesions, we took
advantage of the fact that microglial embryonic depletion is followed by repopulation
during early postnatal life [24-26]. We thus examined the impact of repopulating
microglial cells on the cavitary lesions that we had previously characterized (Fig. 2 and
S3). In PLX3397-treated pups, we found that CSA midline lesions rapidly resorbed
concomitantly to postnatal microglia repopulation (Fig. 4F). Cavities were

systematically observed at PO, whereas 60% had closed by P3, with scar-associated
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microglial accumulations expressing ATM-markers including Spp1, GPNMB and Mac2
(Fig. 4F,G). At P7 more than 70% of CSA lesions were resorbed, with just a limited
number of cases that showed both a cavity and a lack of microglia at the CSA (Fig. S6
and not shown), reinforcing the idea that the resorption correlates with microglia
repopulation. Finally, CSA cavities had systematically resorbed by P20 (Fig. 4F), and
we observed a very similar timeline of resorption at the CSB (data not shown). CSA
and CSB microglia are thus not only important to prevent the formation of large lesions,
they are also linked to their prompt closure, thereby highlighting a remarkable repair

capacity.

Finally, to assess if repair properties rely on Spp1/OPN, we compared the resorption
process in PLX3397-treated controls and PLX3397-treated Spp7”~ pups, focusing on
P7, a timepoint when a majority of lesions had resorbed (Fig. 4H). We found that in
Spp 17 pups, in spite of ATM induction (Fig. 4l), lesions were detected in almost all

mutants, highlighting a key role for Spp1/OPN in brain repair.

Taken together, our study reveals a novel role for microglia in maintaining tissue
integrity in response to morphogenetic stress linked with corticogenesis. This role
involves accumulations of embryonic ATM and Osteopontin/OPN, which not only

prevents lesion formation but also promotes their active repair.
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DISCUSSION

Our study reveals a novel and genuinely glial/glue role of microglia in preserving brain
integrity as the cerebral cortex develops, before the generation of potentially redundant
or complementary glial cells, including astrocytes [40, 41]. Indeed, because microglia
colonize the brain from early embryonic stages and astrocytes or oligodendrocytes are
produced later, microglia constitute a large contingent of embryonic glial cells [1, 12].
Using a variety of experimental approaches, including macrophage embryonic
depletions and more specific alterations of resident macrophages using Csf14fire/Afire
mice [31], we showed that microglia prevent the formation of focal embryonic lesions

that are observed throughout embryogenesis.

Lesions are located at specific cortical boundaries that constitute sites of fragility and
normally host embryonic ATM, a microglial state previously involved in postnatal
myelination [7, 9, 14, 15, 17]. Indeed, we identified embryonic ATM that are remarkably
similar to their postnatal counterparts, confirming ATM span the prenatal/postanal
period [8, 22] and further showed that they are linked to a variety of developmental
functions possibly through distinct molecular cascades. In particular, while postnatal
ATM functions were largely attributed to Igf1 [14-16], we found that Spp1/OPN, an
atypical ECM factor previously involved in bone development, wound-healing and
inflammation [20, 36, 42], contributes to tissue integrity at cortical boundaries and to
the repair of large lesions. While Spp1/OPN inactivation is not fully mimicking the
impact of microglial depletion and we cannot preclude the involvement of additional
cell types, our findings support a contribution of Spp1/OPN to microglial functions in
both tissue integrity and repair. Importantly, we also reveal that Spp1/OPN and other
ATM factors are rapidly induced in microglia accumulating at in utero tissue-lesion
sites, highlighting a remarkable plasticity and capacity to switch states in response to

experimentally-induced injury.

Core ATM-factors including Spp1/OPN, have been involved in ECM organization,
wound-healing or regulation of inflammation, and detected in a wide range of
macrophages, during skin lesion, heart-repair after myocardial infarction or liver
fibrosis [20, 36, 42-45]. This observation suggests that the “ATM program” involved in
brain integrity and repair is likely not specific to microglia, but could constitutes a basic

feature shared across macrophages important for the general maintenance of tissue
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homeostasis, notably in the context of exogenous damage or lesions. In microglia,
Spp1/OPN and ATM factors are also found in several damage-induced microglia
observed in stroke [46] or during neonatal spinal cord repair [39], as well as DAM and
TAM, respectively associated to neurodegeneration or tumors [4, 6, 9, 23, 47]. As such,
the “ATM program” could overlap with a basic repair one, triggered by tissue disruption
in distinct contexts. Whether Spp1/OPN is systematically involved, which other factors
contribute to ATM functions in tissue cohesion and repair, and whether additional cell
types could exert related functions in the adult brain constitute key questions to

address in future studies.

Such a glial role of developing microglia has not yet been described in other species,
for instance zebrafish, in which various genetic models enable to examine brain
development in the absence of microglia [48]. Consistently, there are no reported
evidence of dense ATM hotspots in zebrafish [48, 49]. These observations raise the
intriguing possibility that ATM and their repair properties might have been co-opted
during evolution to ensure the proper morphogenesis of a growing cerebral cortex,
which is a hallmark of mammals. In agreement, we found that increasing
morphogenetic constraints in a model of cortical periventricular nodular heterotopia
[21] can lead to a selective “breaking” at the CSA boundary strengthening the idea that
CSA is a site of morphogenetic fragility where ATM play key roles in the context of
morphogenetic constraints. There is thus a fine balance between tissue fragility, ATM
localization and functions, which should enable to further characterize the pathways

involved in ATM induction as well as their roles in brain morphogenesis.

In the context of pathological brain wiring, lesions are usually linked to damage induced
by an “activated” abnormal microglial activity, in response to a variety of triggers such
as hypoxia, inflammation, preterm birth or congenital viral infections. For instance,
bilateral cysts in the temporal lobes, where the CSA locates or midline cavities, such
as cavum septum pellucidum and midline cystic lesions, have been reported in several
neurodevelopmental pathologies [50, 51]. Our study reveals a key role of microglia and
the ATM-state in preserving tissue integrity, indicating that lesions might also result
from a lack of microglial function during critical steps of morphogenesis. Our findings
have thus major implications not only for our understanding of the fundamental

mechanisms governing brain morphogenesis and the state-specific functions of
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microglia, but also open new avenues for deciphering microglial contributions to brain

pathology.

EXPERIMENTAL PROCEDURES

Mouse Lines

Cx3cr1*9P [52] (RRID:IMSR_JAX:005582), Pu.1*~ [29], Cd11c-eYFP [53]
(RRID:IMSR_JAX:007567), Csf1rAFIRE* [31], Spp17-[36] (RRID:IMSR_JAX:004936),
CR37~ (Cd11b™") [564] (RRID:IMSR_JAX:003991), Dap12/TyroBP~~, RhoA™ [55] and
Emx1°*RhoA"*[21] mice were maintained on a C57BI/6 background. C57BI/6 mice
or heterozygotes were used as controls, as they did not exhibit any phenotype, except
in repair analyses (Fig. 4), in which we compared Spp7** and Spp7”~ and in
periventricular nodular heterotopia analyses (Fig. S5) in which we compared
Emx1°*:RhoA"" with cre- littermates.The day of vaginal plug was considered EO0.5.
Animals were handled in accordance with European regulations and the local ethics

committee.

Human fetuses

Fetal tissues were made available in accordance with French bylaws (Good Practice
Concerning the Conservation, Transformation, and Transportation of Human Tissue to
Be Used Therapeutically, published on December 29, 1998). The studies on human
fetal tissue were approved by the French agency for biomedical research (Agence de
la Biomédecine, Saint-Denis la Plaine, France, protocol n°: PFS16-002). Three non-
pathological human fetuses were obtained at gestational week (GW) 9, GW11 and
GW14 from voluntarily terminated pregnancies after parent’s written informed consent
(Gynaecology Department, Jeanne de Flandre Hospital, Lille, France). Fetuses were
fixed by immersion in 4% paraformaldehyde (PFA) at 4°C for 3 days (GW9 fetus) and
for 5 days (GW11 and GW14 fetuses). The tissues were cryoprotected in 30%
sucrose/PBS at 4°C overnight, embedded in Tissue-Tek OCT compound (Sakura

Finetek, USA), frozen in dry ice and stored at -80°C until sectioning. Frozen samples
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were cut serially at 16 ym using a Leica CM 3050S cryostat (Leica Biosystems

Nussloch GmbH, Germany). Sections were kept at -80°C.

Transcriptomic analysis
Single-cell RNA-seq data reanalysis

10X scRNA-seq microglia data of [8] and [22] were downloaded from the GSE121654

series and loom file_http://mousebrain.org/development (“dev_all.loom”) respectively.

The raw count matrix and metadata for microglia-annotated cells in [22] were extracted
from the loom file using R v4.1.2. The data include a total of 1711 cells (510 ATM, 415
cycling microglia, 786 non-cycling microglia cells). Genes were filtered as described
by authors (expressed in at least 10 cells for [22] and at least 20 cells for [8]). For the
data set of [8], additional metadata such as published t-distributed stochastic neighbor
embedding (tSNE) coordinates and reported clusters were provided by the authors to
select the 76149 cells, including 2517 ATM cells.

The Seurat v4.1.1 [56] scRNA-seq pipeline was used to produce uniform manifold
approximation and projection (UMAP) and tSNE plots of [22] and [8] microglia data.
Default parameters were used if not mentioned. For [22], data was first normalized and
scaled using SCTransform [57]. PCA was performed and UMAP coordinates were
computed using 5 principal components. Plots were created using Seurat v4.1.1,

ggplot2 v3.3.6, scCustomize 0.7.0, and the viridis v0.6.2 palette.
Differential expression analysis

First, the differentially expressed genes (DEGs) of ATM-annotated cells from [22] were
obtained using the “FindAlIMarkers” Seurat function (Wilcoxon Rank Sum test, assay
= “RNA”, min.pct=0.1, only.pos=TRUE). DEGs were further filtered (Fold Change >
1.5, Bonferroni adjusted p-value < 1e'°). To construct venn diagrams, the same
threshold was applied to published DEGs of ATM [8] and PAM [7].

Gene set enrichment analysis

To determine gene set enrichment in a scRNA-seq dataset, the “AddModuleScore”
Seurat function (ctrl.size = length of gene list, nbin=24) was used. Several gene
signatures were tested for enrichment in [22] microglia scRNA-seq data: (i) top
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enriched ATM DEGs from [8], corresponding to the nine reported published markers
(i.e., Spp1, Gpnmb, Igf1, Lgals3, Fapb5b, Lpl, Lgals1, Ctsl, Anxab), and (ii) top enriched
PAM DEGs from [7] (i.e., Spp1, Clec7a, Gpnmb, Igf1, Lpl, PId3, Ctsl, Ctsb, Slc23a2,
Gpx3) (Table S1).

Microglial Depletion

Pregnant C57BI/6 females were administered anti-CSF-1R mAb (aCSF-1R, clone
AFS98) or the rat IgG2a isotype control (clone R35-95; BD Biosciences)
intraperitoneally at E6.5 and E7.5 as described previously [25]. Alternatively, pregnant
mice were given the CSF1R inhibitor PLX3397 (Plexxikon) mixed into standard chow
(Ssniff) from E6.5 or E12.5 until E15.5. The dose of PLX3397 was 290 mg/kg and
respective controls received standard chow. The efficiency of depletion procedures
was verified by immunohistochemistry at embryonic stages and in one newborn PO per

litter for postnatal litters.

Maternal Immune activation

Pregnant females were administered LPS in sterile PBS (0.12 ug/g mouse; InvivoGen
and Sigma) at E13.5 by a single intraperitoneal injection. Control pregnant females

were injected at E13.5 with sterile PBS and showed no detectable phenotype.

Immunohistochemistry on sections

For immunohistochemistry, mouse embryonic brains were fixed in 4% PFA at 4°C from
2h to overnight, depending on the developmental stage. Post-natal animals were
perfused with 4% PFA, dissected and post-fixed overnight at 4°C and directly cut in
PBS. Immunohistochemistry was performed on free-floating 40-100 pm- thick
vibratome mouse brain sections or 25 pm-thick cryostat human tissue sections. Slices
were treated 1h at room temperature (RT) in 0,2% Triton X-100, 0.2% Gelatin in PBS,
and then incubated in the same blocking solution with primary antibodies overnight at
4°C: rat anti-CD68 (1/500; Bio-Rad), chicken anti-GFP (1/1000; Aves), rabbit anti-lba
1 (1/500; Wako Pure Chemical Industries), rat anti-Lgals3 (Mac2) (1:1000; Cedarlane
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Labs) rat anti-L1 (1/100; Millipore), biotinylated rat anti-Lyve1 (1/200; eBioscience),
rat anti-mDectin-1 (Clec7A) (1/30; Invivogen), goat anti-Osteoactivin (Gpnmb) (1/200;
R&D Systems), rabbit anti-P2ry12 (1/500; Anaspec), goat anti-Spp1 (1:400; R&D
Systems). Sections were rinsed in PBS-0.1% TritonX-100 and incubated from 2h to
overnight at 4°C with secondary antibodies (1/400 in PBS, Jackson ImmunoResearch):
Alexa 10 Fluor® 488-conjugated donkey anti-chicken, Alexa 10 Fluor® 488-conjugated
donkey anti-goat; Alexa 10 Fluor® 488-conjugated donkey anti-rat; Alexa 10 Fluor®
488-conjugated donkey rabbit; Cy3-conjugated donkey anti-goat, Cy3-conjugated
donkey anti-mouse, Cy3-conjugated donkey anti-rabbit, Cy3-conjugated donkey anti-
rat, Cy5-conjugated donkey anti-mouse, Cy5-conjugated donkey anti-rabbit, Cy5-
conjugated donkey anti-rat. Hoechst (1/1000; Sigma) was used for fluorescent nuclear

counterstaining.

Tissue Clearing

We used an adapted version of the iDISCO+ clearing protocol previously published
[33, 34]. All incubation steps were performed at RT in a fume hood, on a tube rotator
(SB3, Stuart) at 14 rpm, using a 15 ml centrifuge tube (TPP, Dutscher) covered with
aluminum foil to avoid contact with light. E16.5 brain samples were first dehydrated in
a graded series (20%, 40%, 60%, 80%, and 100%) of methanol (MeOH, Sigma-
Aldrich) diluted in H20, during 1 and a half hour for each step. This was followed by a
delipidation step of 30 min in dichloromethane (DCM; Sigma-Aldrich). Finally, samples
were cleared overnight in dibenzylether (DBE; Sigma-Aldrich). Samples were then

stored in brown glass vial filled with DBE, in the dark and at RT.

Tissue preparation for Electron microscopy (TEM)

E14.5 mouse embryos were perfused with a buffer of 4% PFA, 2.5% glutaraldehyde
(EM grade) in PBS. Fixed embryos were kept in aluminum on ice for 30 minutes to
allow the glutaraldehyde impregnation. Brains were then dissected and kept overnight
at 4°C in a buffer of 4% PFA in PBS. 100 um vibratome sections were collected,
washed 3 times in PBS and postfixed for 2 hours in 2 % osmium tetroxide in PBS. The

samples were colored en bloc with 1.5% aqueous uranyl acetate at 4°C for 1.5 hours.
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Samples were then dehydrated in graded concentration of ethanol (25%, 50%, 70%,
90% and three times 100%, 10 minutes per step) and rinsed with anhydrous acetone
for 10 minutes three times. Samples were infiltrated with graded concentration of
Araldite 502 resin (50%, 90%, 1 hour per step) and incubated for 2 hours in pure resin
freshly prepared. Samples were then mounted in a minimum amount of resin between
two ACLAR 33C films and polymerization of the resin were performed at 60°C for 48
hours. Before cutting, sample blocs were glued paralleled to the flat surface of a
cylinder bloc of resin as a support. 70 nm ultrathin sections of the sample were
obtained using an ultramicrotome (UC6, Leica). Ultrathin sections were collected on
formvar coated slot (2 x 1 mm) grids. Positive staining of grids was performed for 2
minutes incubation in UranyLess aqueous solution (Delta Microscopy) followed with 1-

minute lead citrate staining.

MRI scans

After fixation, the embryos were stored in a 1:250 mixture of 0.5mmol/ml gadoteric acid
(Dotarem®, Guerbet) and phosphate-buffered saline for at least 72 hours. For imaging,
the embryos were embedded in 2% low melting point agar gel (Sigma-Aldrich) and
were placed in small Plexiglass containers. All acquisitions were performed on a 17.2
T (1H Larmor frequency = 730.2 MHz) Bruker Biospec preclinical scanner equipped
with a 25-mm inner diameter quadrature birdcage volume coil (Rapid Biomedical). 3D
images were acquired using a Fast Low Angle Shot (FLASH) sequence with the
following acquisition parameters: TE =7 ms, TR = 150 ms, flip angle = 30°, resolution

= 40 x 40 x 40 ym3, signal averaging = 2.
In utero cortical lesioning

Pregnant female mice at E14.5 were anesthetized with isoflurane (3.5% for induction,
2% during the surgery) and subcutaneously injected with 0.1 mg/kg of buprenorphine
for analgesia. The uterine horns were exposed after laparotomy. Cortical in utero
lesions were performed unilaterally using a glass capillary of 100 ym of diameter.
Lesioned embryos were left to recover in the mother's womb 2.5 hours after surgery,

after which their brains were collected and fixed in 4% PFA overnight at 4°C.

94



Ex vivo phagocytic assay

Slice preparation was performed as previously described (Lépez-Bendito et al.,
2006) with the following modifications. Dissecting medium was prepared from MEM
medium (Gibco) with 20mM TRIS powder pH7-9 (Sigma) and 45mM D-glucose
(Sigma). After telencephalic brains were cut into 250um-thick vibratome coronal
sections, slices of interests were stored in this medium on ice until use. For ex vivo
phagocytosis, pH-rodo (Life technologies) was resuspended at 0.5mg/mL in
dissection medium, containing 2.5mM CaCl2, 2.5mM MgSO4, 1mM NaHCO3
supplemented with 300uL HEPES (Gibco). for each 50mL of medium. After careful
removal of MEM medium, 15uL of this pH-rodo solution was added on top of each
slice, which were incubated for 1 hour at 37°C in 5% CO2. The reaction was stopped
by addition of cold pH-rodo suspension medium. After 3 washes slices were fixed in
4% PFA in PBS for 45min and immunohistochemsirty was performed as described

above.

Image acquisitions and analysis
Slices imaging

Images of immunohistochemistry on sections were acquired with a fluorescence
binocular microscope (Leica MZ16 F), a fluorescence microscope (Leica DMi8) and a
confocal microscope (Leica TCS SP5 and TSP8). Image analyses were performed with

ImageJ, Bitplane Imaris and Adobe Photoshop software.
3D Imaging and Processing

3D imaging was performed with an ultramicroscope |l (LaVision BioTec) using
ImspectorPro software (LaVision BioTec). The light sheet was generated by a laser
(wavelength 488 Coherent Sapphire Laser, LaVision BioTec) and two cylindrical
lenses. Samples were placed in an imaging reservoir made of 100% quartz (LaVision
BioTec) filled with ethyl cinnamate and illuminated from the side by the laser light.
Images were acquired with a PCO Edge SCMOS CCD camera (2,560 x 2,160 pixel
size, LaVision BioTec). The step size between each image was fixed at 3 um. For all
samples, background fluorescence recorded from exposure to the 488nm wavelength

were acquired in order to reconstruct brain morphology and lesions. Images, 3D
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volume, and movies were generated using Imaris x64 software (version 9.5, Bitplane).
Stack images were first converted to imaris file (.ims) using ImarisFileConverter. File
size was next reduced to 8 bits. 3D reconstruction of the sample was performed using
“volume rendering” (Imaris). The sample could be optically sliced in any angle using
the “orthoslicer” or “obliqueslicer” tools in order to verify phenotypic alterations. Lesions
due to microglial depletion could be highlighted using the “surface” tool by creating a
mask around the volume. To this end, low intensity pixels resulting from low
background fluorescence (and absence of cells in the lesions) in the 488nm exposure
condition were selected in order to create the “surface”. 3D pictures and movies were
generated using the “snapshot” and “animation” tools. Movies legends were generated

using ImagedJ software.

Transmitted Electron Microscopy (TEM) acquisition

TEM imaging was performed using a Philips Tecnai 12 Transmission Electron
Microscope (Philips/FEI, Eindhoven, The Netherlands) on the electronic imaging
department of the Imachem imaging platform (France Biolmaging) at Institut de
Biologie de I'Ecole Normale Supérieure, Paris. The software Gatan DigitalMicrograph
was used to acquire TEM images at various magnifications with a 4K CCD Orius 1000

camera (Gatan).

Quantification and statistical analysis

Co-labelling of IBA1+ or CX3CR1-GFP+ macrophages with P2ry12 microglial marker
and ATM markers was quantified specifically in accumulated cells long the CSA, CSB
and in utero induced lesions in the cortex using Cell Counter on ImagedJ software.
Lesion severity after embryonic microglia depletion was determined as 0: absence of
lesion; 1: mild lesion; 2: severe lesion. The mean scores for lesion severity in different
experimental conditions were then compared statistically. All data are presented as
mean + SEM. Non-parametric two-sided Mann-Whitney U-tests were used to compare
two distributions in co-labelling and lesion severity experiments. Fisher’s exact test was

used to compare contingent presence or absence of CSA/CSB lesions in controls,
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Spp17-and PLX3397 treated mice. All graphs and statistical analyses were generated
using GraphPadPrism 8.0 software. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 1. Embryonic ATM are located at the CSA in mouse and human embryos

(A) Single-cell transcriptomic UMAP plot of embryonic microglial cells (n = 1711)

extracted from [22] showing homeostatic microglia (MG) (purple), cycling MG (orange)
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and ATM (green). (B) Projection of the ATM signature (top enriched DEGs) from [8].
(C) Venn diagram showing the large overlap between the embryonic ATM signature
DEGs identified from the dataset of [22] and the ATM signature characterized in [22]
(fold change > 1.5, Bonferroni adjusted p-value < 1e-10). (D-F) Immunostainings on
embryonic mouse brain sections at E14.5 (D) or E15 (E) or on human gestational week
(GW)9 (F), showing Cxc3cr19%—positive or IBA1-positive microglia co-expressing ATM
markers at the cortico-striato-amygdalar (CSA) boundary. CSA close-ups are
delineated by dotted lines. Immunostaining in mice were performed on at least n=3
from 2 distinct litters and on two human samples. Values are presented as mean +
SEM and scale bars equal 500 ym (D-left panels) 100 ym (D-right panels), 20 ym (D

insets), 200 pm (E) and 1mm (F).

ATM, axon-tract-associated microglia; CSA, cortico-striato-amygdalar boundary;
DEGs, differentially expressed genes; LGE, lateral ganglionic eminence; MG,

microglia; MGE, medial ganglionic eminence; Ncx, neocortex; Str, striatum.
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Figure S1. Embryonic ATM share similarities with postnatal ATM

(A) Dot plot reporting the expression levels of ATM-core genes in embryonic ATM,
versus in homeostatic or cycling embryonic microglia in the scRNA-seq data set from

[22]. The color represents the scaled expression level across all cells within a cluster,
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while the size of dots indicates the percentage of cells expressed in that cluster (B)
Projection of the PAM signature from [7] onto the UMAP plot from Fig. 1A presenting
embryonic ATM. (C) Venn diagram highlighting the overlap between ATM DEGs
identified embryonically in [22] and in ATM from [8] and PAM from [7]. (D) Reproduced
tSNE plot of the 76149 cells from the scRNA-seq dataset of [8]. (E,F) Projections of
the embryonic ATM signature defined in [22] (E) and the PAM signature defined in [7]
(F), highlighting a large overlap with the Hammond ATM cluster 4. (G-H)
Immunostaining with Cd68 (G, n=3) and Phrodo assay in ex vivo slices showing (H,
n=4) an intense staining in CSA microglia at E14.5. (I) Immunostaining in human GW14
transverse sections showing co-labeling of ATM markers with IBA1 at the CSA. Scale

Bars equal 1500 um (left panel), 500 um (second panel) and 100 um (right panels).

ATM, axon-tract-associated microglia; CSA, cortico-striato-amygdalar boundary;

DEGs, differentially expressed genes; Ncx, neocortex; Str, striatum.
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Figure S2. ATM accumulate at the midline CSB and maintain tissue integrity

(A) Immunostaining on E18.5 Cxc3cr19% or Cd11c-EYPF coronal brain sections
showing co-labeling for ATM markers at the cortico-septal boundary (CSB), below the
corpus callosum (CC) (n=4 in at least two litters). (B) L1-immunostaining enables the
visualization of axons the CC and Fornix (Fx) (open white arrowhead) and highlights a
lesion at the CSB (solid white arrowheads) in various pharmacological and genetic
models affecting microglial colonization and density (Ncontrols=21, nNputko=4, Nars=5,

NPLx3397=9, NpPLx3397-E12=11, Ncsr1rrFire=5). Scale bars equal 100 ym (A) and 200 pym (B).

CC, corpus callosum; CSB, cortico-septal boundary; Fx, Fornix; Ncx, neocortex; Se,

Septum; Str, striatum.
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Figure S3. Models of macrophage depletion and functional alteration

(A) Model of embryonic macrophage depletion induced by the injection of a CSF1R

blocking antibody at E6.5 and E7.5 which leads to a drastic depletion of brain
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macrophages, as highlighted by comparing Cx3cr19%* controls and AFS E14.5
(ncontrols=21, nars=6) and E18.5 (Ncontrols=15, nars=17) embryos. Open and solid
arrowheads respectively indicate the accumulation of GFP-positive cells at the CSA
and local CSA tissue lesion in absence of GFP-positive cells. (B) Model of embryonic
macrophage depletion induced by feeding pregnant dams with PLX3397, a
pharmacological inhibitor of CSF1R pathway from E6.5 to E15.5 analyzed at E15.5
(Ncontrols=5, NPLx3397=5) and E18.5 (Ncontrols=12, NpLx3397=11). Open and solid arrowheads
respectively indicate the accumulation of GFP-positive cells at the CSA and local CSA
tissue lesion in absence of GFP-positive cells. (C) Model of embryonic macrophage
depletion induced by feeding pregnant dams with PLX3397 from E12.5 to E15.5
analyzed at E15.5 (Ncontrols=5, NpLx3397-E12=9) and E18.5 (Ncontrols=12, NpLx3397-£12=10).
Open and solid arrowheads respectively indicate the accumulation of GFP-positive
cells at the CSA and local CSA tissue lesion in absence of GFP-positive cells. (D)
Transmitted Electron Microscopy focused on the CSA tissue lesion in E14.5 PLX3397-
treated pups, showing a lack of basal membrane in these cavitary lesions (n=3). (E)
Coronal sections through E14.5 hemibrains of controls, embryos exposed to mild
maternal immune activation (MIA), Cxc3cr1”, Dap12/TyroBP’- and CR37 mutant
embryos showing no lesion at the CSA (open arrowheads) (at least n=6for each
condition). Scale bars equal 500 um (A,B,C,E), 10 um (D low magnification) and 2 ym

(D high magnification).

Ncx, neocortex; Str, striatum.
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Figure 2. Microglia are required for tissue integrity at the embryonic CSA

(A,B) Hoechst staining of hemibrain coronal sections at E14.5 or E15.5 (A) showing
CSA integrity in controls (open arrowhead) and cavitary lesions (solid arrowheads)
(Ncontrols=27, NPu1k0=6, NAFs=4, NPLx3397=8, NPLx3397-E12=11, NcsFirrire=7). Similar staining
at E18.5 showing that the cavitary lesions are located at the border between the
neocortex (Ncx), striatum (Str) and amygdala (Am) (Ncontrols=35, NPu1k0=5, NAFs=7,
npLx3397=13, NPLx3397-E12=11, NcsrirrFire=6). (C) Cavity reconstruction (yellow) after whole
brain clearing using the iDisco method, highlighting no cavities in controls and
stereotypically located cavities in 3 models of depletion (Ncontrols=9, NPutko=4, NaFs=5,

npLx3397=6). (D) Low intense signals at the CSA of PLX3397-treated embryos were
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detected (yellow solid arrowheads) in contrast to controls (yellow open arrowheads) in
E15.5 and newborn whole-head MRI scanning. These signals, observed in 3 animals
at each stage and condition, confirm the formation of a cavitary lesion in PLX3397-
treated embryos. CSA close-ups are delineated by dotted lines. Scale bars equal 200

pum (A, B), 800 um (C) and 1mm (D).

Am, amygdala; CSA, cortico-striato-amygdalar boundary; LGE, lateral ganglionic
eminence; MGE, medial ganglionic eminence; Ncx, neocortex; OB, olfactory bulb; Str,

striatum.
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Figure S4. Gpnmb inactivation does not alter CSA or CSB integrity

(A) E14.5 coronal hemisection stained with Hoechst showing integrity of the CSA in
both controls and Gpnmb™- mutants (open arrowheads) (Ncontrols=18, Nepnmbko= 13). (B)
L1 immunostaining showing integrity at the CSB in both controls and Gpnmb™- mutants

(open arrowheads) (Ncontrols=23, Nepnmbko=8). Scale bars equal 200 ym.

CC, corpus callosum; Fx, fornix; LGE, lateral ganglionic eminence; MGE, medial

ganglionic eminence; Ncx, neocortex.
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Figure 3. Spp1/OPN is required for tissue integrity at the CSA and CSB

(A) Coronal hemisections of E14.5 brains stained with hoechst reveal a CSA disruption
in 50% of Spp1/OPN-- mutants (solid arrowheads), compared to controls (open
arrowheads) and 100% in PLX3397-treated embryos (solid arrowheads) (Ncontrols=18,
Nspp1ko=21, npLx3397=13). (B) L1 immunostaining enables the visualization of axons
(open arrowheads) and midline lesions (solid arrowheads) in Spp1/OPN”- mutants in
approximatively 70% of the case compared to 100% of the PLX3397 exposed embryos
(Ncontro1s=23, Nspp1ko=20, npLx3397=8). (C) E14.5 coronal hemisections showing
expression immunostaining of Mac2 and GPNMB at the CSA in both controls (open

arrowheads) and Spp7”- embryos (Ncontrols=3, Nsppiko=3). Values are presented as
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means + SEM and the statistical tests performed are Fisher's exact test, * p<0.05;
**p<0.001; ***p<0.0001. Scale bars equal 200 ym (A,B low magnification), 100 ym

(A,B high magnification) and 100 pm (C).

CC, corpus callosum; CSA, cortico-striato-amygdalar boundary; Fx, fornix; LGE, lateral

ganglionic eminence; MGE, medial ganglionic eminence; Ncx, neocortex; Str, striatum.
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Figure S5. The CSA is a site of developmental morphogenetic fragility

(A) Immunostaining using IBA1, Spp1 and Mac2 antibodies and transmitted EM
indicate that at E14.5, ATM line along microcavities visible in hoechst counterstaining
and EM (solid arrowheads) (n=6 for immunostaining and n=3 for EM, from at least two
distinct litters). (B) Coronal hemisections of control and Emx71°¢¢*; RhoA"" brains, a
model displaying a periventricular nodular heterotopia (PVNH), visible from E18.5
onwards (dotted lines). Hoechst counterstaining enables to detect no lesion at the CSA
of controls and mutants at E15.5 (open arrowheads), a striking CSA lesion in 50% of
the mutants (solid arrowheads), followed by a 100% of mutants at P7 (solid
arrowheads) (NcontrolsE15=6, NheterotopiaE15=9, NcontrolsE18=8, NheterotopiaE18=10, NcontrolsP7=10,
NheterotopiaP7=15). Values are presented as means + SEM and statistical tests performed

are Mann-Whitney U Tests. ***p<0.0001. Scale bars equal 200 ym (A low
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magnification), 100 ym (A high magnification), 10 um in EM low magnification and 2.5
gum in EM high magnification. CSA, cortico-striato-amygdalar boundary; Hitp,

heterotopia;Ncx,neocortex;Str,striatum.
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Figure 4. ATM are induced by mechanical damage and involved in lesion repair

(A) Schematic representation of the in utero lesion (IUL) procedure mechanically
induced by poking the neocortex with a glass capillary. (B) Coronal sections through
the E14.5 neocortex of control and IUL embryos collected 2.5 hours after the lesion,
showing amoeboid Cx3cr19-positive cells accumulating at the lesion site and co-
expressing Spp1 and Mac2 (solid arrowheads), whereas Cx3cr19P-positive cells are
dispersed in controls and do not express ATM markers (Ncontrols=3, NiuL=3). (C)
Quantification of the percentage of Cx3cr19P-positive cells co-expressing ATM
markers (Ncontrols=3, NwL=3). (D) Coronal sections after IUL in control and PLX3397-
treated E14.5 embryos showing an altered morphology (bulge, solid arrowheads) in
the absence of microglia. (E) Quantification of the morphological defects observed in
control and PLX3397-treated embryos (niuL=17; niuL- pLx3397=13). (F) Coronal sections
showing the CSA region (solid arrowheads) in PLX3397-treated embryos during
postnatal microglial repopulation at postnatal day (P) 0, P3, P7 and P20. Cavitary
lesions progressively resorbed, concomitantly a repopulation by Cx3cr19%-positive
cells which accumulate at the lesion closure site (solid arrowhead) (Ncontrols-P0=6;
NPLX3397-P0=0; Ncontrols-P3=6; NPLX3397-P3=5; Ncontrols-P7=9; NPLX3397-P7=8; Ncontrols-P20=7;
npLx3397-P20=7). (G) Cx3cr19-positive cells accumulating at the lesion closure site co-
express ATM markers Spp1, Mac2 and GPNMB, as shown and quantified at P3, more
specifically in PLX3397-treated embryos compared to controls (Ncontrols=4; NpLx3397=4).
(H) In contrast to controls, Spp7”- mutants, PLX3397-treated controls which show no
CSA lesion by P20, PLX3397-treated Spp7”- mutants reproducibly displayed lesions
visible by hoechst staining (Ncontrois=7; Nspp1k0=8; Ncontrol-PLx3397=11; Nspp1KO-PLX3397=7).
(I) While few CSA IBA1-positive cells co-express Mac2 in resorbed PLX3397-treated

controls at P7, they accumulate around the lesions in PLX3397-treated Spp7 mutants,
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indicating that Spp7 inactivation does not prevent the expression of ATM markers
(Ncontrol-PLX3397=3; Nspp1ko-PLx3397=7). Values are presented as means + SEM, and
statistical tests performed are Fisher’s exact test (E) and Mann-Whitney U Tests (F-
H). * p<0.05; **p<0.001; ***p<0.0001. Scale bars equal 100 um (B,D), 200 ym (F-G)

and 150 ym (H-I).

Am, Amygdala; CSA, cortico-striato-amygdalar boundary; IUM, in utero lesion; Ncx,

neocortex;

119



>

Hoechst IBA BA1 Hoechst

- Nex

Resorbed

~
(<]
™
™
x
-
o

w

Hoechst

Lesioned

PLX3397

Fig S6. Repair correlates with repopulation at the CSA and CSB

Representative examples showing that (A) in most PLX3397-treated pups,
repopulation triggers to lesion closure and a “resorbed” phenotype at the CSA by P7
(open arrowheads). (B) By contrast, the cases in which the resorption did not occur
and were still “lesioned” at P7 (solid arrowheads) correlate with a lack of local CSA
repopulation (smaller arrows indicate lack of repopulated microglia at the edges of the

lesion) (NResorbed=8; NLesioned=3). Scale bars equal 500 um.

Am, Amygdala; Ncx, neocortex; Str, striataum.
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MOVIE LEGENDS

Movie S1. This movie shows a rostrocaudal progression through a E16.5 control
hemibrain cleared by iDisco, imaged on a light-sheet microscope and reconstructed
using the Imaris software, showing a normal morphology at the CSA and CSB (open
arrowheads). The movie progresses through light sheet photographs acquired along

the coronal rostrocauadal axis of the sample at a 3 ym Z step size.

Movie S2. This movie shows a rostrocaudal progression through a AFS E16.5
hemibrain cleared by iDisco, imaged on a light-sheet microscope and reconstructed
using the Imaris software, showing the cavitary lesion at the CSA (solid arrowheads).
The movie progresses through light sheet photographs acquired along the coronal

rostrocauadal axis of the sample at a 3 ym Z step size.

Movie S3. This movie shows a rostrocaudal progression through a PLX E16.5
hemibrain cleared by iDisco, imaged on a light-sheet microscope and reconstructed
using the Imaris software, showing the cavitary lesion at the CSA (solid arrowheads).
The movie progresses through light sheet photographs acquired along the coronal

rostrocauadal axis of the sample at a 3 ym Z step size.

Movie S4. This movie shows a rostrocaudal progression through a Pu.1”- E16.5
hemibrain cleared by iDisco, imaged on a light-sheet microscope and reconstructed

using the Imaris software, showing the cavitary lesion at the CSA (solid arrowheads).
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The movie progresses through light sheet photographs acquired along the coronal

rostrocauadal axis of the sample at a 3 um Z step size.

Movie S5. This movie shows a lateral rotation of a AFS E16.5 hemibrain cleared by
iDisco, imaged on a light-sheet microscope and reconstructed using the Imaris
software, showing cavitary lesion at the CSA (yellow indicates the reconstructed
cavity). Green signal encompasses non-depleted CX3CR1-GFP+ cells and tissue
autofluorescence delineating hemibrain  morphology. Cavitary lesion was

reconstructed and pseudocolored in yellow in Imaris software.

Movie S6. This movie shows a lateral rotation of a PLX E16.5 hemibrain cleared by
iDisco, imaged on a light-sheet microscope and reconstructed using the Imaris
software, showing cavitary lesion at the CSA (yellow indicates the reconstructed
cavity). Green signal encompasses tissue autofluorescence delineating hemibrain
morphology. Cavitary lesion was reconstructed and pseudocolored in yellow in Imaris

software.

Movie S7. This movie shows a lateral rotation of a Pu.7”- E16.5 hemibrain cleared by
iDisco, imaged on a light-sheet microscope and reconstructed using the Imaris
software, showing cavitary lesion at the CSA (yellow indicates the reconstructed
cavity). Grey signal encompasses tissue autofluorescence delineating hemibrain
morphology. Cavitary lesion was reconstructed and pseudocolored in yellow in Imaris

software.
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RESUME FRANCAIS: ARTICLE 1

Titre:

La microglie maintient l'intégrité du cerveau pendant la
morphogenése embryonnaire

Résume:

La microglie, macrophage résidant dans le cerveau, existe dans différents états dans
des context pathologiques et en conditions physiologiques durant la vie postnatale,
mais son réle prénatal reste mal compris. Dans cette étude, nous avons identifié un
état embryonnaire similaire a la microglie postnatale Axon-Tract-associated-Microglia
(ATM), qui s'accumule transitoirement aux frontiéres cortico-striato-amygdaliennes et
cortico-septales du foetus, deux sites de tension morphogénétique. Nous avons montré
que la microglie embryonnaire et le facteur ATM Spp1/Osteopontin maintiennent
l'intégrité des tissus a ces deux frontieres en empéchant la formation de Iésions
cavitaires. La structure ou se situent les ATM présente des microcavités et une fragilité
morphogénétique développementale, ce qui suggére que les ATM maintiennent la
cohésion du tissue en favorisant la réparation. De maniére cohérente, nous avons
trouvé que les facteurs spécifiques a I'état cellulaires des ATM sont rapidement induits
par des dommages mécaniques, et que la repopulation microgliale ainsi que
Spp1/OPN sont nécessaires pour la résorption efficace des Iésions larges, mettant en
évidence des capacités de réparation remarquables. Dans I'ensemble, notre étude
montre que la microglie embryonnaire et les facteurs ATM favorisant la réparation
jouent un réle nouveau dans le maintien de l'intégrité des tissus au cours de la
morphogenése normale, ce qui a des implications majeures pour notre compréhension

du cablage du cerveau en contexts physologiques ainsi que pathologiques.
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DISCUSSION AND PERSPECTIVES
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1. A new role for microglia in maintenance of tissue

integrity during embryogenesis

1.1 A new microglia-specific role

We have unveiled a new microglial function, in preserving tissue integrity and cohesion,
which had not been previously shown in the embryo (Figure 19). Absence of embryonic
microglia in the embryonic brain leads to cavitary lesions at the cortica-striato-
amygdalar (CSA) and cortico-septal (CSB) boundaries, two sites of morphogenetic
stress and stereotypical developmental accumulation of microglia. A central question
in microglial and CNS-associated biology is the identification of unique functions that
results from the intrinsic differences between these different macrophages. Indeed,
parenchymal microglia are distinct from their BAM counterparts such as LYVE1+
perivascular macrophages or choroid plexus (Utz et al. 2020; Masuda et al. 2019; Prinz
et al. 2021b; Masuda et al. 2022). This novel function of developmental microglia
coincides with a developmental window where microglia and some other border
associated macrophages (BAMs) are the sole glial cells, since generation of astrocytes
and oligodendrocytes, which could otherwise have redundant roles, begins at the end
of gestation and in early postnatal life (Jakel and Dimou 2017; Thion and Garel 2017).
We thus sought to ensure that the role that we define here is really specific to microglia
and not BAMs.
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Figure 19. Microglia preserve brain integrity and mediate repair during forebrain
development. (A) Microglia displaying an embryonic ATM state accumulate at two sites of
morphogenetic constraints bearing microcavities, the CSA and CSB during embryogenesis.
Microglia could sense and be recruited by mechanical cues or damage signals at microcavities
in order to mitigate exacerbation of local tissue fragility. This function is partially dependent on
core-ATM protein SPP1. (B) In the absence of embryonic microglia or upon constitutive
ablation of SPP1, microcavities are exarcerbated into large lesions. (C) In the context of
embryogenic and early postnatal development, microglia can be recruited by fragilities for
maintenance of brain integrity, but also by exogenous lesions such as a mechanical poke or
CSA lesion. Recruited cells express an ATM program associated with repair. Notably, repair

efficiency is dependent on expression of core-ATM protein SPP1 at the CSA boundary.

1.1.1 Specificity of models for investigating roles of embryonic

microglia
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Most commonly used models to investigate microglia also affect BAMs, including some
models used in the present work (Eme-Scolan and Dando 2020). We have identified
cavitary lesions at the CSA and CSB in complete absence of microglia or in depletion
models where BAMs are also depleted, as exemplified by Pu.7 - mice, where myeloid
cells are completely absent (Erblich et al. 2011). We further have investigated models
of CSF1-R pharmacological inhibition through injection of AFS98 antibody or
supplementation of pregnant dams food pellets with PLX3397 inhibitor (Thion et al.,
2018a). Both these models lead to partial depletion of microglia and macrophages,
whose survival and differentiation is dependent on this pathway. Indeed, we have
observed full depletion of microglia at the CSA in both models, but only partial depletion
at the CSB. In addition, we observed some CSF1-R inhibition resistant macrophages
in the meninges and an intriguing pool of resistant microglia in the MGE mantle (Article
1 Figure S3). However, we were able to demonstrate the CSA/CSB phenotype in
Csf1rAFIRE/AFIRE \whereby a mutation in CSF1-R was reported to lead exclusively to
absence of parenchymal microglia during development and postnatal life, suggesting
the specificity of this model to microglial depletion (Rojo et al. 2019). However, this
model must be treated with caution, since more recently, Munro and colleagues
demonstrated that has subsets of BAMs may also be misgenerated in the context of
this mutation (Munro et al. 2020). However, we confirmed that the CSA is a site that
normally bears accumulation of exclusively bona fide P2RY12+ microglia (Masuda et
al. 2022), with no contribution of other BAMs IBA1+ CX3CR1-GFP+ macrophages,
such as LYVE1+ perivascular and meningeal macrophages (Masuda et al. 2022; Prinz
et al. 2021b; Utz et al. 2020). In the case of the CSB accumulation at E18.5, we
observed a vast majority of P2RY12 low IBA1+ or CX3CR1-GFP+ microglia (data not
shown), suggesting an alternative state of the microglia accumulated there resembling
RMS/SVZ neurogenesis supportive adult microglia (Xavier et al. 2015). In addition, we
observed just a handful of LYVE1+ IBA1+ or CX3CR1-GFP+ meningeal macrophages
(data not shown) but the paucity of these cells makes it unlikely that they modulate
brain tissue integrity at this site.In the light of these findings, we have attempted to
deplete microglia specifically during embryogenesis using P2ry12°; DTA mice, in
order to selectively deplete microglia through diphtheria toxin induced cell death but
reporter expression was not sufficient to induce microglial depletion (Lee et al.

1998)(data not shown). Further experiments using microglia- specific binary cre lines
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should be performed in order to clarify this matter (Eme-Scolan and Dando 2020; Kim
et al. 2021).

1.1.2 Microglial repair function may be postnatally compensated

Furthermore, we show that postnatal CSA and CSB lesion repair after embryonic
microglia depletion is concomitant with microglia repopulation and repair-related
properties (an ATM-like profile further discussed in 2.1) but we cannot exclude the
possibility that other cells participate in postnatal repair and have the capacity to
perform a redundant role in the postnatal brain. To the best of our knowledge, no such
lesions as the ones reported in Article 1 were described in condition of acute
macrophage depletion in the adult brain, nor did we observe them in the adult
Csf1rAFIRE/AFIRE mouse brain (Figure 20), suggesting that other cells, which could be
BAMs, recruited immune cells or neural and glial cells can take over the role for
microglia in maintaining tissue cohesion, which is indispensable in the early developing
brain (Gaudet and Fonken 2018; An et al. 2021; Ghaddar et al. 2021). We have not
fully defined the timing of resorption of the lesion in Csf1rAFIRE/AFIRE mouse brain, nor
the events occurring during resorption. This possibility should thus be further
investigated, as it points to a non-redundant function of microglia in embryonic

development, which may become compensated for by other cells in postnatal life.
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Figure 20. CSA lesions systematically resorb in embryonic depleted PLX3397 and
microglia-devoid Csf1rAFIREAFIRE byt lead to abnormalities in abutting fibers. Gross
morphology resembles control brains with no signs of lesion in nuclear Hoechst staining in
depleted PLX3397 and microglia-devoid Csf1rAFIRE/AFIRE respectively at P20 and P30. However,
Myelin marker MBP and axonal marker SMI32 indicate that external capsule fibers seem to

cluster on the edges of a scar-like space at the CSA abutting the basolateral amygdala.

1.2 Microglial lesion-preventive role is independent of

classical pathways but involves ECM protein SPP1/OPN
131



Moreover, we showed that this microglial role in preserving tissue integrity is
independent of classical microglial pathways implicated in phagocytosis, microglial
sensing of cell death, tissue damage and injury, or synaptic pruning such as DAP12
(TYROBP)/TREM2, CR3 and CX3CR1 (Augusto-Oliveira et al. 2022; Faust, Gunner,
and Schafer 2021; Colonna and Butovsky 2017), or even maternal immune activation
driven perturbation of microglial function (Smolders et al. 2018) presented in chapter
1. Indeed, no CSA or CSB lesions were observed in these conditions (Article Figure
S3). Of note, these pathways have been implicated numerous developmental functions
of microglia from modulation of interneuron positioning, dying cells phagocytosis to
synaptic pruning in prenatal and postnatal development (described in 2.2.2). In
contrast, we showed that SPP1/OPN, an extracellular matrix protein which was highly
expressed by microglia at embryonic hotspots of accumulations, is required for tissue
integrity maintenance, since complete invalidation of Spp7 led to increased lesioning
at the CSA at E14.5 and the CSB at E18.5, compared to natural fragilities in control
brains (Article Figure 2). We observed no phenotype in full knockouts for Gpnmb
coding for GPNMB/Osteoactivin, another ECM modulator (Article 1 Figure S4). Of
note, the defects observed in Spp 17, were partial and, when using full knockout mouse
models for Spp7 and Gpnmb we cannot exclude compensatory mechanisms to
account for the loss of gene expression (Liaw et al. 1998; El-Brolosy and Stainier 2017;
El-Brolosy et al. 2019; Rouf et al. 2022). Furthermore, although expression of
SPP1/OPN was strongest in microglia, we could not exclude that it was expressed in
other forms by other cells, such as radial glia in the vicinity of the CSA/CSB. It will thus
be of interest to use macrophage/microglia specific genetic mouse lines such as
Cx3cr1CreERT2 - p2ry12CreERT2 for targeted conditional invalidation of floxed Spp? and
Gpnmb alleles (M. L. Bennett et al. 2016; Eme-Scolan and Dando 2020), in order to
check for specificity of these pathways in microglial maintenance of tissue integrity and
repair but also to bypass compensatory genetic robustness. Conditional microglia
specific knockouts for Spp1 may thus display a more drastic phenotype with increased
fragilities at the CSA/CSB more closely resembling that in conditions of microglial
depletion, as is the case for Gpnmb conditional knockout. Thus, to the same extent
that the specificity of microglia involvement in maintenance of brain integrity and repair
during morphogenesis, it will be required to show specificity of the discovered
SPP1/OPN pathway to this function (addressed in 2.2.2).
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2. An ATM-like profile associated with tissue repair
and cohesion

2.1 Similarities and differences of embryonic ATM-like cells

with postnatal ATM and DAMs

We showed that in normal physiology, at the sites where we observe lesions in
absence of embryonic microglia, there are microglia that display specific
characteristics of postnatal ATM/PAM, consistent with reports of ATM-like clusters in
the embryonic brain reported by (La Manno et al. 2021; Masuda et al. 2020). To a
certain extent, these microglia were also related to disease-associated microglia
(DAMs) (Deczkowska et al. 2018a). DAMs are a state of microglia associated with
neurodegeneration patterns, being able to sense damage signals, and are capable of
clearing or refraining progression of pathological tissue in neurogenerative diseases
(Deczkowska et al. 2018a). On the other hand, postnatal ATM of the developing white
matter regulate oligodendrogenesis through trophic secretion of IGF-1 encoded by
core ATM gene Igf1 and via phagocytosis of OPCs (Benmamar-Badel, Owens, and
Wilodarczyk 2020). Importantly, it was shown that the full acquisition of the DAM state
is dependent on APOE/TREM2/DAP12(TYROBP) while postnatal ATM fate was
independent of these signaling pathways (Deczkowska et al. 2018a; Li et al. 2019;
Masuda et al. 2020).

We validated through immunohistochemistry that the cells at the CSA and CSB
express core ATM molecules SPP1/OPN, GPNMB, CLEC7A, CD11c and MAC2
(Lgals3) for which coding genes were showed to be top upregulated genes in DAM
and ATM (Deczkowska et al. 2018a; Masuda et al. 2020). These seemingly similar
microglial profiles can thus drive different functions and be dependent on distinct
pathways. Therefore, the question of how these profiles relate to ATM-like embryonic
microglia is important. Our characterization of ATM-like embryonic is not exhaustive

as it was based on a given set of core ATM gene encoded molecular marker
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expression rather than transcriptional profiling in the case of ATM/DAM (Masuda et al.
2020). In addition, we have not verified protein expression of IGF-1 or possible
involvement of this pathway in the function CSA/CSB microglia reported here whereas
it was implicated in regulation oligodendrogenesis and myelination by postnatal ATM
(Benmamar-Badel, Owens, and Wilodarczyk 2020) and in wound healing in other
contexts (Garoufalia et al. 2021). Furthermore, we showed lack of cavitary lesion
phenotype in DAP12/TYROBP mutants, which suggests that, like postnatal ATM, this
pathway, and TREM2 co-receptor are likely not involved in the function of ATM-like
embryonic microglia. However, the implication of APOE remains to be investigated, as
it is involved in induction of the DAM state and lipid metabolism, which may be altered
in lipid droplet filled embryonic ATM as we have observed them by electron microscopy
(Deczkowska et al. 2018Db).

Furthermore, the markers that were used to identify ATM-like embryonic microglia did
not fully overlap and their onset of expression differed temporally during embryonic
development or in in utero lesion conditions. SPP1 expression was larger at the CSA
at E14.5 (data not shown) and more readily elicited by mechanical wound in the
embryonic cortex (Article 1 Figure 4). This strengthens the notion that microglia
possess a dynamic profile with likely rapid changes in state and expression of ATM
genes and uncovered pathways. It will be of interest to isolate specifically ATM-like
cells from the developing mouse forebrain structures where we localized them, use a
gating strategy based on SPP1 expression to sort them, and perform highly sensitive
RNA sequencing techniques to identify and define their transcriptional profile. It would
further be relevant to explore the putative properties that distinguish them from
postnatal DAM and ATM (Stark, Grzelak, and Hadfield 2019). A similar experiment has
been done in human fetal tissue ATM-like cells have been transcriptionally identified
through RNAseq of and primary human microglia cultures (Kracht et al. 2020; Popova
et al. 2021) but not localized in human development. We showed for the first time that
the ATM-like profile observed at the mouse CSA can be found specifically at an
equivalent location during human brain development, raising the intriguing possibility
that a microglial state with a conserved function is required during human brain
development (Article 1 Figure 1 and S1). It is plausible that sites like the CSA require

preserved tissue integrity in humans like in rodents as lesions have been reported at
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the site of the CSA in human fetal brains, albeit authors suggested these may be

transitory blood vessels (Gonzalez-Arnay, Gonzalez-Gémez, and Meyer 2017).

2.2 Mechanisms for repair and maintenance of tissue

integrity of CSA/CSB and injury induced ATM-like cells

2.2.1 Microglial brain glue

Aside from Igf1 these ATM-like microglia are characterized by the expression of genes
that code for proteins involved in cell adhesion like ltgax, (coding for CD11c integrin),
tissue repair, and ECM components like Spp7 and Gpnmb (Rosmus et al. 2022;
Wilodarczyk et al. 2017). These emerging properties suggest that they might act as
“gluing” agents capable of maintaining tissue cohesion between detaching structures
by a) serving as anchors for cells at either side of CSA/CSB lesions, b) by performing
junction by producing ECM bridges between these structures. Conversely, microglia
could modulate ECM plasticity by degrading ECM and scar tissue and could contribute
in promoting tensile flexibility in an otherwise stiffened tissue exposed to tears during
embryogenesis (Hankin, Schneider, and Silver 1988; Van Essen 2020; Saito et al.
2019).
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Figure 21. Microglia specific inactivation of Fibronectin1 (Fn1) does not impair in tissue
integrity at the CSA and CSB. (A) High dose of tamoxifen to induce inactivation of Fn1 does
not lead to impairment at the CSA at E15.0. (B) Standard dose of tamoxifen to induce

inactivation of Fn1 does not lead to impairment at the CSA and CSB at PO.

The putative repair function of ATM-like embryonic is reminiscent of the recently
reported ability of early postnatal microglia to participate in scar free wound healing in
spinal cord crush injury (Li et al. 2020). The profile associated with postnatal spinal
cord repair also transcriptionally resembled white matter ATM/WAM/PAMs and could
be localized in the form of SPP1/OPN expressing microglia around the lesion, similar
to what we report in our paradigms. These postnatal spinal cord repair microglia were
shown to bridge lesion partly through secretion of fibronectin (Fn1) (Li et al., 2020). We
have tried modulating Fn1 expression specifically in microglia during development, but
found no evidence of such a role at the CSA/CSB (data not shown). It remains to be
determined whether ATM-like microglia also exert their repair function by secreting
ECM molecules to bridge lesions at the CSA and the CSB.
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2.2.2 Contribution of SPP1 in tissue repair and modulation of

microglial state

As previously stated, several lines of evidence suggest that SPP1/OPN plays a role in
tissue repair and microglia biology (Rosmus et al. 2022). SPP1/OPN is a
multifunctional glycoprotein that can be secreted or expressed on the surface cells
(Icer and Gezmen-Karadag 2018). It is an extracellular matrix protein first described in
bone tissue where it takes a role in biomineralization (lcer and Gezmen-Karadag
2018). It has been shown to be involved in wound healing, and immune cell migration,
adhesion to the matrix, survival and maturation during inflammation (Ilcer and Gezmen-
Karadag 2018). SPP1/OPN is upregulated and has been involved in brain injury and
degenerative disease (Rosmus et al. 2022). SPP1/OPN is upregulated at wound site
as early as 6 hours after skin incision and sciatic nerve injury in adult mice but also in
microglia at 2 days post injury in spinal cord crush injury in neonatal mice, reminiscent
of induction of SPP1 we report in the embryonic cortex at 2 hours 30 after injury (Liaw
et al. 1998; Yi Li et al. 2020; X. Liu et al. 2017). In addition, Spp? - mice display
ultrastructural defects in skin wounding, particularly ECM disorganization (Liaw et al.
1998) as well as increased damage in injury such as grey and white matter loss in

hypoxic-ischemic injury (van Velthoven et al. 2011).

Whereas secreted or membrane surface microglial SPP1 could directly serve as an
anchor protein between microglia and ECM and/or neurons and ECM to maintain
tissue cohesion, several groups point to the fact that it also constitutes a signal for
recruitment of immune and glial cells at injury for repair in the adult brain (An et al.
2021; Riew et al. 2019; Rosmus et al. 2022). In the injured striatum, dying neurons
release SPP1/OPN to recruit monocytes and astrocytes for repair and as a trophic
signal for surrounding neural cells (An et al. 2021; Riew et al. 2019). Furthermore, it
has been proposed that SPP1 acts as an opsonin to recruit microglia/macrophages for
phagocytosis of cell debris and pathogens in disease and injury such as Alzheimer’s
disease (McKee and Nanci, 1996; Shin et al., 2011; Morisaki et al., 2016; Rentsendorj
et al., 2018; De Schepper et al., 2022).

At the embryonic CSA/CSB, where microglia are the only immune or glial cells present,

unidentified damage signals could elicit microglial expression of SPP1/OPN to further
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recruit and prime other microglia for repair of microlesions. This is consistent with Shen
and colleagues’ demonstration that SPP1 is involved in promoting the CD11c+ or ATM
state in early postnatal life upon uptake of apoptotic cells (Shen et al. 2022). In our
study, however, we still observed expression of other ATM markers (MAC2 and
GPNMB) at the CSA/CSB of Spp? 7 mice, suggesting that the acquisition of this
microglial state is not fully dependent on SPP1/OPN. Nonetheless, it raises the
question of whether local apoptosis or other forms of programmed cell death might be
involved in the induction of the ATM phenotype. This hypothesis would be consistent
with fact that the CSB is a site of massive cell death and microglial phagocytosis in the
developing forebrain (Hankin, Schneider, and Silver, 1988 and data not shown). In
contrast, we found no sign of apoptotic cell death at the CSA (data not shown), and
while ATM-like microglia display an elevated engulfment capacity (Article Figure S1),
we never observed the engulfment of whole cells or nuclei, nor the formation of
phagocytic cups (data not shown). While other forms of cell death beyond apoptosis
could be investigated at this hotspot, it is likely that ATM-microglia located at the CSA
rather engulf debris but not whole cells. Interestingly, EM analyses (Article 1) revealed
the presence of “lipid” fragments inside cavities normally observed at the CSA, raising
the possibility that the ATM-like profile might induced by forms of cell death at this site

and this question needs to be addressed in future studies.
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3. Lessons from this novel identified role of
microglia for general brain morphogenesis and

pathology

We showed that sites of developmental fragility at CSA and CSB that are sensitive to
the absence microglia during development. The sensitivity of these hotspots during
development point to a phenomenon that could be more widespread and stereotypical
in different species. Specifically, this observation prompts the interrogation as to what
are the microenvironmental events happening which lead to this susceptibility to
cavitary lesion and whether they can be explained by morphogenetic events that
require regulation by immune cells during (fore)brain development. Indeed, the
forebrain is the stage for multiple, sometimes contradictory, morphogenetic forces
during development, which can put certain regions under stress and render them
vulnerable to lesions (Hankin, Schneider, and Silver, 1988; Van Essen, 2020; Saito et
al., 2019).

We found that the CSA is a site that is particularly sensitive and fragile, as
demonstrated by the systematic occurrence of lesions correlated with periventricular
nodular heterotopia in Emx1°¢®*; RhoA™ conditional mutants (Cappello et al. 2012)
(Article1 Figure S5). The occurrence of lesions in these mutants only correlated with
the morphological changes induced by the heterotopia, since no lesions could be
observed at the CSA in the absence of heterotopia at E15.5, before systematically
appearing as large CSA tears as the heterotopia grew with age (E18.5-P7) (Article 1
Figure S5). This is consistent with reports of hydrocephalic brains where we can
observe large tears are the CSA, and sometimes CSB in adult brains (Cao and Wu,
2015; Haward et al., 2020; Ohtoshi, 2008; Xu et al., 2011; Zou et al., 2020). This
reinforces the notion that the CSA and CSB as sites that are sensitive to mechanical
disruptions, even beyond development. In these cases, we cannot exclude that the
disruptions are also elicited by disorganized radial glial organization, and the role of
microglia in maintaining radial glial integrity and organization should be investigated.
Evidence of lesion resembling CSA lesions in the mouse microglia devoid embryonic

brain have been reported in human brains a gestational week 7 in a corresponding
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region suggesting that the fragilities occurring in mice are also part of stereotypical
human brain development (Gonzalez-Arnay, Gonzalez-Gémez, and Meyer, 2017).
Furthermore, stereotypical lesion similar to those we report at the CSB in absence of
embryonic microglia coined as septum cavum pellucidum are regularly observed in rat
and human brains as part of typical development (Hankin, Schneider, and Silver 1988;
Nagaraj, Calvo-Garcia, and Kline-Fath 2018). These naturally occurring lesions usually
disappear in postnatal life, however in humans, the lack of resorption of such a
developmental lesion is loosely associated with neurodevelopmental disorders such
as schizophrenia, but its impact on brain functioning and contribution to disorders is
still unclear (Das & Dossani, 2022; Trzesniak et al., 2011; Wang et al., 2020). This
lesion largely affects the septum, an understudied structure of the brain associated
with the limbic system (Sheehan, Chambers, and Russell 2004). We can thus
speculate that affective symptoms of disorders such as schizophrenia and depression
can find their roots in abnormalities in septal development (Sheehan, Chambers, and
Russell 2004).

Furthermore, congenital infectious disorders such as Congenital Cytomegalovirus
(CMV) display formation of cystic lesions at hotspots equivalent to CSA and CSB in
the human brain, and are accompanied by disabilities (Chaudhari and Ho 2022;
Teissier et al. 2014). These observations prompt the interrogation of the links between
microglial perturbation in these models and possible consequences on morphology.
Lastly, in the light of possible links with human pathology and similar affected regions
in congenital disorders it would be of interest to investigate the long-term impact of
lesions induced by absence of microglia in the mouse developing brain. Indeed, in our
models of embryonic microglia depletion, even after lesion repair we have observed
consequences on amygdalar shape (not shown) and amygdala associated axon-tracts
(Figure 20). Behavioral testing to explore the consequences of these changes, such
as amygdala related fear behavior should be pursued (Phelps and LeDoux 2005;
Baxter and Croxson 2012). Further analysis must also be done in the context of the
CSB which is a major midline hub of passing commissural axons such as the corpus
callosum which could have an impact on cognition and be linked with
neurodevelopmental disorders (Chédotal and Richards 2010; Chaudhari and Ho
2022).
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Taken together, our findings highlight a new role for repair-associated microglial state
during development in maintaining tissue integrity at sites of morphogenetic stress
during forebrain development, which could inform the ways in which normal

morphogenesis can be affected in human developmental disorders.
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RESUME FRANCAIS: DISCUSSION ET
PERSPECTIVES

1. Un nouveau réle pour la microglie dans le maintien de I'intégrité
des tissus au cours de I'embryogenése

Nous avons découvert une nouvelle fonction des microglies dans la préservation de
l'intégrité tissulaire et de la cohésion, pas encore démontrée dans Il'embryon.
L'absence de microglies embryonnaires dans le cerveau embryonnaire entraine des
Iésions cavitaires aux frontieres corticales-striato-amygdaliennes (CSA) et cortico-
septales (CSB), deux sites de tension morphogénétique et d'accumulation
développementale stéréotypée des microglies. Cette nouvelle fonction des microglies
développementales coincide avec une fenétre de développement ou les microglies et
les BAMs sont les seules cellules gliales, car la génération d'astrocytes et
d'oligodendrocytes, qui pourraient par ailleurs avoir des roles redondants, commence
a la fin de la gestation et au début de la vie postnatale. Ainsi, nous avons cherché a
nous assurer que le rdle que nous définissons ici est vraiment spécifique aux

microglies et non aux microglies associées aux frontiéres.

Les modeéles les plus couramment utilisés pour étudier les microglies affectent
également les BAMs, y compris certains modeéles utilisés dans cette étude. Nous
avons identifié des lésions cavitaires au niveau de la CSA et de la CSB en I'absence
totale de microglies ou dans des modéles de déplétion ou les BAMs sont également
déplétées. Cependant, nous avons pu démontrer le phénotype CSA/CSB dans
Csf1rAFIRE/AFIRE oy une mutation dans CSF1-R conduit exclusivement a I'absence de
microglies parenchymateuses pendant le développement et la vie postnatale,
suggérant la spécificité de ce modéle pour la déplétion microgliale. Nous avons
également confirmé que I'accumulation a la CSA est un site qui porte normalement
I'accumulation exclusivement de microglies P2RY12+ authentiques, avec aucune
contribution d'autres macrophages associés aux frontieres, comme les macrophages
péri-vasculaires LYVE1+. Finalement, nous avons tenté de dépleter spécifiquement
les microglies pendant I'embryogenése en utilisant des souris P2ry12°®; DTA, mais

I'expression du rapporteur n'était pas suffisante pour induire la déplétion microgliale.
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Aussi, nous avons observé que la réparation des Iésions postnatales apres la déplétion
embryonnaire des microglies est associée a leur repopulation et a des propriétés de
réparation. Cependant, d'autres cellules pourraient également contribuer a la
réparation postnatale, suggérant un réle non redondant des microglies dans le

développement embryonnaire.

2. Le role préventif de la microglie a I'égard des lésions est
indépendant des voies classiques mais implique la protéine ECM
SPP1/OPN

Nous avons observé que des microglies présentant des caractéristiques spécifiques
d'ATM/PAM postnatales sont présentes aux sites ou nous observons des lésions en
I'absence de microglies embryonnaires. Ces profils de microglies semblables peuvent
entrainer des fonctions différentes et dépendre de voies distinctes, soulignant
l'importance de comprendre leur relation avec les microglies embryonnaires de type
ATM. Il est intéressant de noter que le profil ATM-like observé a la CSA chez la souris
peut également étre trouvé a un emplacement équivalent pendant le développement
cérébral humain, suggérant une fonction conservée nécessaire au développement

cérébral humain.

Outre Igf1, ces microglies de type ATM se caractérisent par I'expression de génes
codant pour des protéines impliquées dans l'adhésion cellulaire telles que [tgax
(codant pour l'intégrine CD11c), la réparation tissulaire et les composants de la MEC
comme Spp1 et Gpnmb. Leur fonction putative de réparation rappelle la capacité
récemment rapportée des microglies précoces postnatales a participer a une
cicatrisation sans cicatrice lors d'une Iésion de compression de la moelle épiniére. |
reste a déterminer si les microglies de type ATM exercent également leur fonction de
réparation en sécrétant des molécules de la MEC pour combler les Iésions a la CSA
et a la CSB.

Enfin, comme mentionné précédemment, plusieurs éléments indiquent que
SPP1/OPN joue un rble dans la réparation tissulaire et la biologie des microglies. Il est

impliqué dans la cicatrisation des plaies, la migration des cellules immunitaires,
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I'adhérence a la matrice, la survie et la maturation lors de l'inflammation. Dans notre
étude, nous avons observé l'induction de SPP1 dans le cortex embryonnaire aprés
une lésion, suggérant son rdle potentiel dans la réparation tissulaire embryonnaire.
Toutefois, il reste a déterminer si les microglies de type ATM induites par SPP1/OPN
sont impliquées dans la phagocytose des débris cellulaires, ce qui nécessitera des

études futures pour approfondir cette question.

3. Legons tirées de ce nouveau réle identifié de la microglie dans la
morphogenése et la pathologie du cerveau en général

Nous avons observé que certaines régions du cerveau en développement, comme la
CSA et la CSB, sont sensibles a l'absence de microglies, ce qui suggére un
phénoméne potentiellement répandu et stéréotypé chez différentes especes. Ces sites
de fragilité sont sujets a des Iésions, comme démontré par la corrélation entre la
nodularité hétérotopique périventriculaire et les Iésions a la CSA chez les mutants
conditionnels Emx1°¢®*; RhoA™" . Les lésions observées dans ces cas suggérent que
la CSA et la CSB sont sensibles aux perturbations mécaniques, méme au-dela du
développement, ce qui peut avoir des implications sur la morphogenése normale et les

troubles du développement humain.
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Article 2: Participation in a separate publication

(Please note this is a draft of the article. Some modifications are still to be made

before submission)
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Contribution of the author of the thesis:

My contribution to this manuscript includes validation of the preterm birth model with
the use of the TCA-GFP line that labels thalamocortical fibers that progressively cluster
into barrels in the somatosensory in the first postnatal week. It was previously shown
that premature birth one day before term accelerates cortical map formation via the
accelerated reduction of serotonin (5-hydroxytryptamine, 5-HT) levels (Toda et al.,
2013). | showed that preterm birth coherently accelerated clustering of thalamic fibers

in at the barrels (Figure 2 and S2).

Secondly, | also took advantage of Ebf1cKO mutants that express TCA-GFP transgene
by crossing them with TCA-GFP mice (Mizuno et al., 2014). This allowed us to track
changes in fibers coverage and distribution in the somatosensory cortex. We used this
approach to confirm that there is a reduction in cortical area and inappropriate barrel
formation in the Ebf1cKO mutants as seen through fiber distribution (Figure 1 and S1).
We further showed that preterm birth, PCPA and fluoxetine do not modify these

parameters in control and mutant conditions (Figure S4).
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Summary (148 words)

Primary areas of the neocortex receive sensory input through modality-specific
thalamocortical axons (TCA). While TCA are oriented towards their targets during
embryogenesis, they have a striking capacity to reorient postnatally to rescue an early
mistargeting. How this remarkable adaptive process is regulated remains largely
unknown. Here, using a mutant mouse model in which the embryonic TCA trajectory
is shifted, we found that TCA rewiring occurs during a short postnatal time-window,
preceded by a prenatal thalamic apoptosis, together leading to the formation of
reduced primary sensory areas. Furthermore, we showed that TCA plasticity and
subsequent sharpening of primary area border are impaired by preterm birth, which
acts at the molecular level via regulation of serotonin. Our study defines a novel birth
and serotonin-sensitive period that enables concerted adaptations of TCA to cortical
areas with major implications for our understanding of brain wiring in physiological and

preterm conditions.
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INTRODUCTION

The mammalian cerebral cortex is divided into discrete functional areas, each
characterized by its own stereotypical pattern of gene expression and cytoarchitecture,
as well as reciprocal connectivity with specific thalamic nuclei. In particular, primary
visual (V1) and somatosensory (S1) areas receive sensory input directly from the
modality-specific dorsal lateral geniculate (ALGN) and the ventral posterior (VP) first
order (FO) thalamic nuclei respectively (Cadwell et al., 2019; Caviness and Frost,
1980; Jabaudon, 2017; Jones, 2002; Nakagawa, 2019). Formation of these complex
circuits relies on the orchestration of sequential embryonic and postnatal
developmental processes. Indeed, during embryogenesis, thalamocortical axons
(TCA) grow from specific FO thalamic nuclei and navigate through an intermediate
target, the subpallium, in which TCA are organized and directed towards their
presumptive primary areas (Backer et al., 2018; Bielle et al., 2011; Cunningham et al.,
2022; Dupin et al., 2015; Erzurumlu and Gaspar, 2012; Lokmane and Garel, 2014;
Lokmane et al., 2013; Lopez-Bendito, 2018; Molnar et al., 2012; Teissier and Pierani,
2021). Postnatally, TCA invade cortical layers and contribute substantially to the on-
going arealization process by elaborating cortical maps such as the barrel field in S1,
corresponding to the whisker map (Erzurumlu and Gaspar, 2012, 2020; Li and Crair,
2011; Martini et al., 2018; Van der Loos and Woolsey, 1973). Thus, the perinatal period
appears to be a discrete and critical process required for the emergence of functional
cortical maps. In particular, prenatal thalamic spontaneous activity (Anton-Bolanos et
al., 2019; Martini et al., 2021; Moreno-Juan et al., 2017) or neuronal activity from
thalamic inputs orchestrates the pattern of S1 cortical maps (Erzurumlu and Gaspar,
2020; Genescu et al., 2022; Li et al., 2013; Martini et al., 2018; Matsui et al., 2013;

Molnar et al., 2020; Narboux-Neme et al., 2012; Sato et al., 2022). Furthermore, timing
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of birth is a fundamental event governing the timing barrels field emergence, as
premature birth one day before term accelerates cortical map formation via the
accelerated reduction of serotonin (5-hydroxytryptamine, 5-HT) levels (Toda et al.,
2013). 5-HT levels have been known to play a central role on TCA growth and barrel
field formation for some time (Lotto et al., 1999; Rebsam et al., 2002, 2005; Salichon
et al., 2001; Teissier et al., 2017; Vahid-Ansari and Albert, 2021) but the observation
that birth triggers the timing of cortical map development via of 5-HT reduction opens
up new perspectives regarding TCA plasticity following defective embryonic wiring. A
remarkable feature in this system is its high postnatal plastic adaptation. It has been
demonstrated that TCA innervation modulates cortical sensory representation as
selective reduction or elimination of primary thalamic nuclei (VP or dLGN) triggers
adaptive rearrangement of corresponding primary sensory areas at the expense of
intercalated HO areas (Chou et al., 2013; Frangeul et al., 2016; Pouchelon et al., 2014,
Vue et al., 2013). Conversely, size reduction in primary S1 drives size adaptation of
the VP nucleus (Zembrzycki et al., 2013). Overall these experiments revealed the
enormous adaptive capacity of thalamic axons and their target cortical areas to match
with each other. More impressive, it has been shown that TCA are able to exhibit long-
range plasticity during early postnatal life, and match with their correct cortical areas
even in case of sever embryonic defects. Indeed, embryonic TCA misnavigation or
defective cortical regionalization leads to the innervation of inappropriate cortical
targets by TCA but this mismatch is rescued after birth to couple sensory thalamic
neurons with their appropriate cortical areas (Little et al., 2009; Lokmane et al., 2013;
Shimogori and Grove, 2005). Nevertheless, the time window that supports post-natal

cross areal plasticity and the mechanisms controlling it remain largely unexplored.
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RESULTS

Rewiring of mistargeted TCA occurs during a short postnatal time-period

To define the critical period allowing the postnatal re-addressing of TCA to their
appropriate cortical areas, we took advantage of a unique DIx5/6::cre; Ebf1"- model
(Ebf1cKO) (Lokmane et al., 2013). This model disrupts the development of the
supbpallium, without altering either cortical or thalamic patterning, thereby non-
autonomously triggering a pathfinding defect in embryonic TCA as revealed by L1-
CAM and NetG1 (Lokmane et al., 2013; Tinterri et al., 2018) (Figure 1A). Axonal tracing
by carbocyanine dye Dil and DiA injections at birth show that this defect is also
characterized by a mismatch between TCA subsets and their presumptive cortical
areas (Figure 1A). Indeed, while in control animals at postnatal day (P)0, Dil/DiA
injections in presumptive visual (V1) and somatosensory (S1) cortex back-labeled
visual-dLGN and somatosensory-VP neurons, respectively (dashed delineation in
Figure 1A) in Ebficko mutants the same Dil/DiA injections revealed a more medial
retrolabeling exclusively of the VP thalamic nuclei. Furthermore, we observed a
complete absence of dLGN retrolabeling in Ebf1cKO mutants (dashed delineation in
Figure 1A). Altogether these results illustrated an mismatch between TCA and
presumptive cortical areas: VP axons target V1 instead of S1, and dLGN axons do not
yet reach V1 (Figure 1G). Interestingly, immunolabelling for the apoptotic marker
cleaved caspase 3 (cCasp3) at different developmental stages (Figure 1B and S1A)
revealed massive apoptosis specifically at E17.5 within the primary visual-dLGN and
somatosensory-VP thalamic nuclei in mutants (Figure 1B) with negligible thalamic cell
death observed in their respective HO thalamic nuclei (Po and LP) or in any thalamic

structures of control animals (Figure S1A). Consistent with apoptosis in these nuclei,
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we found a significant reduction in the size of VP and dLGN primary nuclei compared
to controls which emerges at PO and persists after birth (Figure S1BC).

Regarding the role of TCA innervation in cortical sensory representation (Chou et al.,
2013; Pouchelon et al., 2014; Vue et al., 2013), we mapped the primary V1 and S1, as
well as the interposed HO posterior parietal association area (PTLp) at P7 (Hovde et
al., 2019; Lyamzin and Benucci, 2019) using a range of TCA terminals markers
including the TCA-GFP line (Mizuno et al., 2014), SHTT and vGlut2. We observed that
TCA targeted clear and discrete cortical domains that correspond to primary sensory
S1 and V1 areas, which themselves could be delineated by the endogenous
expression of cortical markers RorB and Lmo4 (Figure 1C and Figure S1D).
Nevertheless, while the global cortical surface remained unchanged (Figure 1C and
Figure S1D; control=100£1.34%, and mutant=98.03+1.25%), the size of primary
cortical areas appeared significantly reduced in mutants, and this appeared at the
expense of an increased PTLp (Figure 1C): -36% for the primary sensory V1 area
(control=100+2.20%; mutant=63.313.64%), -32% for the primary sensory S1 area
(control=114.7£3.30%; mutant=82.49+2.71%), and +41% for the PTLp
(control=105.7+3.86%; mutant=147.4+8.40%) (Figure 1D). Interestingly, we found that
in adults Ebf1cko mutants mice the transfer of specific sensory modalities (Ferezou et
al., 2006; Petersen et al., 2003) was not affected as visual stimulation or whiskers
deflection triggered, albeit reduced, a focal pattern of cortical activity within appropriate
V1 and S1 areas (Figure S1F). Thus, embryonic TCA misrouting can be corrected
postnatally by a remarkable axonal plasticity, which allows the formation of reduced,
but well defined and functional primary cortical areas. Combined these observations

led us to question the time window that exists within which this plasticity is possible.
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We analyzed the kinetics of plasticity by performing axonal tracing experiments at
successive postnatal stages (Figure 1E). We quantified the efficiency of TCA plasticity
by establishing a “matching index” (Figure 1F), which represents the percentage of
retrolabeled cells in dLGN following Dil injection in V1. At PO in Ebficko mutants
(Figure 1A,G), in which VP axons targeted V1 (instead of S1) while dLGN axons have
not yet reached the cortex, the matching index was very low (Figure A1F;
POmutant=7.54+£3.18% versus POcontro=97.7£0.97%). Nevertheless, from P1, TCA
rewiring is engaged and Dil retrolabeled was observed in the dLGN (Figure 1E). The
quantification of these results using our matching index (Figure 1D;
P1mutant=21.12+£8.25% versus P1controi=96.74£1.91%) confirmed simultaneous TCA
reorganization, as dLGN TCA start to target V1 and VP TCA rewire from V1 to S1.
Later at P2 and P7 (Figure 1E), Dil/DiA double injections in Ebficko showed the
exclusive retrolableling of dLGN neurons form V1 and a lateral retrolabeling of VP form
S1, similar to that observed in control animals (Figure 1F; PZ2contro=98.79+0.58%;

P2mutant=95.71+2.65% and P7contro|=99.35io.32%; P7mutant=96.04i2.39%).

Combined, these experiments using our unique DIx5/6::cre;Ebf1"- mice model reveal
a short plastic window following birth that allows cross-areal rewiring of TCA and their

subsequent matching with the appropriate cortical targets (Figure 1G).

Postnatal plasticity is impaired by preterm birth

We hypothesized that birth could be involved in the temporal regulation of the short
postnatal plastic window during which the TCA rewiring occurs (Figure 1G). After birth,
neuronal input from the periphery is known to be required for cortical map formation

(Van der Loos and Woolsey, 1973). In order to test the involvement of postnatal
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peripheral input-mediated neuronal activation on TCA plasticity, we first performed
Infra-Orbital Nerve (ION) section form birth to dampen activity form the whisker pad.
At P7, we observed comparable patterns of axonal tracing in ION mutants and in
unsectioned mutants, demontsrating that TCA plasticity in Ebf1cko is independent of

sensory peripheral activity (Figure S2A-B).

In order to directly test the role of the birth in TCA plasticity in our mutants, we modified
its timing by inducing preterm parturition (PT) in our model. Preterm birth was induced
by injection of the progesterone receptor antagonist mifepristone in pregnant mice at
E17.5 (Dudley et al., 1996; Toda et al., 2013). Delivery and birth were triggered one
day before term without any apparent effects on the survival rate of pups (Figure 2A).
As previously shown (Toda et al., 2013), we observed using TCA-GFP line (Figure 2B)
or vGlut2 staining (Figure S2C) that preterm birth accelerates the formation and
maturation of the cortical somatosensory barrels field. In the untreated full-term
condition, we observed a maturation of the barrels field rapidly after birth, in particular
between P2 and P3 (Figure 2B), with increased TCA clustering quantified by the “barrel
field maturation index” (Figure 2C; Untreated: P2=0.047+0.011, P3=0.21£0.023). In
contrast in the PT condition, analysis at equivalent developmental stages P3 and P4,
revealed an acceleration of barrels field maturation, with axonal clustering in P3 PT
higher compared to P2 untreated (Figure 2B-C; Preterm: P3=0.11+0.013,
P4=0.25+0.024). We next performed axonal tracing by cortical Di injections in our
Ebficko model in untreated and PT conditions at P7 (Figure 2D). As expected, in the
untreated Ebf71cko animals, injections in V1 and S1 revealed efficient axonal rewiring,
observed in the exclusive retrolabeling of the dLGN and VP, respectively (Figure 2B,F;
Untreated: control=99.53+0.32%; mutant=96.04+2.38%). However, in the PT Ebf1cko

condition, injection in V1 retrolabeled both VP and dLGN neurons (Figure 2B, F;
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Preterm: control=93.45+2.91%; mutant=35.18+14.45%) indicating that a portion of VP
somatosensory axons had failed to rewire and were still in V1. PT thus had strong
effect on TCA plasticity. More importantly, axonal tracing at P1 revealed the same
impairment is present at this stage (Figure 2D), suggesting that in PT Ebf1cko pups
TCA plasticity begins at birth but then ends prematurely from P1, leading to an
innervation of V1 by both VP and dLGN axons (Figure 2D, F; Untreated:
control=96.74+1.90%; mutant= 21.1248.25%; Preterm: control=97.91+2.07%;
mutant=19.6415.80%). We also performed in vivo V1 double injections of CTB
(Cholera Toxin Subunit-B) at P7 (Figure S2D). In PT Ebf1cko we observed a shift in
the pattern of dLGN retrolabeling compared to control PT or untreated Ebf1cKO, as
well as the PT Ebf1cKO-specific presence of backlabeled VP neurons (Figure 2E,G;
Untreated: control=95.51+2.18%;mutant=87.22+6.12%:; Preterm:
control=94.85+1.61%;mutant=42.25+7.39%). Overall this indicates that, in case of
embryonic TCA misnavigation, preterm birth alters the short plastic window within
which TCA are capable of rewiring and results in the persistence of mistargeted VP

axons in the V1 premature Ebf1cko animals (Figure 2H).

TCA plasticity relies on birth-dependent modulation of 5-HT

As it's known PT induces a premature decrease in 5-HT levels (Toda et al., 2013), we
next aimed to explore the role of 5-HT levels in the plastic capacity of TCA (Figure 3A).
Our working hypothesis was that the extraordinary axonal plasticity that we observed
in our Ebf1cko model might require a certain level of 5-HT during the short postnatal
window; in that case reduction in 5-HT levels upon the induction of PT would underlie
the deficits in TCA rewiring efficiency in those Ebf1cko animals. We proceeded to test

the effect on PT Ebf1cko TCA plasticity of i) pharmacological reduction of 5-HT levels
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in Ebf1cko mutant by injection of parachlorophenylalanine (PCPA), a 5-HT synthesis
inhibitor (Rebsam et al., 2005; Toda et al., 2013), and ii) pharmacological increase of
5-HT levels by fluoxetine injection (Fx), a Selective Serotonin Reuptake Inhibitor
(SSRI) (Homberg et al., 2010; Soiza-Reilly et al., 2019), in PT Ebf1cko condition to
rescue TCA plasticity (Figure 3A). Importantly, the different treatments had no effect
on thalamic nuclei size (Figure S3B). Performing axonal tracing at P7 by cortical Di
injections we first observed that modulating 5-HT levels after birth in the control
condition had no effect on cortical TCA targeting (Figure 3B,C), while forced reduction
of 5-HT levels from birth by daily PCPA injections in Ebf1icko mutants did partially
recapitulate the TCA plasticity defect observed in PT condition (Figure 3B-D;
Untreated: control=99.53+0.32%; mutant=96.04+2.38%; Preterm:
control=93.45+2.91%; mutant=35.18+14.45%; +PCPA  control=99.70+0.21%;
mutant=66.78+5.22%). Conversely, increasing 5-HT levels by daily fluoxetine
injections in PT Ebf1cko fully rescued the defective plasticity, with Fluoxetine-treated
PT Ebf1cko animals showing the same efficiency of TCA rewiring as in the untreated
condition (Figure 3B,C; Preterm+Fx: control=97.65+1.56%; mutant=95.51+1.64%).
Double CTB injections in different V1 antero-posterior positions (Figure S3A)
confirmed that TCA rewiring is fully rescued in PT Ebficko condition by Fluoxetine
injection  from PO (Figure  3C,E; Untreated: control=95.51+£2.18%;
mutant=87.22+6.12%; Preterm+Fx: control=92.67+2.52%; mutant=85.92+7.25%). All
these results demonstrate that postnatal TCA plasticity is 5-HT levels-dependent and
modulated by birth. Thus, while a premature birth or a pharmalogical decrease in 5-HT
levels affects TCA plasticity in Ebf1icko mutants, leading to mistargeted VP axons in
V1, forced increase of 5-HT levels after preterm birth rescues the axonal plastic ability

and restores TCA the matching with their target cortical areas (Figure 3F).
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Efficient plasticity is required for primary area border integrity

It is fully documented that thalamic inputs are required for the establishment of cortical
areas identity (Anton-Bolanos et al., 2019; Chou et al., 2013; Monko et al., 2022;
Moreno-Juan et al., 2017; Pouchelon et al., 2014; Vue et al., 2013). Given our
observation that premature birth or reduction of 5-HT levels from birth (Figure 3 and 4)
impairs TCA plasticity in Ebf1cko, we also sought to explore their impact on cortical
arealization and in particular on V1/S1 border formation. We performed, in situ
hybridization for cortical markers Rorb and Lmo4 on control and Ebf1cko flatten cortex
at P7 in untreated, PT, +PCPA and PT+Fx conditions (Figure 4A). Considering the
reduction in size of primary areas and concomitant increased in PTLp size in untreated
Ebficko (Figure1 and S1) we confirmed that each condition did not affect the size of

primary areas or PTLp width in control or mutants (Figure S4B-E).

Using in situ hybridization for cortical markers (Figure 4A) we observed that in Ebf1cko
PT condition, in which some VP TCA persist in V1, the molecular identity of V1 border
was altered compare to the control (Figure 4A) and blurred Rorb and Lmo4 expression
precluded clear delineation of the border. We calculated the average gradient (V) of
cortical markers expression at the V1-PTLp boundary to quantify any deficit in
boundary sharpness and observed a significant defect in Ebficko PT condition
compared to the untreated control or untreated mutant conditions (Figure 3B;
controluntreated=1.005+0.037; controlpreterm=1.023+0.05; mutantuntreated = 0.8330.07;
mutantereterm = 0.38+0.04). Furthermore, in the Ebf1cko +PCPA condition, which partly
recapitulates the PT Ebficko TCA plasticity defect, a similarly defect in molecular

border identity was observed (Figure 4A,B; control+pcpa =0.909£0.08; mutant+pcpa

164



=0.43%0.03). Finally, in mutant PT+Fx condition in which the thalamic axon plasticity is
rescued, we see a full restoration of the sharp V1 border gradient (Figure 4B; control

Preterm+Fx = 0871007, mutant preterm+Fx = 0741008)

Overall it therefore appears that PT birth affects the early postnatal capacity of TCA to
rewire after embryonic misnavigation and prevents successful readdressing of
somatosensory VP axons from V1 to S1 in Ebf7cko. This persistent mismatch between
subsets of TCA and incorrect cortical domains consequently affects the molecular
identity and formation of a well-defined V1 border, but this can be restored in PT
Ebf1cko mutants by forced 5-HT increase from birth, which rescue TCA plasticity and

V1 border formation.

DISCUSSION

Environmental perception in mammals relies on the transfer of peripheral sensory
modalities to appropriate cortical areas organized in cortical maps via the thalamus
(Caviness and Frost, 1980; Jones, 2002). Elucidating the mechanisms underlying the
wiring of distinct sensory thalamocortical connections is critical to understand area-
sensory circuits and function. Here we revealed that embryonic mistargeting of TCA to
inappropriate presumptive cortical areas is rescued within a short postnatal plastic
window, during which TCA reroute to the correct cortical areas in birth- and 5-HT-
dependent process. Furthermore, we highlight that this remarkable feature is essential
for the formation of well-defined cortical areas and relies on sequential developmental

events, allowing the plastic adaptation of sensory modalities.

In DIx5/6::cre;Ebf1"- conditional mutant mice, embryonic TCA navigation through the

subpallium is shifted (Lokmane et al., 2013) causing abnormal cortical area innervation
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with VP axons targeting V1 instead of S1, while dLGN axons do not yet innervate the
cortex. Surprisingly, we showed at E17.5 a wave of massive apoptosis specifically in
FO thalamic nuclei (VP and dLGN) revealing that mistargeted thalamic neurons might
trigger apoptosis due to the loss of area-specific trophic factors required for their
survival (Lokmane and Garel, 2014; Lopez-Bendito and Molnar, 2003; Ma et al., 2002;
Molnar et al., 2012). While other studies reveal perinatal thalamic neuronal apoptosis
associated with TCA mistargeting (Little et al., 2009; Zembrzycki et al., 2013) the
potential role of neuronal cell death in subsequent TCA plasticity has not been
explored. Consistent with previous studies showing a size adaptation between
thalamic nuclei and their corresponding primary sensory area (Pouchelon et al., 2014;
Vue et al., 2013; Zembrzycki et al., 2013), we observed a postnatal reduction in the
size of apoptotic FO thalamic nuclei (VP and dLGN) and their corresponding primary
sensory representation (S1 and V1). This primary sensory reduction was associated
with the concomitant expansion of the intercalated HO cortical domain. Overall these
data demonstrate the remarkable adaptive capacity of the system, which can reshape

to match thalamic inputs with proper primary cortical areas.

In addition, we reveal how a discrete postnatal period immediately after birth supports
a remarkable plastic window in which misrouted TCA can rewire over long distances
to match with their target cortical domain (Armentano et al., 2007; Little et al., 2009;
Lokmane et al., 2013; Shimogori and Grove, 2005). In particular, in DIx5/6::cre;Ebf1%-
mutant mice, dLGN TCA begin to innervate V1 at P1, while VP TCA rewire from V1 to
S1, and this results in a complete correction to the canonical dLGN-V1 and VP-S1
thalamocortical pattern of innervation at P2. The precise temporal regulation of TCA
readdressing, including the order in which different subsets of TCA start to rewire,

remains to be understood.
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We demonstrated that timing of birth is crucial for TCA plasticity as triggering
premature delivery with mifepristone injection in pregnant dams (Toda et al., 2013)
affects the efficiency of TCA plasticity, leading to persistent TCA targeting defects, with
some VP TCA failing to rewire and continuing to innervate V1 beyond the plastic
window. Furthermore, as preterm birth modulates 5-HT levels (Toda et al., 2013), itself
a key modulator of axonal growth and cortical map formation (Erzurumlu and Gaspair,
2020; Lieske et al., 1999; Lotto et al., 1999; Rebsam et al., 2002, 2005; Salichon et al.,
2001; Teissier et al., 2017; Vahid-Ansari and Albert, 2021; Vicenzi et al., 2021), we
investigated its role in postnatal TCA plasticity. Modulation of 5-HT levels during the
postnatal plastic window with postnatal injections of pharmacological tools in Ebf1cko
revealed its requirement for TCA rewiring. Postnatal reduction of 5-HT levels (by PCPA
injections) mimics the effect of preterm birth, inhibiting efficient plastic rerouting of TCA,
and impacting both the cortical sensory representation and well-defined border
formation of areas. Conversely, increasing 5-HT levels in a preterm condition (by
Fluoxetine injections) is sufficient to fully restore TCA plasticity and developmental
delineation of cortical sensory areas with clear borders. While the birth-dependent
modulation of 5-HT levels appears to be critical for readdressing mistargeted TCA, and
it's been shown that thalamic 5HT1 receptors (Bonnin et al., 2006) are required for
cortical map formation (Rebsam et al., 2002; Salichon et al., 2001) and timing of its
emergence (Toda et al., 2013), we do not know the mechanism through which 5-HT
supports this plastic window, whether via a direct effect on the growing axons
themselves or other, indirect processes. Furthermore, we know 5-HT can modulate the
axonal response to guidance cues (Bonnin et al., 2007; Xing et al., 2015), raising the

possibility that a permissive cortical environment might enable TCA homing to specific
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cortical areas in response to various guidance cues. Further investigations will be

required to decipher the precise molecular role of 5-HT.

In human, preterm birth and dysfunction of the serotonergic system (Gabriele et al.,
2014; Muller et al., 2016) constitutes a known risk factor for several
neurodevelopmental disorders, including Autism Spectrum Disorders (ASD) and
schizophrenia (Brenner et al., 2021; Dimitrova et al., 2021; Johnson and Marlow, 2011;
Mwaniki et al., 2012). Moreover, modifications in sensory areas size (Courchesne et
al., 2007) or thalamic volume and connectivity (Brenner et al., 2021; Cheon et al., 2011;
Jiang et al., 2021; Molnar et al., 2020) have been reported in preterm, ASD or
schizophrenia patients. Our findings therefore lead us to speculate that the short
postnatal birth- and 5-HT-dependent plastic window identified in our genetic mice
model might fulfil a critical function in restoring embryonic axon misguidance;
impairment of this plastic window could have pathological consequences which
contribute to the complex physiologies associated with specific neurodevelopmental

disorders.
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Figure 1: Embryonic TCA mistargeting is rapidly corrected after birth

(A) Staining on coronal sections of L1-CAM at E17.5 (ncontro=3; Nmutant=3) and NetG1
at E18.5 (Ncontro=4; Nmutant=4) showing TCA misnavigation in DIx5/6::Cre;Ebf1"
subpallium (empty arrowheads) compared to control (arrowheads). Thalamic coronal
section after Dil injection in V1 (red) and DiA injection in caudal S1 (green) in control
(Ncontroi=8) and DIx5/6::Cre;Ebf1"- (nmutant=7) showing that TCA target inappropriate
cortical domains at P0O. (B) Coronal section of Cleaved caspase-3 staining at E17.5
(ncontro=3 and Nmutant=4) and PO (Ncontroi=4 and nNmutant=4) revealing massive apoptosis
in DIx5/6::Cre;Ebf1"- primary VP and dLGN thalamic nuclei at E17.5 (arrowheads)
compared to control or PO. (C) TCA-GFP (ncontro=10; Nmutant=5) staining and In situ
hybridization of specific cortical markers Rorb and Lmo4 (at least n=5 for each
condition) on P7 flattened cortex showing strong reduction of V1 and S1 areas (doted
lines delineation) at the expense of intercalated HO PTLp domain in DIx5/6::Cre;Ebf1"-
. (D) Quantification at P7 of the size of the cortical surface (ncontroi=8 and Nmutant=5), V1
(Ncontro=16 and Nmutan=11), S1 (Ncontro=17 and Nmutan=11) and PTLp width (Ncontro=17 and
nmutan=11). (E) Thalamic coronal section after Dil injection in V1 (red) and DiA injection
in caudal S1 (green) in control and DIx5/6::Cre;Ebf1"~ at P1 (Ncontro=7 and Nmutant=7),
P2 (Ncontroi=5 and Nmutant=4) and P7 (Ncontroi=8 and nmutant=5) showing rapid TCA rewiring
after birth. (D) Quantification of the matching index by measuring the proportion of red
signals in dLGN nuclei following Dil injection in V1. (G) Schematic representation
showing sequential ckeckpoints in DIx5/6::Cre;Ebf1"- enable postnatal TCA plasticity
but subsequent impact on primary cortical areas (-32% for S1; -36% for V1 and +41%
for PTLp domain). Values are presented as mean + s.e.m; *** p<0.001, 2 ways ANOVA
test with Sidak’s multiple comparison correction.

Ctx: Cortex; dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus;
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Po, posteromedial nucleus; PTLp: Posterior Parietal Cortex; S1, primary
somatosensory cortex; SubP, Subpallium; V1, primary visual cortex; VP,

ventroposterior nucleus. Scale bars represent 250 ym. See also Figure S1.
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Figure 2: Preterm birth affects TCA plasticity efficiency

(A) Experimental procedure to induce preterm birth using mifepristone injection at
E17.5. (B) TCA-GFP immunostaining on flattened cortex of P2-P3 untreated (full term)
and P3-P4 preterm pups. (C) Quantification of barrel filed maturation with the Barrel
Field Intensity (BFI) index using the TCA-GFP line. BFI increases within postnatal

stages (Untreated: np2=6 ; np3=12; Preterm: np3=6; nps=7). (D) Thalamic coronal
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section after Dil injection in V1 (red) and DiA injection in caudal S1 (green) in control
and DIx5/6::Cre;Ebf1"- in untreated (at P7 ncontroi=8; Nmutant=5) and preterm (P7:
Neontrol=8; Nmutant=5 and P1: Ncontroi=8;Nmutant=8) conditions. In preterm DIx5/6::Cre;Ebf1%-
at P7 and P1, V1 injection (red) leads simultaneously to a retrolabeling in VP and dLGN
thalamic nuclei meaning that VP TCA are targeting V1 instead S1 (empty arrowheads).
(E) Thalamic coronal section after CTB-555 injection in rostral V1 (red) and CTB-488
injection in caudal (green) V1 in control and DIx5/6::Cre;Ebf1"- at P7 in untreated
(Ncontroi=6; Nmutant=5) and preterm (Ncontroi=10; Nmutant=10) conditions. V1 double
injections in preterm DIx5/6::Cre;Ebf1"- reveals the defective TCA rewiring as VP TCA
are retrolabeled (arrowheads). (F) Quantification of the matching index by measuring
the proportion of red signals in dLGN nuclei following Dil injection in V1 for (D). (G)
Quantification of the matching index by measuring the proportion of signals in dLGN
nuclei following CTB injections in V1 at P7 for (E). (H) Schematic representation
showing the defective TCA rewiring at P7 in preterm DIx5/6::Cre;Ebf1"- as V1 is
targeted by dLGN and VP axons. Values are presented as mean + s.e.m; *** p<0.001,
Mann-Whitney U test for (C) and 2 ways ANOVA test with Sidak’s multiple comparison
correction for (F-G).

Ctx: Cortex; dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus;
Po, posteromedial nucleus; S1, primary somatosensory cortex; SubP, Subpallium; V1,
primary visual cortex; VP, ventroposterior nucleus. Scale bars represent 250 um. See

also Figure S2.
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Figure 3: Preterm birth impairs TCA plasticity partly through serotonin levels

(A) Experimental procedure to induce preterm birth by mifepristone injection at E17.5
and reduced or increased 5-HT levels from birth by daily injections of respectively
parachlorophenylalanine (PCPA) or Fluoxetine (Fx). (B) Thalamic coronal section after
Dil injection in V1 (red) and DiA injection in caudal S1 (green) in control and
DIx5/6::Cre;Ebf1"- at P7 in untreated (Ncontroi=8; Nmutant=5), preterm (Ncontro=8; Nmutant=5),
+PCPA (Ncontroi=6; Nmutant=5) or Preterm+Fx (Ncontroi=10; Nmutant=5) conditions. In preterm
or + PCPA Dix5/6::Cre;Ebf1"- at P7, V1 injection (red) leads simultaneously to a
retrolabeling in VP and dLGN thalamic nuclei meaning that VP TCA are targeting V1
instead S1 (arrowheads). Increasing 5-HT levels by Fx injections in preterm
DIx5/6::Cre;Ebf1"- restore the TCA plasticity. (C) Thalamic coronal section after CTB-
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555 injection in rostral V1 (red) and CTB-488 injection in caudal (green) V1 in control
and DIx5/6::Cre;Ebf1"- at P7 in untreated (Ncontro=6; Nmutant=5) and Preterm+Fx
(ncontroi=14; Nmutant=4) conditions showing that increasing 5-HT levels by Fx injections
in preterm DIx5/6::Cre;Ebf1"- restores the TCA plasticity. (D) Quantification of the
matching index by measuring at P7 the proportion of red signals in dLGN nuclei
following Dil injection in V1 for (C). (E) Quantification of the matching index by
measuring at P7 the proportion of signals in dLGN nuclei following CTB injections in
V1 for (C). (F) Schematic representation showing that increasing 5-HT levels by Fx
injections from birth rescue in preterm DIx5/6::Cre;Ebf1"- the TCA plasticity defect at
P7. Values are presented as mean * s.e.m; *** p<0.001, 2 ways ANOVA test with
Sidak’s multiple comparison correction.

Ctx: Cortex; dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus;
Po, posteromedial nucleus; S1, primary somatosensory cortex; SubP, Subpallium; V1,
primary visual cortex; VP, ventroposterior nucleus. Scale bars represent 250 um. See

also Figure S3.
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Figure 4: TCA plasticity impairment impact molecular identity of V1 border.

(A) In situ hybridization on P7 flattened cortex using specific cortical markers Rorb
and Lmo4 in control and DIx5/6::Cre;Ebf1"-in untreated (Ncontroi=11; Nmutant=8), preterm

(ncontrol=9; nmutant=6), +PCPA (ncontrol=8; Nmutant=1 0) or Preterm+Fx (ncontro|=16; nmutant=6)
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conditions. In preterm and +PCPA DIx5/6::Cre;Ebf1"- conditions the molecular identity
of V1 border is affected with blurry Rorb and Lmo4 expression (yellow arrowheads)
compared to the sharp delimitation in controls or untreated DIx5/6::Cre;Ebf1"-. Fx
injection in preterm DIx5/6::Cre;Ebf1"- conditions restores the well define molecular
identity. (B) Quantification of the V1 boundary gradient observed in in situ hybridization.
(C) Schematic representation showing the defective V1 molecular identity in preterm
and +PCPA DiIx5/6::Cre;Ebf1"- conditions while Fx injections in preterm
DIx5/6::Cre;Ebf1" rescue the boundary V1 sharpness at a comparable level to the
untreated control condition. Values are presented as mean £ s.e.m; *p < 0.05, ***

p<0.001, 2 ways ANOVA test with Sidak’s multiple comparison correction.

Ctx: Cortex; dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus;
Po, posteromedial nucleus; PTLp: Posterior Parietal Cortex; S1, primary
somatosensory cortex; SubP, Subpallium; V1, primary visual cortex; VP,

ventroposterior nucleus. Scale bars represent 250 um. See also Figure S4.
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METHODS

Mouse lines

DIx5/6::Cre;Ebf1"- mutant animals were obtained by crossing DIx5/6::Cre mice with
Ebf1*- mice to generate DIx5/6::Cre;Ebf1 offspring. DIx5/6::Cre;Ebf1*- mice were then
crossed with Ebf1"" animals to produce DIx5/6::Cre;Ebf1"- conditional knockout mice
(Lokmane et al., 2013). All these lines were maintained on a C57/BI6J genetic
background. The TCA-GFP Tg line has been kindly provided by Dr Takuji Iwasato
(Mizuno et al., 2014) and backcrossed in Ebf1%" background. The day of vaginal plug
was considered as embryonic day (E) 0.5 and day of birth as postnatal day (P) O.

Animals were bred under French and EU regulations.

Pharmacological and surgical manipulations

Mifepristone treatment: Mifepristone treatment was carried out as described previously
with modifications (Toda et al., 2013). Mifepristone (Calbiochem) was dissolved at 10
mg/ml in ethanol and stored at -20 °C. Then we performed subcutaneous injections on
pregnant female mice at E17.5 with 150 ul of 1 mg/ml mifepristone solution diluted in
saline between 17:30 and 18:30. Mouse pups born between 12:00 and 18:00 the

following day.

PCPA treatment: PCPA treatment was performed as described previously (Toda et al.,
2013). PCPA (Sigma) was dissolved at 10 mg/ml in saline. We performed
subcutaneous PCPA injections in pups at 300 mg/kg every day from PO until sacrifice

or maximum P3.
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Fluoxetine treatment on preterm: Fluoxetine (Tocris) was dissolved at 0.5 mg/ml in
0.9% NaCl solution. We performed subcutaneous fluoxetine injections at 10 mg/kg in

pregnant female mice at E17.5 and then in pups at the indicated time points.

Infraorbital nerve (ION) section: ION section was performed on PO pups. Animals were
cryo-anaesthetized on ice. The right ION was sectioned as previously described by
(Frangeul et al., 2014). Pups were brought out of cryo-anesthesia on a heating pad

and then returned to the mother until sacrifice.

In situ hybridization and immunohistochemistry

For in situ hybridization pups were perfused with 4% paraformaldehyde in PBS (PFA),
dissected, flattened and post-fixed in 4% PFA overnight at 4°C. For flattening, intact
cortices were isolated from subcortical tissue by dissection, sandwiched between two
Superfrost microscope slides separated by 1 mm spacers and post-fixed in 4% PFA
overnight at 4°C. The following day fixed flattened cortices were cut to 120 um free-
floating sections using a Leica S1000 vibratome and hybridized as described in
(Lopez-Bendito et al., 2006), with the following digoxigenin-labeled probes: Cad8,

Igfbp5, Lmo4 and Rorf}.

For immunohistochemistry whole brains or flattened cortices were cut to 70 um free-
floating sections using a Leica S1000 vibratome. Slices were incubated in a blocking
solution containing 0.25% Triton X-100 (Sigma), 0.02% Gelatin in PBS for 1h at room
temperature (RT) and incubated in the same blocking solution with primary antibodies
overnight at 4°C. Primary antibodies were used at the following concentrations: Rat
anti-L1CAM 1/100 (MAB5272; Millipore), Rabbit anti-Caspase-3 cleaved 1/400

(AF835; R&D systems), Chicken anti-GFP 1/1000 (GFP-1020; Aves), Goat anti-
181



NetrinG1a 1/100 (AF1166; R&D systems), Rabbit anti-5HTT 1/1000 (PC177L;
Calbiochem), Guinea pig anti-vGLUT2 1/1000 (AB2251; Millipore). The following day,
sections were rinsed four times in PBS and incubated with the appropriate secondary
antibodies in PBS overnight at 4°C. Secondary antibodies were used at 1/400 and
included: A488-conjugated donkey anti-rabbit and chicken, Cy3-conjugated donkey
anti-rat and anti-goat, DyLight488-conjugated donkey anti-guinea pig (Jackson
ImmunoResearch). Hoechst (Sigma) was used for fluorescent nuclear counterstaining

and sections were mounted in Vectashield (Vector).

Axonal tracing: Carbocyanine dye and CTB injections

For axonal tracing using dyes, embryonic and perfused postnatal brains were fixed at
least overnight at 4°C in 4% PFA. Crystals of Dil (1,1’-dioctadecyl 3,3,3’,3'-
tetramethylindocarbo-cyanine perchlorate; Molecular Probes) or DiA (4-4-dihexadecyl
aminostyryl N-methyl-pyridinium iodide; Molecular Probes) were inserted into either
the thalamus or neocortex of intact hemisected brains. Injected brains were incubated
at 37°C and dye diffusion assessed every week by whole-brain examination under a

fluorescent binocular set-up (Leica MZ16 F).

For axonal tracing using CTB, P4 pups were cryo-anaesthetized on ice during 1’30”,
then 200nl of each Alexa Fluor 488 (C34775) and Alexa Fluor 555 (C34776)
Conjugated Cholera Toxin Subunit B (Invitrogen) were injected in specific part of
primary visual area (V1) at 1ug/ul. Pups were brought out of cryo-anesthesia on a
heating pad and then returned to the mother until P8 when brains were perfused and

fixed at least overnight at 4°C in 4% PFA.
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Brains were then cut into 100 um-thick free-floating sections using a Leica S1000
vibratome and the sections counterstained using Hoescht (Sigma). Staining were
visualized under fluorescent Leica DM5000 B or DMI8 microscope and examined at

the level of the internal capsule and/or thalamus.

Image acquisition & quantifications

Images were acquired with a fluorescence binocular microscope (Leica MZ16 F),
fluorescence microscope (Leica DM5000 B & Leica DMI8) and a confocal microscope
(Leica TCS SP5). Image analyses were performed with Imaged and Adobe Photoshop

software.

Apoptosis quantification

dLGN, LP, Po and VP thalamic structures were identified in immunolabelled coronal
sections of mouse brain using anti-vGlut2 (see Immunohistochemistry) and Hoescht
(Sigma) signal. The level of apoptotic anti-cCasp3 (see Immunohistochemistry) signal
within each thalamic structure was quantified as follows: anti-cCasp3 signal was
thresholded using the automated ImagedJ Threshold function and the signal coverage

(%) calculated for each demarcated thalamic structure.

Area size quantification

PTLp, S1 and V1 areal structures were identified on tangential sections of flattened
cortices using the signal domains of anti-vGlut2 (see Immunohistochemistry) from
immunolabelling experiments and Cad8, Igfbp5, Lmo4 and Ror} signal from ISH

experiments. The size of an individual areal structure visualized using a specific marker
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was calculated as the percentage (%) of the mean size of the same structure visualized

using the same marker in littermate controls.

Carbocyanine dye and CTB quantification

dLGN and VP/Po thalamic structures were identified in coronal sections of mouse
brains injected in V1 with Dil or CTB using Hoescht (Sigma) signal. The level of
fluorescent signal inside the dLGN and VP/Po thalamic structures was quantified as
follows: fluorescent signal was thresholded using the automated ImagedJ Threshold
function and the area of signal (px) calculated separately within the dLGN and VP/Po
structures. In order to compensate for the variability in thalamic backlabeling between
different injected brains, we calculated and compared the percentage of fluorescent
signal in the dLGN versus the dLGN and VP/Po combined; 100% representing

fluorescent signal distributed exclusively within the dLGN and absent from the VP/Po.

Barrel Field Intensity index

The barrel field maturation along the time was defined by the Barrel Field Intensity
(BFI) index measured according to (Toda et al.,, 2013). We used GFP-stained
tangential sections of the TCA-GFP flattened cortex in normal and preterm birth
condition at different post-natal stages (P2 to P4). Optical densities were measured
along the line of caudal barrels (between C1 and C3) using Imaged software (NIH).
BFI was calculated as the contrast between the intensity of C2 and the average
intensity of adjacent spaces separating it from C1 and C3, normalized by the average
intensity of the whole barrel region. BFI values thus became increased when TCA

axons start to enhance clustering to innervate the barrels.

V1-PTLp boundary quantification

184



V1-PTLp boundary region was identified on tangential sections of flattened cortices
using either Lmo4 or Rorf3 signal from ISH experiments. We obtained ImageJ Plot
Profiles of signal intensity over a length of 100 px set perpendicular to and centered
on the V1-PTLP boundary. Plot Profile measurements were taken over three non-
overlapping regions of the V1-PTLp boundary for each specimen. We determined the
slot of intensity signal across a width of 20 px around the V1-PTLp boundary and the
sharpness of the boundary by calculating the average gradient (V) corresponding to
mean of values. A steeper gradient corresponding to a sharper V1-PTLPboundary and

vice versa.

Voltage-sensitive dye (VSD) imaging

VSD imaging of the cortical activity evoked by visual and tactile whiskers stimulation
was performed on adult mice under isoflurane anesthesia (induction: 3-4%,
maintenance: 1-1.5%) essentially as previously described (Ferezou et al., 2006;
Petersen et al., 2003). Briefly, the left barrel cortex was exposed and stained for 1 h
with the VSD RH1691 (1 mg/ml, in Ringer’s solution containing [inmM]: 135 NaCl, 5
KCI, 5 HEPES, 1.8 CaCl2, 1 MgCl2). After removal of the unbound dye, the cortex was
covered with agarose (0.5-1% in Ringer's) and a coverslip. Cortical imaging was
performed through a tandem-lens fluorescence microscope (SciMedia), equipped with
one Leica PlanApo 1.6x (objective side) and one Leica PlanApo 0.63x (condensing
side), a 630 nm excitation filter, a 650 nm dichroic mirror, and a long pass 665 nm
emission filter. The resulting field of view was 3.8 x 3.8 mm, with a pixel resolution of
38 x 38 uym. Visual stimulation was performed using a single brief flash (50 or 100 ms)

of a green light emitting diode (LED) placed at about 5 cm in front of the animal, in its
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binocular field of view. Tactile whisker stimulation consisted in single brief rostral
deflection (2 ms rising time, 2 ms plateau and 2 ms fall) of either the alpha or the C2
whisker on the right side of the snout by means of a multi-whisker stimulator (Jacob et
al., 2010). Whiskers were inserted keeping their natural angle in 27G stainless steel
tubes attached to the piezoelectric benders (Noliac, Denmark), leaving 2 mm between
the tip of the tube and the whisker base. Each whisker deflection consisted of a 95 um
displacement (measured at the tip of the tube). Specific filters were applied to the
voltage commands to prevent mechanical ringing of the stimulators. Visual and tactile
alpha and C2 whisker stimulations were delivered within pseudo randomized
sequences containing extra blank trials (each stimulation being repeated 40 times).
The illumination of the cortical surface started 500 ms before each image acquisition
to avoid acquiring signal in the steeper phase of the fluorescence bleaching.
Recordings were then of 1 second duration, with 200 ms baseline and 800 ms post
stimulation. Variations of the fluorescence signals were initially recorded as variations
over the resting light intensity (first acquired frame).

Data preprocessing was done using in-house software (Elphy, G. Sadoc, UNIC-
CNRS), further analyses were made using custom written routines in IgorPro
(Wavemetrics). Subtraction of a pixel by pixel best fit double-exponential from the
averaged unstimulated sequence was used to correct for photobleaching. Further
subtraction of the averaged signal over three frames just preceding the stimulus was

made to focus on sensory evoked activity.

Statistical analysis

All data are presented as mean + s.e.m (detailed in each figure legend). A P-value less

than 0.05 was considered significant. According to the data structure, we
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systematically performed non-parametric tests namely Mann-Whitney U Test, and 2
ways ANOVA test with Sidak’s correction, depending on whether we performed single
or multiple group comparisons with individual or common controls. Statistics and
plotting were performed using GraphPad Prism 7.00 (GraphPad Software Inc., USA).

*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S1: Embryonic TCA mistargeting induces prenatal apoptosis and size
reduction of sensory representation

(A) Quantification of percentage of signal coverage by Cleaved capase-3
immunostaining at different stages E16.5 (Ncontro=4; Nmutant=3), E17.5 (Ncontro=3;

nmutant=4), PO (ncontrol=4; nmutant=4) and P2 (ncontrol=4; nmutant=4) in each FO (VP, dLGN)
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and HO (Po, LP) thalamic nuclei in control and DIx5/6::Cre;Ebf1"- embryos. A massive
apoptosis is observed in mutant VP and dLGN thalamic nuclei at E17.5. (B) Staining
on thalamic coronal sections of vGlut2 at PO (ncontroi=5; Nmutant=3) and P7 (Ncontroi=4;
Nmutant=5) showing size reduction of VP and dLGN thalamic nuclei in Dix5/6::Cre;Ebf1"-
. (C) Quantification of control and DIx5/6::Cre;Ebf1"- FO (VP, dLGN) and HO (Po, LP)
thalamic size in mutants relative to the control at different stages E16.5 (ncontrol=6;
Nmutant=7), PO (Ncontroi=12; Nmutant=6), P2 (Ncontroi=20; Nmutant=14) and P7 (Ncontroi=16;
Nmutant=12). A significant strong size reduction is observed in mutant FO thalamic nuclei
(VP and dLGN) from PO. (D) Whole brain of TCA-GFP transgenic line (Ncontroi=7;
Nmutant=4) and immunostaining on P7 flatten cortex of GFP (Ncontroi=10; Nmutant=5), SHTT
(Ncontroi=6; Nmutant=5) or vGlut2 (Ncontroi=7; Nmutant=6) showing reduced cortical domains
targeted by TCA (doted lines delineation) in DIx5/6::Cre;Ebf1"~. In situ hybridization on
P7 flatten cortex using specific cortical markers Igfbp5, cad8 revealing the size
reduction of primary areas V1 and S1 (doted lines delineation) as well as the expansion
of PTLp HO domain (at least n= 5 for each condition). (E) Schema of experimental
paradigm. The black square represents the window of cortical activity recording
following visual stimulation, with brief LED flash (in red), or whiskers stimulation by C2
or o deflection (in green). (F) Spatio-temporal dynamics of membrane potential
changes imaged using voltage-sensitive dye (VSD) in anesthetized control (n=3) and
in DIx5/6::Cre;Ebf1"- (n=3) showing a comparable focal cortical activity after visual
stimulation or whiskers deflection. The snapshots display the averaged fluorescence
signal for representative cases at three different timings. Scale bar, 1 mm. Values are

presented as mean * s.e.m; * p<0.05, ***p<0.01 , *** p<0.001, Mann-Whitney U test.
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dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus; Po,
posteromedial nucleus; S1, primary somatosensory cortex; Thal, Thalamus; V1,

primary visual cortex; VP, ventroposterior nucleus. Scale bars represent 250 um
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Figure S2: Preterm birth as a model to analyze TCA plasticity

(A) P7 thalamic coronal section after Dil injection in V1 (red) and DiA injection in caudal
S1 (green) following sensory peripheric activity deprivation by InfraOrbital Nerve (ION)
sectionning at PO in control (Ncontro=8; Nmutant=5) and DIx5/6::Cre;Ebf1"- (Ncontrol=3;
nmutant=3). PO ION section does not affect postnatal TCA plasticity in mutant. (B)

Quantification of the matching index by measuring the proportion of red signals in
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dLGN nuclei following Dil injection in V1. (C) vGlut2 immunostaining on P2-P3 flattened
cortex of untreated (full term) and P3-P4 flattened cortex of preterm pups. In untreated
condition, clustering of TCA revealing barrel field maturation is observable between P2
(n=6) and P3 (n=12) or between corresponding postnatal stages P3 (n=6) and P4 (n=7)
in preterm condition. (D) Localization of CTB injection sites at P7 in untreated
(Ncontroi=6; Nmutant=5) and preterm (Ncontroi=10; Nmutant=10) conditions on whole brains and
flatten cortex showing similar localization in V1 labelled by vGlut2 immunostaining.
dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus; Po,
posteromedial nucleus; S1, primary somatosensory cortex; SubP, Subpallium; V1,

primary visual cortex; VP, ventroposterior nucleus. Scale bars represent 250 ym.
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Figure S3: Preterm birth, PCPA or Fx treatments do not affect thalamic nuclei

(A) Localization of CTB injection sites at P7 in untreated (ncontroi=6; Nmutant=5) and
Preterm+Fx (Ncontroi=12; nmutant=4) conditions on whole brains and flatten cortex

showing similar localization in V1 labelled by vGlut2 immunostaining. (B) Quantification
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of thalamic size showing that preterm, +PCPA or Preterm+Fx treatments do not impact
on FO (VP and dLGN) and HO (Po and LP) representation compared to untreated
(Control: nuntreated=13; NPreterm=13; N +pcPa=10; Npreterm+Fx =14 and Mutant: Nuntreated =12;
NPreterm =5; N+pcPA =4; Nereterm+Fx=11). Values are presented as mean % s.e.m; ***
p<0.001, 2 ways ANOVA test with Sidak’s multiple comparison correction.

dLGN: dorsal lateral geniculate nucleus; LP, Lateral Posterior nucleus; Po,
posteromedial nucleus; S1, primary somatosensory cortex; V1, primary visual cortex;

VP, ventroposterior nucleus. Scale bars represent 250 um.
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Figure S4: Preterm birth, PCPA or Fx do not affect primary areas size at P7.

(A) Use of TCA-GFP transgenic mice to show at P7 in whole brain and flatten cortex
that preterm birth does not affect in control conditions the size areas representation of
V1 /S1 and does not enhance the defect in DIx5/6::Cre;Ebf1"-. (B) Quantification of the
neocortical size in control untreated, preterm, +PCPA or PT+Fx conditions. PCPA

injection affects the global size of the brain while Preterm or PT+Fx does not impact
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(Nuntreated=15; NpPreterm=18; N +pcPA=11; Nereterm+Fx =14). (C) Quantification at P7 of the
cortical relative size of V1 representation for each condition (Control: nuntreated=16;
Npreterm=18; N+PcPA=11; Npreterm+Fx=13. Mutant: nuntreated =11; NPreterm =8; N +pcPa =4;
Nprreterm+Fx=5). (D) Quantification at P7 of cortical relative size of S1 representation for
each condition (Control: Nuntreated=17; NPreterm=18; N +pcPA=11; NPreterm+Fx =13. Mutant:
Nuntreated =11; NPreterm =8; N +pcPA =4; Npreterm+Fx=5). (E) Quantification at P7 of cortical
relative size of PTLp for each condition. Control: Nuntreated=17; NpPreterm=18; n +pcpa=11;
NpPreterm+Fx =13. Mutant: Nuntreated =10; NPreterm =7; N +PcPA =4; Nprreterm+Fx=5. Values are
presented as mean = s.e.m; *** p<0.001, 2 ways ANOVA test with Sidak’s multiple
comparison correction.

PTLp: Posterior Parietal Cortex; S1, primary somatosensory cortex; V1, primary visual

cortex. Scale bars represent 250 um.
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RESUME FRANCAIS :

Article 2 : Participation dans une publication
distincte.

Titre: Une période sensible régulée par la naissance permet une
plasticité inter-zonale des axones thalamiques

Résumé: Les zones primaires du néocortex regoivent des entrées sensorielles par
I'intermédiaire d'axones thalamocorticaux (TCA) spécifiques a chaque modalité. Alors
que les TCA sont orientés vers leurs cibles au cours de I'embryogenese, ils ont la
capacité frappante de se réorienter aprés la naissance pour remédier a une erreur de
ciblage précoce. La fagon dont ce processus adaptatif remarquable est régulé reste
largement inconnue. En utilisant un modéle de souris mutante dans lequel la trajectoire
embryonnaire des TCA est décalée, nous avons découvert que le recablage des TCA
se produit pendant une courte période postnatale, précédée d'une apoptose
thalamique prénatale, conduisant a la formation d'aires sensorielles primaires réduites.
En outre, nous avons montré que la plasticité de la TCA et I'affinement ultérieur des
limites des aires primaires sont entravés par la naissance prématurée, qui agit au
niveau moléculaire par la régulation de la sérotonine. Notre étude définit une nouvelle
période sensible a la naissance et a la sérotonine qui permet des adaptations
concertées de la TCA aux aires corticales, avec des implications majeures pour notre
compréhension du cablage du cerveau dans des conditions physiologiques et

prématurées.

202



REFERENCES

203



204



Abels, Erik R., Lisa Nieland, Suzanne Hickman, Marike L. D. Broekman, Joseph El
Khoury, and Sybren L. N. Maas. 2021. ‘Comparative Analysis ldentifies Similarities
between the Human and Murine Microglial Sensomes’. International Journal of
Molecular Sciences 22 (3): 1495. https://doi.org/10.3390/ijms22031495.

Alliot, F., E. Lecain, B. Grima, and B. Pessac. 1991. ‘Microglial Progenitors with a High
Proliferative Potential in the Embryonic and Adult Mouse Brain’. Proceedings of the
National Academy of Sciences of the United States of America 88 (4): 1541-45.
https://doi.org/10.1073/pnas.88.4.1541.

An, Jiawei, Haijie Yang, Esther Yang, Sooyoung Chung, Dae-Yong Kim, llo Jou, Sang
Myun Park, Byung Gon Kim, Yong-Joon Chwae, and Eun-Hye Joe. 2021. ‘Dying
Neurons Conduct Repair Processes in the Injured Brain through Osteopontin
Expression in Cooperation with Infiltrated Blood Monocytes’. Glia 69 (4): 1037-52.
https://doi.org/10.1002/glia.23947.

Anderson, Sarah R., Jacqueline M. Roberts, Jianmin Zhang, Michael R. Steele, Cesar
O. Romero, Alejandra Bosco, and Monica L. Vetter. 2019. ‘Developmental Apoptosis
Promotes a Disease-Related Gene Signature and Independence from CSF1R
Signaling in Retinal Microglia’. Cell Reports 27 (7): 2002-2013.e5.
https://doi.org/10.1016/j.celrep.2019.04.062.

Anderson, Sarah R., Jianmin Zhang, Michael R. Steele, Cesar O. Romero, Amanda
G. Kautzman, Dorothy P. Schafer, and Monica L. Vetter. 2019. ‘Complement Targets
Newborn Retinal Ganglion Cells for Phagocytic Elimination by Microglia’. Journal of
Neuroscience 39 (11): 2025—40. https://doi.org/10.1523/JNEUROSCI.1854-18.2018.

Arnold, Tom, and Christer Betsholtz. 2013. ‘The Importance of Microglia in the
Development of the Vasculature in the Central Nervous System’. Vascular Cell 5 (1):
4. https://doi.org/10.1186/2045-824X-5-4.

Arnoux, Isabelle, and Etienne Audinat. 2015. ‘Fractalkine Signaling and Microglia
Functions in the Developing Brain’. Neural Plasticity 2015. 1-8.
https://doi.org/10.1155/2015/689404.

Ashwell, Ken W. S., and Phil M. E. Waite. 1991. ‘Cell Death in the Developing
Trigeminal Nuclear Complex of the Rat’. Developmental Brain Research 63 (1): 291—

95. https://doi.org/10.1016/0165-3806(91)90089-2.
205



Augusto-Oliveira, Marcus, Gabriela P. Arrifano, Charlotte Isabelle Delage, Marie-Eve
Tremblay, Maria Elena Crespo-Lopez, and Alexei Verkhratsky. 2022. ‘Plasticity of
Microglia’. Biological Reviews 97 (1): 217-50. https://doi.org/10.1111/brv.12797.

Ayata, Pinar, Ana Badimon, Hayley J. Strasburger, Mary Kaye Duff, Sarah E.
Montgomery, Yong-Hwee E. Loh, Anja Ebert, et al. 2018. ‘Epigenetic Regulation of
Brain Region-Specific Microglia Clearance Activity’. Nature Neuroscience 21 (8):
1049-60. https://doi.org/10.1038/s41593-018-0192-3.

Badimon, Ana, Hayley J. Strasburger, Pinar Ayata, Xinhong Chen, Aditya Nair, Ako
Ikegami, Philip Hwang, et al. 2020. ‘Negative Feedback Control of Neuronal Activity by
Microglia’. Nature 586 (7829): 417-23. https://doi.org/10.1038/s41586-020-2777-8.

Badre, David. 2008. ‘Cognitive Control, Hierarchy, and the Rostro—Caudal
Organization of the Frontal Lobes’. Trends in Cognitive Sciences 12 (5): 193—-200.
https://doi.org/10.1016/j.tics.2008.02.004.

Baxter, Mark G., and Paula L. Croxson. 2012. ‘Facing the Role of the Amygdala in
Emotional Information Processing’. Proceedings of the National Academy of Sciences
109 (52): 21180-81. https://doi.org/10.1073/pnas.1219167110.

Béchade, Catherine, Ilvana D’Andrea, Fanny Etienne, Franck Verdonk, Imane
Moutkine, Sophie M. Banas, Marta Kolodziejczak, et al. 2021. ‘The Serotonin 2B
Receptor Is Required in Neonatal Microglia to Limit Neuroinflammation and Sickness
Behavior in Adulthood’. Glia 69 (3): 638-54. https://doi.org/10.1002/glia.23918.

Benmamar-Badel, Anouk, Trevor Owens, and Agnieszka Wlodarczyk. 2020.
‘Protective Microglial Subset in Development, Aging, and Disease: Lessons From
Transcriptomic Studies’. Frontiers in Immunology 11.
https://www.frontiersin.org/article/10.3389/fimmu.2020.00430.

Bennett, F Chris, Mariko L Bennett, Fazeela Yaqoob, Sara B Mulinyawe, Gerald A
Grant, Melanie Hayden Gephart, Edward D Plowey, and Ben A Barres. 2018. ‘A
Combination of Ontogeny and CNS Environment Establishes Microglial Identity.’
Neuron 98 (6): 1170-1183.e8. https://doi.org/10.1016/j.neuron.2018.05.014.

Bennett, Mariko L., F. Chris Bennett, Shane A. Liddelow, Bahareh Ajami, Jennifer L.
Zamanian, Nathaniel B. Fernhoff, Sara B. Mulinyawe, et al. 2016. ‘New Tools for

Studying Microglia in the Mouse and Human CNS’. Proceedings of the National

206



Academy of Sciences of the United States of America 113 (12): E1738-46.
https://doi.org/10.1073/pnas.1525528113.

Bessis, Alain, Catherine Béchade, Delphine Bernard, and Anne Roumier. 2007.
‘Microglial Control of Neuronal Death and Synaptic Properties’. Glia 55 (3): 233-38.
https://doi.org/10.1002/glia.20459.

Bian, Zhilei, Yandong Gong, Tao Huang, Christopher Z. W. Lee, Lihong Bian, Zhijie
Bai, Hui Shi, et al. 2020. ‘Deciphering Human Macrophage Development at Single-Cell
Resolution’. Nature 582 (7813): 571-76. https://doi.org/10.1038/s41586-020-2316-7.

Bianchin, Marino M., Kelin C. Martin, Ana C. de Souza, Marina A. de Oliveira, and
Carlos R. de Mello Rieder. 2010. ‘Nasu—Hakola Disease and Primary Microglial
Dysfunction’. Nature Reviews Neurology 6 (9): 523-523.
https://doi.org/10.1038/nrneurol.2010.17-c1.

Bielle, Franck, Amélie Griveau, Nicolas Narboux-Néme, Sébastien Vigneau, Markus
Sigrist, Silvia Arber, Marion Wassef, and Alessandra Pierani. 2005. ‘Multiple Origins of
Cajal-Retzius Cells at the Borders of the Developing Pallium’. Nature Neuroscience 8
(8): 1002-12. https://doi.org/10.1038/nn1511.

Bisht, Kanchan, Kaushik P. Sharma, Cynthia Lecours, Maria Gabriela Sanchez,
Hassan El Hajj, Giampaolo Milior, Adrian Olmos-Alonso, et al. 2016. ‘Dark Microglia:
A New Phenotype Predominantly Associated with Pathological States’. Glia 64 (5):
826-39. https://doi.org/10.1002/glia.22966.

Biundo, Fabrizio, Violeta Chitu, Gabriel G. L. Shlager, Eun S. Park, Maria E. Gulinello,
Kusumika Saha, Harmony C. Ketchum, et al. 2021. ‘Microglial Reduction of Colony
Stimulating Factor-1 Receptor Expression Is Sufficient to Confer Adult Onset
Leukodystrophy’. Glia 69 (3): 779-91. https://doi.org/10.1002/glia.23929.

Borucki, Davis M., Amer Toutonji, Christine Couch, Khalil Mallah, Baerbel Rohrer, and
Stephen Tomlinson. 2020. ‘Complement-Mediated Microglial Phagocytosis and
Pathological Changes in the Development and Degeneration of the Visual System’.
Frontiers in Immunology 11 (September): 566892.
https://doi.org/10.3389/fimmu.2020.566892.

Boulakirba, Sonia, Anja Pfeifer, Rana Mhaidly, Sandrine Obba, Michael Goulard,

207



Thomas Schmitt, Paul Chaintreuil, et al. 2018. ‘IL-34 and CSF-1 Display an Equivalent
Macrophage Differentiation Ability but a Different Polarization Potential’. Scientific
Reports 8 (1): 256. https://doi.org/10.1038/s41598-017-18433-4.

Brown, Guy C., and Jonas J. Neher. 2014. ‘Microglial Phagocytosis of Live Neurons’.
Nature Reviews Neuroscience 15 (4): 209-16. https://doi.org/10.1038/nrn3710.

Bulut, Ozlem, Gizem Kilic, and Jorge Dominguez-Andrés. 2021. ‘Immune Memory in
Aging: A Wide Perspective Covering Microbiota, Brain, Metabolism, and Epigenetics’.
Clinical Reviews in Allergy & Immunology, December. https://doi.org/10.1007/s12016-
021-08905-x.

Butovsky, Oleg, Mark P. Jedrychowski, Craig S. Moore, Ron Cialic, Amanda J. Lanser,
Galina Gabriely, Thomas Koeglsperger, et al. 2014. ‘Identification of a Unique TGF-$3
Dependent Molecular and Functional Signature in Microglia’. Nature Neuroscience 17
(1): 131-43. https://doi.org/10.1038/nn.3599.

Buttgereit, Anne, lva Lelios, Xueyang Yu, Melissa Vrohlings, Natalie R. Krakoski,
Emmanuel L. Gautier, Ryuichi Nishinakamura, Burkhard Becher, and Melanie Greter.
2016. ‘Sall1 Is a Transcriptional Regulator Defining Microglia Identity and Function’.
Nature Immunology 17 (12): 1397—-1406. https://doi.org/10.1038/ni.3585.

Campbell, Kenneth. 2003. ‘Dorsal-Ventral Patterning in the Mammalian
Telencephalon’.  Current  Opinion  in  Neurobiology 13 (1)  50-56.
https://doi.org/10.1016/S0959-4388(03)00009-6.

Carney, Rosalind S. E., Teresa B. Alfonso, Daniela Cohen, Haining Dai, Susana Nery,
Bogdan Stoica, Jonathan Slotkin, Barbara S. Bregman, Gord Fishell, and Joshua G.
Corbin. 2006. ‘Cell Migration along the Lateral Cortical Stream to the Developing Basal
Telencephalic Limbic System’. The Journal of Neuroscience 26 (45): 11562-74.
https://doi.org/10.1523/JNEUROSCI.3092-06.2006.

Cengiz, Pelin, Dila Zafer, Jayadevi H Chandrashekhar, Vishal Chanana, Jacob Bogost,
Alex Waldman, Becca Novak, Douglas B Kintner, and Peter A Ferrazzano. 2019.
‘Developmental Differences in Microglia Morphology and Gene Expression during
Normal Brain Development and in Response to Hypoxia-lschemia’. Neurochemistry
International 127 (July): 137—47. https://doi.org/10.1016/j.neuint.2018.12.016.

Chaudhari, Bimal P., and Mai-Lan Ho. 2022. ‘Congenital Brain Malformations: An

208



Integrated Diagnostic Approach’. Seminars in Pediatric Neurology, April, 100973.
https://doi.org/10.1016/j.spen.2022.100973.

Chédotal, Alain, and Linda J. Richards. 2010. ‘Wiring the Brain: The Biology of
Neuronal Guidance’. Cold Spring Harbor Perspectives in Biology 2 (6): a001917.
https://doi.org/10.1101/cshperspect.a001917.

Colas, Jean-Frangois, and Gary C. Schoenwolf. 2001. ‘Towards a Cellular and
Molecular Understanding of Neurulation’. Developmental Dynamics 221 (2): 117—45.
https://doi.org/10.1002/dvdy.1144.

Colonna, Marco, and Oleg Butovsky. 2017. ‘Microglia Function in the Central Nervous
System During Health and Neurodegeneration’. Annual Review of Immunology 35 (1):
441-68. https://doi.org/10.1146/annurev-immunol-051116-052358.

Cornell, Jessica, Shelbi Salinas, Hou-Yuan Huang, and Miou Zhou. 2022. ‘Microglia
Regulation of Synaptic Plasticity and Learning and Memory’. Neural Regeneration
Research 17 (4): 705-16. https://doi.org/10.4103/1673-5374.322423.

Costa, Jéssica, Solange Martins, Pedro A. Ferreira, Ana M. S. Cardoso, Joana R.
Guedes, Jodao Peca, and Ana L. Cardoso. 2021. ‘The Old Guard: Age-Related
Changes in Microglia and Their Consequences’. Mechanisms of Ageing and
Development 197 (July): 111512. https://doi.org/10.1016/j.mad.2021.111512.

Cronk, James C., Anthony J. Filiano, Antoine Louveau, loana Marin, Rachel Marsh,
Emily Ji, Dylan H. Goldman, et al. 2018. ‘Peripherally Derived Macrophages Can
Engraft the Brain Independent of Irradiation and Maintain an Identity Distinct from
Microglia’. The Journal of Experimental Medicine 215 (6): 1627-47.
https://doi.org/10.1084/jem.20180247.

Cserép, Csaba, Balazs Pésfai, and Adam Dénes. 2021. ‘Shaping Neuronal Fate:
Functional Heterogeneity of Direct Microglia-Neuron Interactions’. Neuron 109 (2):
222-40. https://doi.org/10.1016/j.neuron.2020.11.007.

Cserép, Csaba, Balazs Pésfai, Nikolett Lénart, Rebeka Fekete, Zsoéfia |. Laszld, Zsolt
Lele, Barbara Orsolits, et al. 2020. ‘Microglia Monitor and Protect Neuronal Function
through Specialized Somatic Purinergic Junctions’. Science 367 (6477): 528-37.
https://doi.org/10.1126/science.aax6752.

209



Cunningham, C. L., V. Martinez-Cerdeno, and S. C. Noctor. 2013. ‘Microglia Regulate
the Number of Neural Precursor Cells in the Developing Cerebral Cortex’. Journal of
Neuroscience 33 (10): 4216-33. https://doi.org/10.1523/JNEUROSCI.3441-12.2013.

Datta, Moumita, Ori Staszewski, Elena Raschi, Maximilian Frosch, Nora Hagemeyer,
Tuan Leng Tay, Thomas Blank, et al. 2018. ‘Histone Deacetylases 1 and 2 Regulate
Microglia Function during Development, Homeostasis, and Neurodegeneration in a
Context-Dependent Manner’. Immunity 48 (3): 514-529.e6.
https://doi.org/10.1016/j.immuni.2018.02.016.

Davalos, Dimitrios, Jaime Grutzendler, Guang Yang, Jiyun V. Kim, Yi Zuo, Steffen
Jung, Dan R. Littman, Michael L. Dustin, and Wen-Biao Gan. 2005. ‘ATP Mediates
Rapid Microglial Response to Local Brain Injury in Vivo’. Nature Neuroscience 8 (6):
752-58. https://doi.org/10.1038/nn1472.

De Biase, Lindsay M., Kornel E. Schuebel, Zachary H. Fusfeld, Kamwing Jair, Isobel
A. Hawes, Raffaello Cimbro, Hai-Ying Zhang, et al. 2017. ‘Local Cues Establish and
Maintain Region-Specific Phenotypes of Basal Ganglia Microglia’. Neuron 95 (2): 341-
356.e6. https://doi.org/10.1016/j.neuron.2017.06.020.

De Schepper, Sebastiaan, Judy Z Ge, Gerard Crowley, Lais SS Ferreira, Dylan
Garceau, Christina E Toomey, Dimitra Sokolova, et al. 2022. ‘Perivascular SPP1
Mediates Microglial Engulfment of Synapses in Alzheimer’s Disease Models’. Preprint.
Neuroscience. https://doi.org/10.1101/2022.04.04.486547 .

De, Shrutokirti, Donn Van Deren, Eric Peden, Matt Hockin, Anne Boulet, Simon Titen,
and Mario R. Capecchi. 2018a. ‘Two Distinct Ontogenies Confer Heterogeneity to
Mouse Brain Microglia’. Development 145 (13): dev152306.
https://doi.org/10.1242/dev.152306.

. 2018b. ‘Two Distinct Ontogenies Confer Heterogeneity to Mouse Brain
Microglia’.  Development (Cambridge, England) 145 (13): dev152306.
https://doi.org/10.1242/dev.152306.

Deczkowska, Aleksandra, Hadas Keren-Shaul, Assaf Weiner, Marco Colonna, Michal
Schwartz, and Ido Amit. 2018a. ‘Disease-Associated Microglia: A Universal Immune
Sensor of Neurodegeneration’. Cell 173 (5): 1073-81.
https://doi.org/10.1016/j.cell.2018.05.003.

210



. 2018b. ‘Disease-Associated Microglia: A Universal Immune Sensor of
Neurodegeneration’. Cell 173 (5): 1073-81. https://doi.org/10.1016/j.cell.2018.05.003.

Delpech, Jean-Christophe, Charlotte Madore, Agnes Nadjar, Corinne Joffre, Eric S.
Wohleb, and Sophie Layé. 2015. ‘Microglia in Neuronal Plasticity: Influence of Stress’.
Neuropharmacology 96 (Pt A): 19-28.
https://doi.org/10.1016/j.neuropharm.2014.12.034.

Devlin, Benjamin A., Caroline J. Smith, and Staci D. Bilbo. 2022. ‘Sickness and the
Social Brain: How the Immune System Regulates Behavior across Species’. Brain,
Behavior and Evolution 97 (3—4): 197-210. https://doi.org/10.1159/000521476.

Diaz-Aparicio, Irune, Ifaki Paris, Virginia Sierra-Torre, Ainhoa Plaza-Zabala, Noelia
Rodriguez-Iglesias, Mar Marquez-Ropero, Sol Beccari, et al. 2020. ‘Microglia Actively
Remodel Adult Hippocampal Neurogenesis through the Phagocytosis Secretome’.
Journal of Neuroscience 40 (7): 1453—-82. https://doi.org/10.1523/JNEUROSCI.0993-
19.2019.

Dibaj, Payam, Fabien Nadrigny, Heinz Steffens, Anja Scheller, Johannes Hirrlinger,
Eike D. Schomburg, Clemens Neusch, and Frank Kirchhoff. 2010. ‘NO Mediates
Microglial Response to Acute Spinal Cord Injury under ATP Control in Vivo'. Glia 58
(9): 1133—44. https://doi.org/10.1002/glia.20993.

Donat, Cornelius K., Gregory Scott, Steve M. Gentleman, and Magdalena Sastre.
2017. ‘Microglial Activation in Traumatic Brain Injury’. Frontiers in Aging Neuroscience
9. https://lwww.frontiersin.org/article/10.3389/fnagi.2017.00208.

Dumontheil, Iroise. 2014. ‘Development of Abstract Thinking during Childhood and
Adolescence: The Role of Rostrolateral Prefrontal Cortex’. Developmental Cognitive
Neuroscience 10 (October): 57—-76. https://doi.org/10.1016/j.dcn.2014.07.009.

Easley-Neal, Courtney, Oded Foreman, Neeraj Sharma, Ali A. Zarrin, and Robby M
Weimer. 2019. ‘CSF1R Ligands IL-34 and CSF1 Are Differentially Required for
Microglia Development and Maintenance in White and Gray Matter Brain Regions’.
Frontiers in Immunology 10.
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02199.

El-Brolosy, Mohamed A., Zacharias Kontarakis, Andrea Rossi, Carsten Kuenne,

211



Stefan Gunther, Nana Fukuda, Khrievono Kikhi, et al. 2019. ‘Genetic Compensation
Triggered by Mutant MRNA Degradation’. Nature 568 (7751): 193-97.
https://doi.org/10.1038/s41586-019-1064-z.

El-Brolosy, Mohamed A., and Didier Y. R. Stainier. 2017. ‘Genetic Compensation: A
Phenomenon in Search of Mechanisms’. PLOS Genetics 13 (7): e1006780.
https://doi.org/10.1371/journal.pgen.1006780.

Eme-Scolan, Elisa, and Samantha J. Dando. 2020. ‘Tools and Approaches for
Studying Microglia In Vivo'. Frontiers in Immunology 11.
https://www.frontiersin.org/articles/10.3389/fimmu.2020.583647.

Erblich, Bryna, Liyin Zhu, Anne M. Etgen, Kostantin Dobrenis, and Jeffrey W. Pollard.
2011. ‘Absence of Colony Stimulation Factor-1 Receptor Results in Loss of Microglia,
Disrupted Brain Development and Olfactory Deficits’. PLOS ONE 6 (10): e26317.
https://doi.org/10.1371/journal.pone.0026317.

Erny, Daniel, Nikolaos Dokalis, Charlotte Mezd, Angela Castoldi, Omar Mossad, Ori
Staszewski, Maximilian Frosch, et al. 2021. ‘Microbiota-Derived Acetate Enables the
Metabolic Fitness of the Brain Innate Immune System during Health and Disease’. Cell
Metabolism 33 (11): 2260-2276.e7. https://doi.org/10.1016/j.cmet.2021.10.010.

Erny, Daniel, Anna Lena Hrabé de Angelis, Diego Jaitin, Peter Wieghofer, Ori
Staszewski, Eyal David, Hadas Keren-Shaul, et al. 2015. ‘Host Microbiota Constantly
Control Maturation and Function of Microglia in the CNS’. Nature Neuroscience 18 (7):
965—77. https://doi.org/10.1038/nn.4030.

Eyo, Ukpong B., Jiyun Peng, Przemyslaw Swiatkowski, Aparna Mukherjee, Ashley
Bispo, and Long-Jun Wu. 2014. ‘Neuronal Hyperactivity Recruits Microglial Processes
via Neuronal NMDA Receptors and Microglial P2Y12 Receptors after Status
Epilepticus’. The Journal of Neuroscience: The Official Journal of the Society for
Neuroscience 34 (32): 10528—40. https://doi.org/10.1523/JNEUROSCI.0416-14.2014.

Fantin, Alessandro, Joaquim M. Vieira, Gaia Gestri, Laura Denti, Quenten Schwarz,
Sergey Prykhozhij, Francesca Peri, Stephen W. Wilson, and Christiana Ruhrberg.
2010. ‘Tissue Macrophages Act as Cellular Chaperones for Vascular Anastomosis
Downstream of VEGF-Mediated Endothelial Tip Cell Induction’. Blood 116 (5): 829—
40. https://doi.org/10.1182/blood-2009-12-257832.

212



Faust, Travis, Georgia Gunner, and Dorothy P. Schafer. 2021. ‘Mechanisms
Governing Activity-Dependent Synaptic Pruning in the Mammalian CNS’. Nature
Reviews. Neuroscience 22 (11): 657—73. https://doi.org/10.1038/s41583-021-00507-

y.

Favuzzi, Emilia, Shuhan Huang, Giuseppe A. Saldi, Loic Binan, Leena A. Ibrahim,
Marian Fernandez-Otero, Yuqing Cao, et al. 2021. ‘GABA-Receptive Microglia
Selectively Sculpt Developing Inhibitory Circuits’. Cell 184 (15): 4048-4063.e32.
https://doi.org/10.1016/j.cell.2021.06.018.

Ferrer, Isidro. 2022. “The Primary Microglial Leukodystrophies: A Review’. International
Journal of Molecular Sciences 23 (11): 6341. https://doi.org/10.3390/ijms23116341.

Filipello, Fabia, Raffaella Morini, Irene Corradini, Valerio Zerbi, Alice Canzi, Bernadeta
Michalski, Marco Erreni, et al. 2018. “The Microglial Innate Immune Receptor TREM2
Is Required for Synapse Elimination and Normal Brain Connectivity’. Immunity 48 (5):
979-991.e8. https://doi.org/10.1016/j.immuni.2018.04.016.

Frade, José Maria, and Yves-Alain Barde. 1998. ‘Microglia-Derived Nerve Growth
Factor Causes Cell Death in the Developing Retina’. Neuron 20 (1): 35-41.
https://doi.org/10.1016/S0896-6273(00)80432-8.

Fujita, Yuki, Toru Nakanishi, Masaki Ueno, Shigeyoshi Itohara, and Toshihide
Yamashita. 2020. ‘Netrin-G1 Regulates Microglial Accumulation along Axons and
Supports the Survival of Layer V Neurons in the Postnatal Mouse Brain’. Cell Reports
31 (4): 107580. https://doi.org/10.1016/j.celrep.2020.107580.

Galatro, Thais F, Inge R Holtman, Antonio M Lerario, llia D Vainchtein, Nieske
Brouwer, Paula R Sola, Mariana M Veras, et al. 2017. ‘Transcriptomic Analysis of
Purified Human Cortical Microglia Reveals Age-Associated Changes’. Nature
Neuroscience 20 (8): 1162-71. https://doi.org/10.1038/nn.4597.

Galloway, Dylan A., Alexandra E. M. Phillips, David R. J. Owen, and Craig S. Moore.
2019. ‘Phagocytosis in the Brain: Homeostasis and Disease’. Frontiers in Immunology
10. https://www.frontiersin.org/articles/10.3389/fimmu.2019.00790.

Garel, Sonia, Kelly J. Huffman, and John L. R. Rubenstein. 2003. ‘Molecular

Regionalization of the Neocortex Is Disrupted in Fgf8 Hypomorphic Mutants’.

213



Development (Cambridge, England) 130 (9): 1903-14.
https://doi.org/10.1242/dev.00416.

Garoufalia, Zoe, Argyro Papadopetraki, Elli Karatza, Dimitrios Vardakostas,
Anastassios Philippou, Gregory Kouraklis, and Dimitrios Mantas. 2021. ‘Insulin-like
Growth Factor-l and Wound Healing, a Potential Answer to Non-Healing Wounds: A
Systematic Review of the Literature and Future Perspectives’. Biomedical Reports 15
(2): 66. https://doi.org/10.3892/br.2021.1442.

Gaudet, Andrew D., and Laura K. Fonken. 2018. ‘Glial Cells Shape Pathology and
Repair After Spinal Cord Injury’.  Neurotherapeutics 15 (3): 554-77.
https://doi.org/10.1007/s13311-018-0630-7.

Geirsdottir, Laufey, Eyal David, Hadas Keren-Shaul, Assaf Weiner, Stefan Cornelius
Bohlen, Jana Neuber, Adam Balic, et al. 2019. ‘Cross-Species Single-Cell Analysis
Reveals Divergence of the Primate Microglia Program’. Cell 179 (7): 1609-1622.e16.
https://doi.org/10.1016/j.cell.2019.11.010.

Ghaddar, Batoul, Luisa Lubke, David Couret, Sepand Rastegar, and Nicolas Diotel.
2021. ‘Cellular Mechanisms Participating in Brain Repair of Adult Zebrafish and
Mammals after Injury’. Cells 10 (2): 391. https://doi.org/10.3390/cells10020391.

Gibson, Erin M., and Michelle Monje. 2021. ‘Microglia in Cancer Therapy-Related
Cognitive  Impairment’.  Trends in  Neurosciences 44 (6): 441-51.
https://doi.org/10.1016/j.tins.2021.02.003.

Gibson, Erin M., Surya Nagaraja, Alfonso Ocampo, Lydia T. Tam, Lauren S. Wood,
Praveen N. Pallegar, Jacob J. Greene, et al. 2019. ‘Methotrexate Chemotherapy
Induces Persistent Tri-Glial Dysregulation That Underlies Chemotherapy-Related
Cognitive Impairment’. Cell 176 (1-2): 43-55.e13.
https://doi.org/10.1016/j.cell.2018.10.049.

Ginhoux, Florent, Melanie Greter, Marylene Leboeuf, Sayan Nandi, Peter See, Solen
Gokhan, Mark F. Mehler, et al. 2010. ‘Fate Mapping Analysis Reveals That Adult
Microglia Derive from Primitive Macrophages’. Science 330 (6005): 841-45.
https://doi.org/10.1126/science.1194637.

Ginhoux, Florent, and Marco Prinz. 2015. ‘Origin of Microglia: Current Concepts and

Past Controversies’. Cold Spring Harbor Perspectives in Biology 7 (8): a020537.

214



https://doi.org/10.1101/cshperspect.a020537.

Goldmann, Tobias, Peter Wieghofer, Marta Joana Costa Jordao, Fabiola Prutek, Nora
Hagemeyer, Kathrin Frenzel, Lukas Amann, et al. 2016. ‘Origin, Fate and Dynamics of
Macrophages at Central Nervous System Interfaces’. Nature Immunology 17 (7): 797—
805. https://doi.org/10.1038/ni.3423.

Gonzalez-Arnay, Emilio, Miriam Gonzalez-Gémez, and Gundela Meyer. 2017. ‘A
Radial Glia Fascicle Leads Principal Neurons from the Pallial-Subpallial Boundary into
the Developing Human Insula’. Frontiers  in  Neuroanatomy  11.
https://www.frontiersin.org/articles/10.3389/fnana.2017.00111.

Gosselin, David, Verena M. Link, Casey E. Romanoski, Gregory J. Fonseca, Dawn Z.
Eichenfield, Nathanael J. Spann, Joshua D. Stender, et al. 2014. ‘Environment Drives
Selection and Function of Enhancers Controlling Tissue-Specific Macrophage
Identities’. Cell 159 (6): 1327—40. https://doi.org/10.1016/j.cell.2014.11.023.

Gosselin, David, Dylan Skola, Nicole G. Coufal, Inge R. Holtman, Johannes C.M.
Schlachetzki, Eniko Saijti, Baptiste N. Jaeger, et al. 2017. ‘An Environment-Dependent
Transcriptional Network Specifies Human Microglia Identity’. Science (New York, N.Y.)
356 (6344): eaal3222. https://doi.org/10.1126/science.aal3222.

Grant, Eleanor, Anna Hoerder-Suabedissen, and Zoltan Molnar. 2012. ‘Development
of the Corticothalamic  Projections’.  Frontiers in  Neuroscience 6.
https://doi.org/10.3389/fnins.2012.00053.

Greenhalgh, Andrew D., Sam David, and F. Chris Bennett. 2020. ‘Immune Cell
Regulation of Glia during CNS Injury and Disease’. Nature Reviews Neuroscience 21
(3): 139-52. https://doi.org/10.1038/s41583-020-0263-9.

Greter, Melanie, Iva Lelios, Pawel Pelczar, Guillaume Hoeffel, Jeremy Price, Marylene
Leboeuf, Thomas M. Kundig, et al. 2012. ‘Stroma-Derived Interleukin-34 Controls the
Development and Maintenance of Langerhans Cells and the Maintenance of
Microglia’. Immunity 37 (6): 1050-60. https://doi.org/10.1016/j.immuni.2012.11.001.

Groenewegen, Henk J. 2003. ‘The Basal Ganglia and Motor Control’. Neural Plasticity
10 (1-2): 107-20. https://doi.org/10.1155/NP.2003.107.

Gunner, Georgia, Lucas Cheadle, Kasey M. Johnson, Pinar Ayata, Ana Badimon,
215



Erica Mondo, M. Aurel Nagy, et al. 2019. ‘Sensory Lesioning Induces Microglial
Synapse Elimination via ADAM10 and Fractalkine Signaling’. Nature Neuroscience 22
(7): 1075-88. https://doi.org/10.1038/s41593-019-0419-y.

Guo, Shenrui, Hui Wang, and Yafu Yin. 2022. ‘Microglia Polarization From M1 to M2
in  Neurodegenerative Diseases’. Frontiers in Aging Neuroscience 14.
https://www.frontiersin.org/article/10.3389/fnagi.2022.815347.

Gutmann, David H. 2019. ‘Clearing the Fog Surrounding Chemobrain’. Cell 176 (1-2):
2—4. https://doi.org/10.1016/j.cell.2018.12.027.

Hammond, Timothy R., Connor Dufort, Lasse Dissing-Olesen, Stefanie Giera, Adam
Young, Alec Wysoker, Alec J. Walker, et al. 2019. ‘Single-Cell RNA Sequencing of
Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals Complex
Cell-State Changes’. Immunity 50 (1): 253-271.€6.
https://doi.org/10.1016/j.immuni.2018.11.004.

Hammond, Timothy R., Daisy Robinton, and Beth Stevens. 2018. ‘Microglia and the
Brain: Complementary Partners in Development and Disease’. Annual Review of Cell
and Developmental Biology 34 (October): 523—44. https://doi.org/10.1146/annurev-
cellbio-100616-060509.

Han, Jinming, Yueshan Fan, Kai Zhou, Klas Blomgren, and Robert A. Harris. 2021.
‘Uncovering Sex Differences of Rodent Microglia’. Journal of Neuroinflammation 18
(1): 74. https://doi.org/10.1186/s12974-021-02124-z.

Hankin, Mark H., Bernard F. Schneider, and Jerry Silver. 1988. ‘Death of the
Subcallosal Glial Sling Is Correlated with Formation of the Cavum Septi Pellucidi’.
Journal of Comparative Neurology 272 (2): 191-202.
https://doi.org/10.1002/cne.902720204.

Hickman, Suzanne E., and Joseph EI Khoury. 2019. ‘Analysis of the Microglial
Sensome’. In Microglia: Methods and Protocols, edited by Olga Garaschuk and Alexei
Verkhratsky, 305-23. Methods in Molecular Biology. New York, NY: Springer.
https://doi.org/10.1007/978-1-4939-9658-2_23.

Hickman, Suzanne E., Nathan D. Kingery, Toshiro Ohsumi, Mark Borowsky, Li-chong
Wang, Terry K. Means, and Joseph ElI Khoury. 2013. ‘The Microglial Sensome
Revealed by Direct RNA Sequencing’. Nature Neuroscience 16 (12): 1896-1905.

216



https://doi.org/10.1038/nn.3554.

Hickman, Suzanne, Saef Izzy, Pritha Sen, Liza Morsett, and Joseph EIl Khoury. 2018.
‘Microglia in Neurodegeneration’. Nature Neuroscience 21 (10): 1359-69.
https://doi.org/10.1038/s41593-018-0242-x.

Hines, Dustin J., Rochelle M. Hines, Sean J. Mulligan, and Brian A. Macvicar. 2009.
‘Microglia Processes Block the Spread of Damage in the Brain and Require Functional
Chloride Channels’. Glia 57 (15): 1610-18. https://doi.org/10.1002/glia.20874.

Hirbec, Héléne, Frangois Rassendren, and Etienne Audinat. 2019. ‘Microglia
Reactivity: Heterogeneous Pathological Phenotypes’. In Microglia: Methods and
Protocols, edited by Olga Garaschuk and Alexei Verkhratsky, 41-55. Methods in
Molecular Biology. New York, NY: Springer. https://doi.org/10.1007/978-1-4939-9658-
2 4.

Hoch, Renée V., John L. R. Rubenstein, and Sam Pleasure. 2009. ‘Genes and
Signaling Events That Establish Regional Patterning of the Mammalian Forebrain’.
Seminars  in Cell & Developmental ~ Biology =~ 20 (4): 378-86.
https://doi.org/10.1016/j.semcdb.2009.02.005.

Hoeffel, Guillaume, Jinmiao Chen, Yonit Lavin, Donovan Low, Francisca F. Almeida,
Peter See, Anna E. Beaudin, et al. 2015. ‘C-Myb+ Erythro-Myeloid Progenitor-Derived
Fetal Monocytes Give Rise to Adult Tissue-Resident Macrophages’. Immunity 42 (4):
665-78. https://doi.org/10.1016/j.immuni.2015.03.011.

Hoogland, Inge C.M., Carin Houbolt, David J. van Westerloo, Willem A. van Gool, and
Diederik van de Beek. 2015. ‘Systemic Inflammation and Microglial Activation:
Systematic Review of Animal Experiments’. Journal of Neuroinflammation 12 (1): 114.
https://doi.org/10.1186/s12974-015-0332-6.

Icer, Mehmet Arif, and Makbule Gezmen-Karadag. 2018. ‘The Multiple Functions and
Mechanisms of Osteopontin’. Clinical Biochemistry 59 (September): 17-24.
https://doi.org/10.1016/j.clinbiochem.2018.07.003.

llles, Peter, Patrizia Rubini, Henning Ulrich, Yafei Zhao, and Yong Tang. 2020.
‘Regulation of Microglial Functions by Purinergic Mechanisms in the Healthy and
Diseased CNS'. Cells 9 (5): 1108. https://doi.org/10.3390/cells9051108.

217



Irfan, Muhammad, Kirsten S. Evonuk, and Tara M. DeSilva. 2022. ‘Microglia
Phagocytose Oligodendrocyte Progenitor Cells and Synapses during Early Postnatal
Development: Implications for White versus Gray Matter Maturation’. The FEBS
Journal 289 (8): 2110-27. https://doi.org/10.1111/febs.16190.

Jakel, Sarah, and Leda Dimou. 2017. ‘Glial Cells and Their Function in the Adult Brain:
A Journey through the History of Their Ablation’. Frontiers in Cellular Neuroscience 11.
https://www.frontiersin.org/articles/10.3389/fncel.2017.00024.

Janda, Elzbieta, Laura Boi, and Anna R. Carta. 2018. ‘Microglial Phagocytosis and Its
Regulation: A Therapeutic Target in Parkinson’s Disease?’ Frontiers in Molecular

Neuroscience 11. https://www.frontiersin.org/articles/10.3389/fnmol.2018.00144.

Jin, Sungho, Jae Geun Kim, Jeong Woo Park, Marco Koch, Tamas L. Horvath, and
Byung Ju Lee. 2016. ‘Hypothalamic TLR2 Triggers Sickness Behavior via a Microglia-
Neuronal Axis’. Scientific Reports 6 (July): 29424. https://doi.org/10.1038/srep29424.

Jung, Yeon-Joo, and Won-Suk Chung. 2018. ‘Phagocytic Roles of Glial Cells in
Healthy and Diseased Brains’. Biomolecules & Therapeutics 26 (4): 350-57.
https://doi.org/10.4062/biomolther.2017.133.

Kana, Veronika, Fiona A. Desland, Maria Casanova-Acebes, Pinar Ayata, Ana
Badimon, Elisa Nabel, Kazuhiko Yamamuro, et al. 2019. ‘CSF-1 Controls Cerebellar
Microglia and Is Required for Motor Function and Social Interaction’. Journal of
Experimental Medicine 216 (10): 2265—-81. https://doi.org/10.1084/jem.20182037.

Kawabori, Masahito, and Midori A. Yenari. 2015. “The Role of the Microglia in Acute
CNS Injury’. Metabolic Brain Disease 30 (2): 381-92. https://doi.org/10.1007/s11011-
014-9531-6.

Keren-Shaul, Hadas, Amit Spinrad, Assaf Weiner, Orit Matcovitch-Natan, Raz Dvir-
Szternfeld, Tyler K. Ulland, Eyal David, et al. 2017. ‘A Unique Microglia Type
Associated with Restricting Development of Alzheimer’s Disease’. Cell 169 (7): 1276-
1290.e17. https://doi.org/10.1016/j.cell.2017.05.018.

Kershman, John. 1939. ‘Genesis of Microglia in the Human Brain’. Archives of
Neurology & Psychiatry 41 (1): 24-50.
https://doi.org/10.1001/archneurpsyc.1939.02270130034002.

218



Kierdorf, Katrin, Daniel Erny, Tobias Goldmann, Victor Sander, Christian Schulz, Elisa
Gomez Perdiguero, Peter Wieghofer, et al. 2013. ‘Microglia Emerge from
Erythromyeloid Precursors via Pu.1- and Irf8-Dependent Pathways’. Nature
Neuroscience 16 (3): 273-80. https://doi.org/10.1038/nn.3318.

Kigerl, Kristina A., John C. Gensel, Daniel P. Ankeny, Jessica K. Alexander, Dustin J.
Donnelly, and Phillip G. Popovich. 2009. ‘Identification of Two Distinct Macrophage
Subsets with Divergent Effects Causing Either Neurotoxicity or Regeneration in the
Injured Mouse Spinal Cord’. The Journal of Neuroscience 29 (43). 13435-44.
https://doi.org/10.1523/JNEUROSCI.3257-09.2009.

Kim, Jung-Seok, Masha Kolesnikov, Shany Peled-Hajaj, Isabelle Scheyltjens, Yuan
Xia, Sebastien Trzebanski, Zhana Haimon, et al. 2021. ‘A Binary Cre Transgenic
Approach Dissects Microglia and CNS Border-Associated Macrophages’. Immunity 54
(1): 176-190.e7. https://doi.org/10.1016/j.immuni.2020.11.007.

Kitic, Maja, Peter See, Julia Bruttger, Florent Ginhoux, and Ari Waisman. 2019. ‘Novel
Microglia Depletion Systems: A Genetic Approach Utilizing Conditional Diphtheria
Toxin Receptor Expression and a Pharmacological Model Based on the Blocking of
Macrophage Colony-Stimulating Factor 1 Receptor’. In Microglia: Methods and
Protocols, edited by Olga Garaschuk and Alexei Verkhratsky, 217-30. Methods in
Molecular Biology. New York, NY: Springer. https://doi.org/10.1007/978-1-4939-9658-
2_16.

Koellhoffer, Edward C., Louise D. McCullough, and Rodney M. Ritzel. 2017. ‘Old
Maids: Aging and Its Impact on Microglia Function’. International Journal of Molecular
Sciences 18 (4): 769. https://doi.org/10.3390/ijms180407609.

Kohwi, Minoree, Magdalena A. Petryniak, Jason E. Long, Marc Ekker, Kunihiko Obata,
Yuchio Yanagawa, John L. R. Rubenstein, and Arturo Alvarez-Buylla. 2007. ‘A
Subpopulation of Olfactory Bulb GABAergic Interneurons Is Derived from Emx1- and
DIx5/6-Expressing Progenitors’. The Journal of Neuroscience 27 (26): 6878-91.
https://doi.org/10.1523/JNEUROSCI.0254-07.2007.

Koizumi, Schuichi, Yukari Shigemoto-Mogami, Kaoru Nasu-Tada, Yoichi Shinozaki,
Keiko Ohsawa, Makoto Tsuda, Bhalchandra V. Joshi, Kenneth A. Jacobson, Shinichi
Kohsaka, and Kazuhide Inoue. 2007. ‘UDP Acting at P2Y6 Receptors Is a Mediator of

219



Microglial Phagocytosis’. Nature 446 (7139): 1091-95.
https://doi.org/10.1038/nature05704.

Kolodziejczak, Marta, Catherine Béchade, Nicolas Gervasi, Theano Irinopoulou,
Sophie M. Banas, Corinne Cordier, Alexandra Rebsam, Anne Roumier, and Luc
Maroteaux. 2015. ‘Serotonin Modulates Developmental Microglia via 5-HT2B
Receptors: Potential Implication during Synaptic Refinement of Retinogeniculate
Projections’. ACS Chemical Neuroscience 6 (7): 1219-30.
https://doi.org/10.1021/cn50034889.

Konishi, Hiroyuki, and Hiroshi Kiyama. 2018. ‘Microglial TREM2/DAP12 Signaling: A
Double-Edged Sword in Neural Diseases’. Frontiers in Cellular Neuroscience 12
(August): 206. https://doi.org/10.3389/fncel.2018.00206.

Konno, Takuya, Koji Kasanuki, Takeshi Ikeuchi, Dennis W. Dickson, and Zbigniew K.
Wszolek. 2018. ‘CSF1R-Related Leukoencephalopathy’. Neurology 91 (24): 1092—
1104. https://doi.org/10.1212/WNL.0000000000006642.

Kracht, L., M. Borggrewe, S. Eskandar, N. Brouwer, S. M. Chuva de Sousa Lopes, J.
D.Laman, S. A. Scherjon, J. R. Prins, S. M. Kooistra, and B. J. L. Eggen. 2020. ‘Human
Fetal Microglia Acquire Homeostatic Immune-Sensing Properties Early in
Development’. Science 369 (6503): 530-37. https://doi.org/10.1126/science.aba5906.

Kuhn, Sarah, Laura Gritti, Daniel Crooks, and Yvonne Dombrowski. 2019.
‘Oligodendrocytes in Development, Myelin Generation and Beyond’. Cells 8 (11): 1424.
https://doi.org/10.3390/cells8111424.

Kyrargyri, Vasiliki, Christian Madry, Ali Rifat, |. Lorena Arancibia-Carcamo, Steffan P.
Jones, Victor T. T. Chan, Yajing Xu, Bernard Robaye, and David Attwell. 2020. ‘P2Y13
Receptors Regulate Microglial Morphology, Surveillance, and Resting Levels of
Interleukin 1B Release’. Glia 68 (2): 328—44. https://doi.org/10.1002/glia.23719.

La Manno, Gioele, Kimberly Siletti, Alessandro Furlan, Daniel Gyllborg, Elin Vinsland,
Alejandro Mossi Albiach, Christoffer Mattsson Langseth, et al. 2021. ‘Molecular
Architecture of the Developing Mouse Brain’. Nature 596 (7870): 92-96.
https://doi.org/10.1038/s41586-021-03775-x.

Lavin, Yonit, Deborah Winter, Ronnie Blecher-Gonen, Eyal David, Hadas Keren-Shaul,

Miriam Merad, Steffen Jung, and ldo Amit. 2014. ‘Tissue-Resident Macrophage

220



Enhancer Landscapes Are Shaped by the Local Microenvironment’. Cell 159 (6):
1312-26. https://doi.org/10.1016/j.cell.2014.11.018.

Lee, Paul, Gregory Morley, Qian Huang, Avi Fischer, Stephanie Seiler, James W.
Horner, Stephen Factor, Dhananjay Vaidya, José Jalife, and Glenn |. Fishman. 1998.
‘Conditional Lineage Ablation to Model Human Diseases’. Proceedings of the National
Academy of Sciences 95 (19): 11371-76. https://doi.org/10.1073/pnas.95.19.11371.

Lehrman, Emily K., Daniel K. Wilton, Elizabeth Y. Litvina, Christina A. Welsh, Stephen
T. Chang, Arnaud Frouin, Alec J. Walker, et al. 2018. ‘CD47 Protects Synapses from
Excess Microglia-Mediated Pruning during Development’. Neuron 100 (1): 120-134.e6.
https://doi.org/10.1016/j.neuron.2018.09.017.

Leyh, Judith, Sabine Paeschke, Bianca Mages, Dominik Michalski, Marcin Nowicki,
Ingo Bechmann, and Karsten Winter. 2021. ‘Classification of Microglial Morphological
Phenotypes Using Machine Learning’. Frontiers in Cellular Neuroscience 15.
https://www.frontiersin.org/articles/10.3389/fncel.2021.701673.

Li, Qingyun, and Ben A. Barres. 2018. ‘Microglia and Macrophages in Brain
Homeostasis and Disease’. Nature Reviews Immunology 18 (4). 225-42.
https://doi.org/10.1038/nri.2017.125.

Li, Qingyun, Zuolin Cheng, Lu Zhou, Spyros Darmanis, Norma F. Neff, Jennifer
Okamoto, Gunsagar Gulati, et al. 2019. ‘Developmental Heterogeneity of Microglia and
Brain Myeloid Cells Revealed by Deep Single-Cell RNA Sequencing’. Neuron 101 (2):
207-223.e10. https://doi.org/10.1016/j.neuron.2018.12.006.

Li, Yanxin, Zhongqiu Li, Min Yang, Feiyang Wang, Yuehong Zhang, Rong Li, Qian Li,
et al. 2022. ‘Decoding the Temporal and Regional Specification of Microglia in the
Developing Human Brain. Cell Stem Cell 29 (4): 620-634.e6.
https://doi.org/10.1016/j.stem.2022.02.004.

Li, Yi, Xuelian He, Riki Kawaguchi, Yu Zhang, Qing Wang, Aboozar Monavarfeshani,
Zhiyun Yang, et al. 2020. ‘Neonatal Microglia-Organized Scar-Free Spinal Cord
Repair’. Nature 587 (7835): 613—18. https://doi.org/10.1038/s41586-020-2795-6.

Li, Ying, Xu-fei Du, Chang-sheng Liu, Zi-long Wen, and Jiu-lin Du. 2012. ‘Reciprocal

Regulation between Resting Microglial Dynamics and Neuronal Activity In Vivo'.

221



Developmental Cell 23 (6): 1189-1202. https://doi.org/10.1016/j.devcel.2012.10.027.

Liaw, L, D E Birk, C B Ballas, J S Whitsitt, J M Davidson, and B L Hogan. 1998. ‘Altered
Wound Healing in Mice Lacking a Functional Osteopontin Gene (Spp1).” Journal of
Clinical Investigation 101 (7): 1468—78.

Lin, Si-Si, Yong Tang, Peter llles, and Alexei Verkhratsky. 2021. ‘The Safeguarding
Microglia: Central Role for P2Y12 Receptors’. Frontiers in Pharmacology 11.
https://www.frontiersin.org/articles/10.3389/fphar.2020.627760.

Lin, WeiYu, Daqi Xu, Cary D. Austin, Patrick Caplazi, Kate Senger, Yonglian Sun,
Surinder Jeet, et al. 2019. ‘Function of CSF1 and IL34 in Macrophage Homeostasis,
Inflammation, and Cancer'. Frontiers in Immunology 10.
https://www.frontiersin.org/articles/10.3389/fimmu.2019.02019.

Liu, Huan, Rehana K Leak, and Xiaoming Hu. 2016. ‘Neurotransmitter Receptors on
Microglia’. Stroke and Vascular Neurology 1 (2): 52-58. https://doi.org/10.1136/svn-
2016-000012.

Liu, Xingyu, Yuhua Sun, Huaigin Li, Yuting Li, Meiyuan Li, Ying Yuan, Shusen Cui, and
Dengbing Yao. 2017. ‘Effect of Spp1 on Nerve Degeneration and Regeneration after
Rat Sciatic Nerve Injury’. BMC Neuroscience 18 (1): 30.
https://doi.org/10.1186/s12868-017-0348-1.

Lively, Starlee, and Lyanne C. Schlichter. 2018. ‘Microglia Responses to Pro-
Inflammatory Stimuli (LPS, IFNy+TNFa) and Reprogramming by Resolving Cytokines
(IL-4, IL-10).  Frontiers in  Cellular ~ Neuroscience 12  (July): 215.
https://doi.org/10.3389/fncel.2018.00215.

Lynch, Marina A. 2022. ‘Exploring Sex-Related Differences in Microglia May Be a
Game-Changer in Precision Medicine’. Frontiers in Aging Neuroscience 14 (March):
868448. https://doi.org/10.3389/fnagi.2022.868448.

M Das, Joe, and Rimal H. Dossani. 2022. ‘Cavum Septum Pellucidum’. In StatPearls.
Treasure Island (FL): StatPearls Publishing.
http://www.ncbi.nlm.nih.gov/books/NBK537048/.

Madore, C., Q. Leyrolle, L. Morel, M. Rossitto, A. D. Greenhalgh, J. C. Delpech, M.
Martinat, et al. 2020. ‘Essential Omega-3 Fatty Acids Tune Microglial Phagocytosis of

222



Synaptic Elements in the Mouse Developing Brain’. Nature Communications 11 (1):
6133. https://doi.org/10.1038/s41467-020-19861-z.

Madry, Christian, Vasiliki Kyrargyri, . Lorena Arancibia-Carcamo, Renaud Jolivet,
Shinichi Kohsaka, Robert M. Bryan, and David Attwell. 2018. ‘Microglial Ramification,
Surveillance, and Interleukin-1B Release Are Regulated by the Two-Pore Domain K+
Channel THIK-1". Neuron 97 (2): 299-312.€6.
https://doi.org/10.1016/j.neuron.2017.12.002.

Madsen, Daniel H, and Thomas H Bugge. 2013. ‘imaging Collagen Degradation in Vivo
Highlights a Key Role for M2-Polarized Macrophages in Extracellular Matrix
Degradation’. Oncolmmunology 2 (12): e27127. https://doi.org/10.4161/onci.27127.

Mallat, Michel, José Luis Marin-Teva, and Cyril Chéret. 2005. ‘Phagocytosis in the
Developing CNS: More than Clearing the Corpses’. Current Opinion in Neurobiology
15 (1): 101-7. https://doi.org/10.1016/j.conb.2005.01.006.

Marin, O., and J. L. Rubenstein. 2001. ‘A Long, Remarkable Journey: Tangential
Migration in the Telencephalon’. Nature Reviews. Neuroscience 2 (11): 780-90.
https://doi.org/10.1038/35097509.

Marin, Oscar, Joshua Baker, Luis Puelles, and John L. R. Rubenstein. 2002.
‘Patterning of the Basal Telencephalon and Hypothalamus Is Essential for Guidance
of Cortical Projections’. Development (Cambridge, England) 129 (3): 761-73.
https://doi.org/10.1242/dev.129.3.761.

Marin, Oscar, and Ulrich Muller. 2014. ‘Lineage Origins of GABAergic versus
Glutamatergic Neurons in the Neocortex’. Current Opinion in Neurobiology 26 (June):
132—41. https://doi.org/10.1016/j.conb.2014.01.015.

Marin-Teva, José Luis, Isabelle Dusart, Catherine Colin, Annie Gervais, Nico van
Rooijen, and Michel Mallat. 2004. ‘Microglia Promote the Death of Developing Purkinje
Cells’. Neuron 41 (4): 535-47. https://doi.org/10.1016/s0896-6273(04)00069-8.

Martinat, Maud, Moira Rossitto, Mathieu Di Miceli, and Sophie Layé. 2021. ‘Perinatal
Dietary Polyunsaturated Fatty Acids in Brain Development, Role in
Neurodevelopmental Disorders’. Nutrients 13 (4): 1185.
https://doi.org/10.3390/nu13041185.

223



Masuda, Takahiro, Lukas Amann, Gianni Monaco, Roman Sankowski, Ori Staszewski,
Martin Krueger, Francesca Del Gaudio, et al. 2022. ‘Specification of CNS Macrophage
Subsets Occurs Postnatally in Defined Niches’. Nature 604 (7907). 740-48.
https://doi.org/10.1038/s41586-022-04596-2.

Masuda, Takahiro, Roman Sankowski, Ori Staszewski, Chotima Boéttcher, Lukas
Amann, Sagar, Christian Scheiwe, et al. 2019. ‘Spatial and Temporal Heterogeneity of
Mouse and Human Microglia at Single-Cell Resolution’. Nature 566 (7744): 388-92.
https://doi.org/10.1038/s41586-019-0924-x.

Masuda, Takahiro, Roman Sankowski, Ori Staszewski, and Marco Prinz. 2020.
‘Microglia Heterogeneity in the Single-Cell Era’. Cell Reports 30 (5): 1271-81.
https://doi.org/10.1016/j.celrep.2020.01.010.

Matcovitch-Natan, Orit, Deborah R. Winter, Amir Giladi, Stephanie Vargas Aguilar,
Amit Spinrad, Sandrine Sarrazin, Hila Ben-Yehuda, et al. 2016. ‘Microglia
Development Follows a Stepwise Program to Regulate Brain Homeostasis’. Science
353 (6301): aad8670. https://doi.org/10.1126/science.aad8670.

McKee, M.d., and A. Nanci. 1996. ‘Secretion of Osteopontin by Macrophages and lIts
Accumulation at Tissue Surfaces during Wound Healing in Mineralized Tissues: A
Potential Requirement for Macrophage Adhesion and Phagocytosis’. The Anatomical
Record 245 (2): 394—-4009. https://doi.org/10.1002/(SICI)1097-
0185(199606)245:2<394::AID-AR19>3.0.CO;2-K.

Medina, Loreta. 2009. ‘Evolution and Embryological Development of Forebrain’. In
Encyclopedia of Neuroscience, edited by Marc D. Binder, Nobutaka Hirokawa, and
Uwe Windhorst, 1172-92. Berlin, Heidelberg: Springer. https://doi.org/10.1007/978-3-
540-29678-2_3112.

Medina, Loreta, and Antonio Abellan. 2009. ‘Development and Evolution of the
Pallium’. Seminars in Cell & Developmental Biology 20 (6): 698-711.
https://doi.org/10.1016/j.semcdb.2009.04.008.

Mendes, Monique S, Linh Le, Jason Atlas, Zachary Brehm, Antonio Ladron-de-
Guevara, Evelyn Matei, Cassandra Lamantia, Matthew N McCall, and Ania K
Majewska. 2021. ‘The Role of P2Y12 in the Kinetics of Microglial Self-Renewal and
Maturation in the Adult Visual Cortex in Vivo'. Edited by Sonia Garel, Satyajit Rath, and

224



Amanda Sierra. ELife 10 (July): e61173. https://doi.org/10.7554/eLife.61173.

Merlini, Mario, Victoria A. Rafalski, Keran Ma, Keun-Young Kim, Eric A. Bushong,
Pamela E. Rios Coronado, Zhaoqgi Yan, et al. 2021. ‘Microglial Gi-Dependent
Dynamics Regulate Brain Network Hyperexcitability’. Nature Neuroscience 24 (1): 19—
23. https://doi.org/10.1038/s41593-020-00756-7.

‘Microglia and the Brain: Complementary Partners in Development and Disease’. n.d.
Accessed 20 July 2022. https://doi.org/10.1146/annurev-cellbio-100616-060509.

Milior, Giampaolo, Mélanie Morin-Brureau, Farah Chali, Caroline Le Duigou, Etienne
Savary, Gilles Huberfeld, Nathalie Rouach, et al. 2020. ‘Distinct P2Y Receptors
Mediate Extension and Retraction of Microglial Processes in Epileptic and Peritumoral
Human Tissue'. Journal of Neuroscience 40 (7): 1373-88.
https://doi.org/10.1523/JNEUROSCI.0218-19.2019.

Miyamoto, Akiko, Hiroaki Wake, Ayako Wendy Ishikawa, Kei Eto, Keisuke Shibata,
Hideji Murakoshi, Schuichi Koizumi, Andrew J. Moorhouse, Yumiko Yoshimura, and
Junichi Nabekura. 2016. ‘Microglia Contact Induces Synapse Formation in Developing
Somatosensory Cortex'. Nature Communications 7 (1): 12540.
https://doi.org/10.1038/ncomms12540.

Mondo, Erica, Shannon C. Becker, Amanda G. Kautzman, Martina Schifferer, Christina
E. Baer, Jiapei Chen, Eric J. Huang, Mikael Simons, and Dorothy P. Schafer. 2020. ‘A
Developmental Analysis of Juxtavascular Microglia Dynamics and Interactions with the
Vasculature’. Journal of Neuroscience 40 (34): 6503-21.
https://doi.org/10.1523/JNEUROSCI.3006-19.2020.

Monier, Anne, Homa Adle-Biassette, Anne-Lise Delezoide, Philippe Evrard, Pierre
Gressens, and Catherine Verney. 2007. ‘Entry and Distribution of Microglial Cells in
Human Embryonic and Fetal Cerebral Cortex’. Journal of Neuropathology and
Experimental Neurology 66 (5): 372-82.
https://doi.org/10.1097/nen.0b013e3180517b46.

Morisaki, Yuta, Mamiko Niikura, Mizuho Watanabe, Kosuke Onishi, Shogo Tanabe,
Yasuhiro Moriwaki, Takashi Okuda, et al. 2016. ‘Selective Expression of Osteopontin
in ALS-Resistant Motor Neurons Is a Critical Determinant of Late Phase

Neurodegeneration Mediated by Matrix Metalloproteinase-9'. Scientific Reports 6
225



(June): 27354. https://doi.org/10.1038/srep27354.

Mosser, Coralie-Anne, Sofia Baptista, Isabelle Arnoux, and Etienne Audinat. 2017.
‘Microglia in CNS Development: Shaping the Brain for the Future’. Progress in
Neurobiology 149-150 (February): 1-20.
https://doi.org/10.1016/j.pneurobio.2017.01.002.

Mufioz-Garcia, Javier, Denis Cochonneau, Stéphane Télétchéa, Emilie Moranton,
Didier Lanoe, Régis Brion, Frédéric Lézot, Marie-Frangoise Heymann, and Dominique
Heymann. 2021. ‘The Twin Cytokines Interleukin-34 and CSF-1: Masterful Conductors
of Macrophage Homeostasis’. Theranostics 11 (4): 1568-93.
https://doi.org/10.7150/thno.50683.

Munro, David A. D., Barry M. Bradford, Samanta A. Mariani, David W. Hampton, Chris
S. Vink, Siddharthan Chandran, David A. Hume, Clare Pridans, and Josef Priller. 2020.
‘CNS Macrophages Differentially Rely on an Intronic Csfir Enhancer for Their
Development’. Development (Cambridge, England) 147 (23): dev194449.
https://doi.org/10.1242/dev.194449.

Nagaraj, Usha D., Maria A. Calvo-Garcia, and Beth M. Kline-Fath. 2018. ‘Abnormalities
Associated With the Cavum Septi Pellucidi on Fetal MRI: What Radiologists Need to
Know'. American Journal  of  Roentgenology 210 (5): 989-97.
https://doi.org/10.2214/AJR.17.19219.

Narine, Mohanlall, and Holly Colognato. 2022. ‘Current Insights Into Oligodendrocyte
Metabolism and Its Power to Sculpt the Myelin Landscape’. Frontiers in Cellular
Neuroscience 16. https://www.frontiersin.org/articles/10.3389/fncel.2022.892968.

Nayak, Debasis, Theodore L. Roth, and Dorian B. McGavern. 2014. ‘Microglia
Development and Function’. January 2014. https://doi.org/10.1146/annurev-immunol-
032713-120240.

Neher, Jonas J., and Colm Cunningham. 2019. ‘Priming Microglia for Innate Immune
Memory in the Brain. Trends in Immunology 40 (4): 358-74.
https://doi.org/10.1016/j.it.2019.02.001.

Nemes-Baran, Ashley D., and Tara M. DeSilva. 2021. ‘Quantification of Microglial
Contact and Engulfment of Oligodendrocyte Progenitor Cells in the Rodent Brain’.
STAR Protocols 2 (2): 100403. https://doi.org/10.1016/j.xpro.2021.100403.

226



Nemes-Baran, Ashley D., Donovan R. White, and Tara M. DeSilva. 2020. ‘Fractalkine-
Dependent Microglial Pruning of Viable Oligodendrocyte Progenitor Cells Regulates
Myelination’. Cell Reports 32 (7). https://doi.org/10.1016/j.celrep.2020.108047.

Nguyen, Phi T., Leah C. Dorman, Simon Pan, llia D. Vainchtein, Rafael T. Han, Hiromi
Nakao-lnoue, Sunrae E. Taloma, et al. 2020. ‘Microglial Remodeling of the
Extracellular Matrix Promotes Synapse Plasticity’. Cell 182 (2): 388-403.e15.
https://doi.org/10.1016/j.cell.2020.05.050.

Nimmerjahn, Axel, Frank Kirchhoff, and Fritjof Helmchen. 2005. ‘Resting Microglial
Cells Are Highly Dynamic Surveillants of Brain Parenchyma in Vivo'. Science 308
(5726): 1314-18. https://doi.org/10.1126/science.1110647.

Noébrega-Pereira, Sandrina, Diego Gelman, Giorgia Bartolini, Ramén Pla, Alessandra
Pierani, and Oscar Marin. 2010. ‘Origin and Molecular Specification of Globus Pallidus
Neurons’. Journal of Neuroscience 30 (8): 2824-34.
https://doi.org/10.1523/JNEUROSCI.4023-09.2010.

Pannell, Maria, Frank Szulzewsky, Vitali Matyash, Susanne A. Wolf, and Helmut
Kettenmann. 2014. ‘The  Subpopulation of Microglia  Sensitive to
Neurotransmitters/Neurohormones |Is Modulated by Stimulation with LPS, Interferon-
y, and IL-4: Microglia Sensitivity Toward Neurotransmitters/Neurohormones’. Glia 62
(5): 667—79. https://doi.org/10.1002/glia.22633.

Paolicelli, Rosa C., Giulia Bolasco, Francesca Pagani, Laura Maggi, Maria Scianni,
Patrizia Panzanelli, Maurizio Giustetto, et al. 2011. ‘Synaptic Pruning by Microglia Is
Necessary for Normal Brain Development’. Science 333 (6048): 1456-58.
https://doi.org/10.1126/science.1202529.

Paolicelli, Rosa, Amanda Sierra, Beth Stevens, Marie-Eve Tremblay, Adriano Aguzzi,
Bahareh Ajami, Ido Amit, et al. 2022. ‘Defining Microglial States and Nomenclature: A
Roadmap to 2030'. SSRN Scholarly Paper. Rochester, NY.
https://doi.org/10.2139/ssrn.4065080.

Parkhurst, Christopher N., Guang Yang, Ipe Ninan, Jeffrey N. Savas, John R. Yates,
Juan J. Lafaille, Barbara L. Hempstead, Dan R. Littman, and Wen-Biao Gan. 2013.
‘Microglia Promote Learning-Dependent Synapse Formation through Brain-Derived

Neurotrophic Factor’. Cell 155 (7): 1596-1609.
227



https://doi.org/10.1016/j.cell.2013.11.030.

Perry, V. H., D. A. Hume, and S. Gordon. 1985. ‘Immunohistochemical Localization of
Macrophages and Microglia in the Adult and Developing Mouse Brain’. Neuroscience
15 (2): 313-26. https://doi.org/10.1016/0306-4522(85)90215-5.

Phelps, Elizabeth A., and Joseph E. LeDoux. 2005. ‘Contributions of the Amygdala to
Emotion Processing: From Animal Models to Human Behavior’. Neuron 48 (2): 175—
87. https://doi.org/10.1016/j.neuron.2005.09.025.

Pont-Lezica, Lorena, Catherine Béchade, Yasmine Belarif-Cantaut, Olivier Pascual,
and Alain Bessis. 2011. ‘Physiological Roles of Microglia during Development’. Journal
of Neurochemistry 119 (5): 901-8. https://doi.org/10.1111/j.1471-4159.2011.07504 .x.

Pont-Lezica, Lorena, Wouter Beumer, Sabrina Colasse, Hemmo Drexhage, Marjan
Versnel, and Alain Bessis. 2014. ‘Microglia Shape Corpus Callosum Axon Tract
Fasciculation: Functional Impact of Prenatal Inflammation’. The European Journal of
Neuroscience 39 (10): 1551-57. https://doi.org/10.1111/ejn.12508.

Popova, Galina, Sarah S. Soliman, Chang N. Kim, Matthew G. Keefe, Kelsey M.
Hennick, Samhita Jain, Tao Li, et al. 2021. ‘Human Microglia States Are Conserved
across Experimental Models and Regulate Neural Stem Cell Responses in Chimeric
Organoids’. Cell Stem Cell 28 (12): 2153-2166.€6.
https://doi.org/10.1016/j.stem.2021.08.015.

Prinz, Marco, Steffen Jung, and Josef Priller. 2019. ‘Microglia Biology: One Century of
Evolving Concepts’. Cell 179 (2): 292-311. https://doi.org/10.1016/j.cell.2019.08.053.

Prinz, Marco, Takahiro Masuda, Michael A Wheeler, and Francisco J Quintana. 2021a.
‘Microglia and Central Nervous System—Associated Macrophages—From Origin to

Disease Modulation’, 36.

Prinz, Marco, Takahiro Masuda, Michael A. Wheeler, and Francisco J. Quintana.
2021b. ‘Microglia and Central Nervous System-Associated Macrophages-From Origin
to Disease Modulation’. Annual Review of Immunology 39 (April): 251-77.
https://doi.org/10.1146/annurev-immunol-093019-110159.

Puelles, Luis, Loreta Medina, Ugo Borello, Isabel Legaz, Anne Teissier, Alessandra

Pierani, and John L. R. Rubenstein. 2016. ‘Radial Derivatives of the Mouse Ventral

228



Pallium Traced with Dbx1-LacZ Reporters’. Journal of Chemical Neuroanatomy,
Recent advances in  brain development, 75 (September): 2-19.
https://doi.org/10.1016/j.jchemneu.2015.10.011.

Punal, Vanessa M., Caitlin E. Paisley, Federica S. Brecha, Monica A. Lee, Robin M.
Perelli, Jingjing Wang, Emily G. O’Koren, et al. 2019. ‘Large-Scale Death of Retinal
Astrocytes during Normal Development Is Non-Apoptotic and Implemented by
Microglia’. PLOS Biology 17 (10): e3000492.
https://doi.org/10.1371/journal.pbio.3000492.

Rallu, Murielle, Joshua G. Corbin, and Gord Fishell. 2002. ‘Parsing the
Prosencephalon’.  Nature  Reviews. Neuroscience 3  (12):  943-51.
https://doi.org/10.1038/nrn989.

Ransohoff, Richard M. 2016. ‘A Polarizing Question: Do M1 and M2 Microglia Exist?’
Nature Neuroscience 19 (8): 987-91. https://doi.org/10.1038/nn.4338.

Reemst, Kitty, Stephen C. Noctor, Paul J. Lucassen, and Elly M. Hol. 2016. ‘The
Indispensable Roles of Microglia and Astrocytes during Brain Development’. Frontiers
in Human Neuroscience 10.
https://www.frontiersin.org/articles/10.3389/fnhum.2016.00566.

Rentsendorj, Altan, Julia Sheyn, Dieu-Trang Fuchs, David Daley, Brenda C.
Salumbides, Hannah E. Schubloom, Nadav J. Hart, et al. 2018. ‘A Novel Role for
Osteopontin in Macrophage-Mediated Amyloid-f Clearance in Alzheimer's Models’.
Brain, Behavior, and Immunity 67 (January): 163-80.
https://doi.org/10.1016/j.bbi.2017.08.019.

Riew, Tae-Ryong, Soojin Kim, Xuyan Jin, Hong Lim Kim, Jeong-Hwa Lee, and Mun-
Yong Lee. 2019. ‘Osteopontin and Its Spatiotemporal Relationship with Glial Cells in
the Striatum of Rats Treated with Mitochondrial Toxin 3-Nitropropionic Acid: Possible
Involvement in Phagocytosis’. Journal of Neuroinflammation 16 (1): 99.
https://doi.org/10.1186/s12974-019-1489-1.

Rojo, Rocio, Anna Raper, Derya D. Ozdemir, Lucas Lefevre, Kathleen Grabert, Evi
Wollscheid-Lengeling, Barry Bradford, et al. 2019. ‘Deletion of a Csfir Enhancer
Selectively Impacts CSF1R Expression and Development of Tissue Macrophage

Populations’. Nature Communications 10 (1): 3215. https://doi.org/10.1038/s41467-
229



019-11053-8.

Rosin, Jessica M., Candace M. Marsters, Faizan Malik, Rena Far, Lata Adnani, Carol
Schuurmans, Quentin J. Pittman, and Deborah M. Kurrasch. 2021. ‘Embryonic
Microglia Interact with Hypothalamic Radial Glia during Development and Upregulate
the TAM Receptors MERTK and AXL Following an Insult’. Cell Reports 34 (1): 108587.
https://doi.org/10.1016/j.celrep.2020.108587.

Rosin, Jessica M., Sarthak Sinha, Jeff Biernaskie, and Deborah M. Kurrasch. 2021. ‘A
Subpopulation of Embryonic Microglia Respond to Maternal Stress and Influence
Nearby Neural Progenitors’. Developmental Cell 56 (9): 1326-1345.e6.
https://doi.org/10.1016/j.devcel.2021.03.018.

Rosmus, Dennis-Dominik, Clemens Lange, Franziska Ludwig, Bahareh Ajami, and
Peter Wieghofer. 2022. ‘The Role of Osteopontin in Microglia Biology: Current
Concepts  and Future  Perspectives’.  Biomedicines 10  (4):  840.
https://doi.org/10.3390/biomedicines10040840.

Rouf, Muhammad Abdul, Lin Wen, Yoga Mahendra, Jinxuan Wang, Kun Zhang,
Shuang Liang, Yuming Wang, Zhenggong Li, Yeqi Wang, and Guixue Wang. 2022.
‘The Recent Advances and Future Perspectives of Genetic Compensation Studies in
the Zebrafish Model'. Genes & Diseases, January.
https://doi.org/10.1016/j.gendis.2021.12.003.

Roumier, Anne, Catherine Béchade, Jean-Christophe Poncer, Karl-Heinz Smalla,
Elena Tomasello, Eric Vivier, Eckart D. Gundelfinger, Antoine Triller, and Alain Bessis.
2004. ‘Impaired Synaptic Function in the Microglial KARAP/DAP12-Deficient Mouse’.
The Journal of Neuroscience: The Official Journal of the Society for Neuroscience 24
(50): 11421-28. https://doi.org/10.1523/JNEUROSCI.2251-04.2004.

Roumier, Anne, Olivier Pascual, Catherine Béchade, Shirley Wakselman, Jean-
Christophe Poncer, Eleonore Réal, Antoine Triller, and Alain Bessis. 2008. ‘Prenatal
Activation of Microglia Induces Delayed Impairment of Glutamatergic Synaptic
Function’. PloS One 3 (7): €2595. https://doi.org/10.1371/journal.pone.0002595.

Saito, Kanako, Mayumi Okamoto, Yuto Watanabe, Namiko Noguchi, Arata Nagasaka,
Yuta Nishina, Tomoyasu Shinoda, Akira Sakakibara, and Takaki Miyata. 2019. ‘Dorsal-
to-Ventral Cortical Expansion Is Physically Primed by Ventral Streaming of Early

230



Embryonic  Preplate Neurons’. Cell Reports 29 (6): 1555-1567.e5.
https://doi.org/10.1016/j.celrep.2019.09.075.

Sato-Hashimoto, Miho, Tomomi Nozu, Riho Toriba, Ayano Horikoshi, Miho Akaike,
Kyoko Kawamoto, Ayaka Hirose, et al. 2019. ‘Microglial SIRPa Regulates the
Emergence of CD11c+ Microglia and Demyelination Damage in White Matter’. Edited
by Dwight E Bergles, Huda Y Zoghbi, Peter A Calabresi, and Anna Molofsky. ELife 8
(March): e42025. https://doi.org/10.7554/eLife.42025.

Savage, Julie C., Micaél Carrier, and Marie-Eve Tremblay. 2019. ‘Morphology of
Microglia Across Contexts of Health and Disease’. In Microglia: Methods and
Protocols, edited by Olga Garaschuk and Alexei Verkhratsky, 13—-26. Methods in
Molecular Biology. New York, NY: Springer. https://doi.org/10.1007/978-1-4939-9658-
2 2.

Schafer, Dorothy P, Emily K Lehrman, Amanda G Kautzman, Ryuta Koyama, Alan R
Mardinly, Ryo Yamasaki, Richard M Ransohoff, Michael E Greenberg, Ben A Barres,
and Beth Stevens. 2012. ‘Microglia Sculpt Postnatal Neural Circuits in an Activity and
Complement-Dependent Manner’. Neuron 74 (4): 691-705.
https://doi.org/10.1016/j.neuron.2012.03.026.

Schulz, Christian, and al. 2012. ‘A Lineage of Myeloid Cells Independent of Myb and
Hematopoietic Stem Cells’. 2012. https://doi.org/10.1126/science.1219179.

Scott-Hewitt, Nicole, Fabio Perrucci, Raffaella Morini, Marco Erreni, Matthew
Mahoney, Agata Witkowska, Alanna Carey, et al. 2020. ‘Local Externalization of
Phosphatidylserine Mediates Developmental Synaptic Pruning by Microglia’. The
EMBO Journal 39 (16): e105380. https://doi.org/10.15252/embj.2020105380.

Semple, Bridgette D., Klas Blomgren, Kayleen Gimlin, Donna M. Ferriero, and Linda
J. Noble-Haeusslein. 2013. ‘Brain Development in Rodents and Humans: ldentifying
Benchmarks of Maturation and Vulnerability to Injury across Species’. Progress in
Neurobiology 106—107 (July): 1-16. https://doi.org/10.1016/j.pneurobio.2013.04.001.

Sharma, Kaushik, Kanchan Bisht, and Ukpong B. Eyo. 2021. ‘A Comparative Biology
of Microglia Across Species’. Frontiers in Cell and Developmental Biology 9: 652748.
https://doi.org/10.3389/fcell.2021.652748.

231



Sheehan, Teige P, R. Andrew Chambers, and David S Russell. 2004. ‘Regulation of
Affect by the Lateral Septum: Implications for Neuropsychiatry’. Brain Research
Reviews 46 (1): 71-117. https://doi.org/10.1016/j.brainresrev.2004.04.009.

Shen, Xianli, Yiguo Qiu, Andrew E. Wight, Hye-Jung Kim, and Harvey Cantor. 2022.
‘Definition of a Mouse Microglial Subset That Regulates Neuronal Development and
Proinflammatory Responses in the Brain’. Proceedings of the National Academy of
Sciences 119 (8): €2116241119. https://doi.org/10.1073/pnas.2116241119.

Shin, Yoo-Jin, Hong Lim Kim, Jeong-Sun Choi, Jae-Youn Choi, Jung-Ho Cha, and
Mun-Yong Lee. 2011. ‘Osteopontin: Correlation with Phagocytosis by Brain
Macrophages in a Rat Model of Stroke’. Glia 59 (3): 413-23.
https://doi.org/10.1002/glia.21110.

Sierra, Amanda, Fernando de Castro, Juan del Rio-Hortega, José Rafael Iglesias-
Rozas, Manuel Garrosa, and Helmut Kettenmann. 2016. ‘The “Big-Bang” for Modern
Glial Biology: Translation and Comments on Pio Del Rio-Hortega 1919 Series of
Papers on Microglia’. Glia 64 (11): 1801—40. https://doi.org/10.1002/glia.23046.

Sierra, Amanda, Juan M. Encinas, Juan J. P. Deudero, Jessica H. Chancey, Grigori
Enikolopov, Linda S. Overstreet-Wadiche, Stella E. Tsirka, and Mirjana Maletic-
Savatic. 2010. ‘Microglia Shape Adult Hippocampal Neurogenesis through Apoptosis-
Coupled Phagocytosis’'. Cell Stem Cell 7 (4): 483-95.
https://doi.org/10.1016/j.stem.2010.08.014.

Sierra, Amanda, Marie-Eve Tremblay, and Hiroaki Wake. 2014. ‘Never-Resting
Microglia: Physiological Roles in the Healthy Brain and Pathological Implications’.
Frontiers in Cellular Neuroscience 8 (August): 240.
https://doi.org/10.3389/fncel.2014.00240.

Siracusa, Rosalba, Roberta Fusco, and Salvatore Cuzzocrea. 2019. ‘Astrocytes: Role
and Functions in Brain Pathologies’. Frontiers in Pharmacology 10.
https://www.frontiersin.org/articles/10.3389/fphar.2019.01114.

Smolders, Silke, Tina Notter, Sophie M. T. Smolders, Jean-Michel Rigo, and Bert
Bréne. 2018. ‘Controversies and Prospects about Microglia in Maternal Immune
Activation Models for Neurodevelopmental Disorders’. Brain, Behavior, and Immunity
73 (October): 51-65. https://doi.org/10.1016/j.bbi.2018.06.001.

232



Song, Wilbur M., and Marco Colonna. 2018. ‘The Identity and Function of Microglia in
Neurodegeneration’. Nature Immunology 19 (10): 1048-58.
https://doi.org/10.1038/s41590-018-0212-1.

Squarzoni, Paola, Guillaume Oller, Guillaume Hoeffel, Lorena Pont-Lezica, Philippe
Rostaing, Donovan Low, Alain Bessis, Florent Ginhoux, and Sonia Garel. 2014.
‘Microglia Modulate Wiring of the Embryonic Forebrain’. Cell Reports 8 (5): 1271-79.
https://doi.org/10.1016/j.celrep.2014.07.042.

Stark, Rory, Marta Grzelak, and James Hadfield. 2019. ‘RNA Sequencing: The
Teenage Years'. Nature Reviews Genetics 20 (11): 631-56.
https://doi.org/10.1038/s41576-019-0150-2.

Stratoulias, Vassilis, Rocio Ruiz, Shigeaki Kanatani, Ahmed M. Osman, Jose A.
Armengol, Antonio Rodriguez-Moreno, Adriana-Natalia Murgoci, et al. 2021. ‘Arg1+
Microglia Are Critical for Shaping Cognition in Female Mice’. bioRxiv.
https://doi.org/10.1101/2021.08.15.456225.

Stratoulias, Vassilis, Jose Luis Venero, Marie-Eve Tremblay, and Bertrand Joseph.
2019. ‘Microglial Subtypes: Diversity within the Microglial Community’. The EMBO
Journal 38 (17). https://doi.org/10.15252/embj.2019101997.

Stremmel, C., R. Schuchert, F. Wagner, R. Thaler, T. Weinberger, R. Pick, E. Mass,
et al. 2018. “Yolk Sac Macrophage Progenitors Traffic to the Embryo during Defined
Stages of Development’. Nature Communications 9 (1): 75.
https://doi.org/10.1038/s41467-017-02492-2.

Su, Peng, Jianbin Zhang, Fang Zhao, Michael Aschner, Jingyuan Chen, and Wenjing
Luo. 2014. ‘The Interaction between Microglia and Neural Stem/Precursor Cells’. Brain
Research Bulletin 109 (October): 32-38.
https://doi.org/10.1016/j.brainresbull.2014.09.005.

Swinnen, Nina, Sophie Smolders, Ariel Avila, Kristof Notelaers, Rik Paesen, Marcel
Ameloot, Bert Brone, Pascal Legendre, and Jean-Michel Rigo. 2013. ‘Complex
Invasion Pattern of the Cerebral Cortex Bymicroglial Cells during Development of the
Mouse Embryo’. Glia 61 (2): 150-63. https://doi.org/10.1002/glia.22421.

Tan, Yun-Long, Yi Yuan, and Li Tian. 2020. ‘Microglial Regional Heterogeneity and Its

233



Role in the Brain’. Molecular Psychiatry 25 (2): 351-67.
https://doi.org/10.1038/s41380-019-0609-8.

Tang, Yu, and Weidong Le. 2016. ‘Differential Roles of M1 and M2 Microglia in
Neurodegenerative Diseases’. Molecular Neurobiology 53 (2): 1181-94.
https://doi.org/10.1007/s12035-014-9070-5.

Tay, Tuan Leng, Catherine Béchade, Ivana D’Andrea, Marie-Kim St-Pierre, Mathilde
S. Henry, Anne Roumier, and Marie-Eve Tremblay. 2017. ‘Microglia Gone Rogue:
Impacts on Psychiatric Disorders across the Lifespan’. Frontiers in Molecular
Neuroscience 10: 421. https://doi.org/10.3389/fnmol.2017.00421.

Teissier, Natacha, Catherine Fallet-Bianco, Anne-Lise Delezoide, Annie Laquerriére,
Pascale Marcorelles, Suonavy Khung-Savatovsky, Jeannette Nardelli, et al. 2014.
‘Cytomegalovirus-Lnduced Brain  Malformations in Fetuses’. Journal of
Neuropathology & Experimental Neurology 73 (2): 143-58.
https://doi.org/10.1097/NEN.0000000000000038.

Thion, Morgane, and Sonia Garel. 2017. ‘On Place and Time: Microglia in Embryonic
and Perinatal Brain Development’. Current Opinion in Neurobiology, Glial Biology, 47
(December): 121-30. https://doi.org/10.1016/j.conb.2017.10.004.

Thion, Morgane S., Florent Ginhoux, and Sonia Garel. 2018a. ‘Microglia and Early
Brain Development: An Intimate Journey’. Science 362 (6411): 185-89.
https://doi.org/10.1126/science.aat0474.

. 2018b. ‘Microglia and Early Brain Development: An Intimate Journey’. Science
(New York, N.Y.) 362 (6411): 185-89. https://doi.org/10.1126/science.aat0474.

Thion, Morgane Sonia, Donovan Low, Aymeric Silvin, Jinmiao Chen, Pauline Grisel,
Jonas Schulte-Schrepping, Ronnie Blecher, et al. 2018. ‘Microbiome Influences
Prenatal and Adult Microglia in a Sex-Specific Manner’. Cell 172 (3): 500-516.e16.
https://doi.org/10.1016/j.cell.2017.11.042.

Thion, Morgane Sonia, Coralie-Anne Mosser, Isabelle Férézou, Pauline Grisel, Sofia
Baptista, Donovan Low, Florent Ginhoux, Sonia Garel, and Etienne Audinat. 2019.
‘Biphasic Impact of Prenatal Inflammation and Macrophage Depletion on the Wiring of
Neocortical  Inhibitory  Circuits’. Cell Reports 28 (5): 1119-1126.e4.
https://doi.org/10.1016/j.celrep.2019.06.086.

234



Trzesniak, Clarissa, Irismar R. Oliveira, Matthew J. Kempton, Amanda Galvao-de
Almeida, Marcos H. N. Chagas, Maria Cecilia F. Ferrari, Alaor S. Filho, et al. 2011.
‘Are Cavum Septum Pellucidum Abnormalities More Common in Schizophrenia
Spectrum Disorders? A Systematic Review and Meta-Analysis’. Schizophrenia
Research 125 (1): 1-12. https://doi.org/10.1016/j.schres.2010.09.016.

Ueno, Masaki, Yuki Fujita, Tatsuhide Tanaka, Yuka Nakamura, Junichi Kikuta, Masaru
Ishii, and Toshihide Yamashita. 2013. ‘Layer V Cortical Neurons Require Microglial
Support for Survival during Postnatal Development’. Nature Neuroscience 16 (5): 543—
51. https://doi.org/10.1038/nn.3358.

Utz, Sebastian G., Peter See, Wiebke Mildenberger, Morgane Sonia Thion, Aymeric
Silvin, Mirjam Lutz, Florian Ingelfinger, et al. 2020. ‘Early Fate Defines Microglia and
Non-Parenchymal Brain Macrophage Development’. Cell 181 (3): 557-573.e18.
https://doi.org/10.1016/j.cell.2020.03.021.

Vainchtein, llia D., Gregory Chin, Frances S. Cho, Kevin W. Kelley, John G. Miller,
Elliott C. Chien, Shane A. Liddelow, et al. 2018. ‘Astrocyte-Derived Interleukin-33
Promotes Microglial Synapse Engulfment and Neural Circuit Development’. Science
359 (6381): 1269-73. https://doi.org/10.1126/science.aal3589.

Van Deren, Donn A., Shrutokirti De, Ben Xu, Kayla M. Eschenbacher, Shuhua Zhang,
and Mario R. Capecchi. 2022. ‘Defining the Hoxb8 Cell Lineage during Murine
Definitive Hematopoiesis’. Development 149 (8): dev200200.
https://doi.org/10.1242/dev.200200.

Van Essen, David C. 2020. ‘A 2020 View of Tension-Based Cortical Morphogenesis’.
Proceedings of the National Academy of Sciences 117 (52): 32868-79.
https://doi.org/10.1073/pnas.2016830117.

VanRyzin, Jonathan W., Ashley E. Marquardt, Kathryn J. Argue, Haley A. Vecchiarelli,
Sydney E. Ashton, Sheryl E. Arambula, Matthew N. Hill, and Margaret M. McCarthy.
2019. ‘Microglial Phagocytosis of Newborn Cells Is Induced by Endocannabinoids and
Sculpts Sex Differences in Juvenile Rat Social Play’. Neuron 102 (2): 435-449.e6.
https://doi.org/10.1016/j.neuron.2019.02.006.

Velthoven, Cindy T.J. van, Cobi J. Heijnen, Frank van Bel, and Annemieke Kavelaars.

2011. ‘Osteopontin Enhances Endogenous Repair After Neonatal Hypoxic—Ischemic
235



Brain Injury’. Stroke 42 (8): 2294-2301.
https://doi.org/10.1161/STROKEAHA.110.608315.

Villa, Alessandro, Paolo Gelosa, Laura Castiglioni, Mauro Cimino, Nicoletta Rizzi,
Giovanna Pepe, Federica Lolli, et al. 2018. ‘Sex-Specific Features of Microglia from
Adult Mice’. Cell Reports 23 (12): 3501-11.
https://doi.org/10.1016/j.celrep.2018.05.048.

Waclaw, Ronald R., Lisa A. Ehrman, Alessandra Pierani, and Kenneth Campbell.
2010. ‘Developmental Origin of the Neuronal Subtypes That Comprise the Amygdalar
Fear Circuit in the Mouse’. The Journal of Neuroscience 30 (20): 6944-53.
https://doi.org/10.1523/JNEUROSCI.5772-09.2010.

Wakselman, Shirley, Catherine Béchade, Anne Roumier, Delphine Bernard, Antoine
Triller, and Alain Bessis. 2008. ‘Developmental Neuronal Death in Hippocampus
Requires the Microglial CD11b Integrin and DAP12 Immunoreceptor’. The Journal of
Neuroscience 28 (32): 8138—43. https://doi.org/10.1523/JNEUROSCI.1006-08.2008.

Wang, Hansen. 2021. ‘Microglia Heterogeneity in Alzheimer’s Disease: Insights From
Single-Cell  Technologies’.  Frontiers in  Synaptic = Neuroscience  13.
https://www.frontiersin.org/article/10.3389/fnsyn.2021.773590.

Wang, Liu-Xian, Ping Li, Hong He, Fan Guo, Ping Tian, Chen Li, Long-Biao Cui, Yi-
Bin Xi, and Hong Yin. 2020. ‘The Prevalence of Cavum Septum Pellucidum in Mental
Disorders Revealed by MRI: A Meta-Analysis’. The Journal of Neuropsychiatry and
Clinical Neurosciences 32 (2): 175-84.
https://doi.org/10.1176/appi.neuropsych.18030060.

Wendeln, Ann-Christin, Karoline Degenhardt, Lalit Kaurani, Michael Gertig, Thomas
Ulas, Gaurav Jain, Jessica Wagner, et al. 2018. ‘Innate Immune Memory in the Brain
Shapes Neurological Disease Hallmarks’. Nature 556 (7701): 332-38.
https://doi.org/10.1038/s41586-018-0023-4.

Werneburg, Sebastian, Philip A. Feinberg, Kasey M. Johnson, and Dorothy P. Schafer.
2017. ‘A Microglia-Cytokine Axis to Modulate Synaptic Connectivity and Function’.
Current Opinion in Neurobiology 47 (December): 138-45.
https://doi.org/10.1016/j.conb.2017.10.002.

Whalley, Katherine. 2019. ‘A Glial Contribution to “Chemobrain™. Nature Reviews

236



Neuroscience 20 (2): 67—67. https://doi.org/10.1038/s41583-018-0115-z.

Wilodarczyk, Agnieszka, Inge R Holtman, Martin Krueger, Nir Yogev, Julia Bruttger,
Reza Khorooshi, Anouk Benmamar-Badel, et al. 2017. ‘A Novel Microglial Subset
Plays a Key Role in Myelinogenesis in Developing Brain’. The EMBO Journal 36 (22):
3292-3308. https://doi.org/10.15252/embj.201696056.

Wonders, Carl P., and Stewart A. Anderson. 2006. ‘The Origin and Specification of
Cortical Interneurons’. Nature Reviews. Neuroscience 7 (9): 687-96.
https://doi.org/10.1038/nrn1954.

Xavier, Anna L. Ribeiro, Benjamin T. Kress, Steven A. Goldman, Jo&o R. Lacerda de
Menezes, and Maiken Nedergaard. 2015. ‘A Distinct Population of Microglia Supports
Adult Neurogenesis in the Subventricular Zone’. Journal of Neuroscience 35 (34):
11848-61. https://doi.org/10.1523/JNEUROSCI.1217-15.2015.

Yanguas-Casas, Natalia. 2020. ‘Physiological Sex Differences in Microglia and Their
Relevance in Neurological Disorders’. Neuroimmunology and Neuroinflammation 7 (1):
13-22. https://doi.org/10.20517/2347-8659.2019.31.

Zoller, Tanja, Artur Schneider, Christian Kleimeyer, Takahiro Masuda, Phani Sankar
Potru, Dietmar Pfeifer, Thomas Blank, Marco Prinz, and Bjérn Spittau. 2018. ‘Silencing
of TGFB Signalling in Microglia Results in Impaired Homeostasis’. Nature
Communications 9 (1): 4011. https://doi.org/10.1038/s41467-018-06224-y.

237



238






RESUME

Le développement du cerveau antérieur repose sur des étapes séquentielles, notamment la morphogenése, la
croissance axonale et la myélinisation, qui peuvent étre altérées dans les troubles neuropsychiatriques. Les microglies,
macrophages résidents du cerveau et régulateurs de I'homéostasie cérébrale en conditions physiologiques et
pathologiques, émergent en tant qu’acteurs clés du développement du cerveau antérieur. La microglie peut adopter
différents états cellulaires et transcriptionnels, une caractéristique remarquable initialement associée au vieillissement et
aux maladies, mais que l'on retrouve également au cours développement cérébral normal. En effet, une signature
microgliale connue sous le nom de axon tract associated microglia (ATM), a été trouvée dans la microglie postnatale
précoce qui régule la myélinisation du corps calleux. Cependant, les roles de la microglie et les états microgliaux
spécifiques potentiels pendant I'embryogenése restent largement a explorer. Nous avons identifi¢ des microglies
amiboides de type ATM dans le cerveau antérieur embryonnaire, qui s'accumulent transitoirement et de maniére
stéréotypée dans des zones sensibles telles que les frontiéres corticostriatoamygdalienne (CSA) et corticoseptale (CSB),
deux sites soumis a des tensions morphogénétiques. En utilisant un modéle de déplétion transitoire de la microglie et
des modéles d'invalidation génétiques, nous avons étudié les roles de la microglie dans le développement du cerveau
antérieur, en nous concentrant sur ces deux frontiéres corticales. Nous avons d’abord constaté que I'absence de
microglies embryonnaires entraine des lésions cavitaires au niveau de la CSA et de la CSB. Nous avons également
montré que la CSA est un site de fragilité développementale et que le profil embryonnaire ATM-like est associé aux
dommages mécaniques et a la réparation du tissu cérébral. Au niveau moléculaire, nous avons découvert que le facteur
ATM central Spp1/Osteopontine est partiellement requis pour la cohésion tissulaire au niveau de la CSA et de la CSB,
ainsi que pour les propriétés de réparation des microglies. Dans I'ensemble, ce travail révéle un nouveau réle de la
microglie embryonnaire dans le maintien de l'intégrité du cerveau pendant la morphogenése, mettant en relation un état
microgliale spécifique avec la cohésion tissulaire et apporte des clés de compréhension des fonctions physiologiques et
pathologiques des microglies.
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ABSTRACT

Forebrain development relies on sequential developmental steps including morphogenesis, axonal growth and
myelination, which can be altered in neuropsychiatric disorders. Microglia, the brain resident macrophages and regulators
of brain homeostasis in health and disease, are emerging as key actors of forebrain development. Microglia can adopt
various cellular and transcriptional states, a remarkable feature initially associated to ageing and disease, but also found
in normal development. Indeed, a microglial signature known as axon tract associated microglia (ATM), was found in
early postnatal microglia that regulate myelination of the corpus callosum. However, the roles of microglia and potential
specific microglial states during embryogenesis remain largely to be explored. We identified ATM-like amoeboid microglia
in the embryonic forebrain, which transiently accumulate at stereotyped hotspots such as the corticostriatoamygdalar
(CSA) and the corticoseptal boundaries (CSB), two known sites of morphogenetic stress. Using transient microglia
depletion and genetic models, we explored the roles of microglia in forebrain development, focusing on the two ATM-
hosting cortical boundaries. We found that the absence of embryonic microglia leads to cavitary lesions at both the CSA
and CSB. We further showed that the CSA is a site of developmental fragility and that the embryonic ATM-like profile is
linked with mechanical damage and tissue repair. At the molecular level, we found that core ATM factor Spp1/Osteopontin
is partially required for tissue cohesion at the CSA and CSB, as well as for the repair properties of microglia. Taken
together, this work reveals a novel role for embryonic microglia in the maintenance of brain integrity during
morphogenesis, linking a specific microglial state with tissue cohesion with major implications for our understanding of
microglial functions in health and disease.
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