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Work over the last decade demonstrates that the myelin sheaths enwrapping axons, classically seen
as static insulators, are highly dynamic and respond to axonal activity and experience. This
phenomenon, called “myelin plasticity”, goes beyond postnatal stages into adulthood and plays a
key role in remodeling neuronal circuits to support adaptive behavior or functional recovery upon
injury. Here we show that NMDA receptors containing GluN3A subunits (GluN3A-NMDARs),
key players in synaptic plasticity, are expressed by postnatal and young adult oligodendrocyte
progenitor cells (OPCs) and are essentially required for activity-dependent myelin plasticity.
Specifically, we find that genetic removal of GluN3A from young brains accelerates the
differentiation of OPCs into mature oligodendrocytes (mOLs) in a variety of brain areas during a
critical time window of postnatal development, driving an upregulation of multiple markers of OL
differentiation and myelination. The phenomenon is not related to time-courses or region-specific
patterns of neuronal activity and resembles gene expression programs typical of aged OPCs,
pointing towards loss of activity-dependent myelination driven by absence of GluN3A expression.
We confirmed this with functional assays in OPC-restricted GluN3A knockouts where OPCs-
lacking GluN3A failed to differentiate in response to chemo-genetic stimulation of callosal axons
or natural triggers of myelin plasticity like chronic physical exercise. In line with these findings,
the regenerative capacity of OPCs declines with aging and correlates with a significant down-
regulation of GIluN3A expression that predicts limits in plasticity. Our study opens an opportunity
to better understand neuron-glia communication and develop strategies to re-express GluN3A to

boost myelin plasticity during aging and neurodegenerative diseases.

19



El trabajo realizado durante la dltima década demuestra que las vainas de mielina que envuelven
los axones, cldsicamente consideradas como aislantes estdticos, son altamente dindmicas y
responden a la actividad y experiencia axonal. Este fenémeno, llamado "plasticidad mielinica", va
mis alld de las etapas posnatales hasta la edad adulta y desempena un papel clave en la remodelacién
de los circuitos neuronales para apoyar el comportamiento adaptativo o la recuperacién funcional
tras una lesién. Aqui mostramos que los receptores NMDA que contienen subunidades GluN3A
(GluN3A-NMDAR), actores clave en la plasticidad sindptica, se expresan en células progenitoras
de oligodendrocitos (OPC) durante la etapa postnatal y en jévenes adultos y son necesarios para la
plasticidad mielinica dependiente de la actividad axonal. Especificamente, encontramos que la
eliminacién genética de GIuN3A de cerebros jévenes acelera la diferenciacién de OPC en
oligodendrocitos maduros (mOL) en una variedad de dreas del cerebro durante una ventana de
tiempo critica del desarrollo posnatal, impulsando una mayor expresién de maltiples marcadores
de diferenciacién y mielinizacién de OL. El fenémeno parece no estar relacionado con el curso del
tiempo o con patrones de actividad neuronal especificos de una regidn y se asemeja a los programas
de expresién genética tipicos de las OPC envejecidas. Los ensayos funcionales con ratones con
delecién especifica de GluN3A en OPC mostraron ademds que las OPC que carecen de GIuN3A
no logran diferenciarse en respuesta a la estimulacién quimiogenética de los axones callosos o
desencadenantes naturales de la plasticidad mielinica, como el ejercicio fisico crénico. Es
importante destacar que la capacidad regenerativa de las OPC disminuye con el envejecimiento, lo
que se correlaciona con una importante regulacién negativa de la expresién de GIuN3A y predice
limites en la plasticidad. Nuestro estudio abre una oportunidad para comprender mejor la
comunicacién entre neurona y glia y desarrollar estrategias para reexpresar GluN3A con el objetivo
de aumentar la plasticidad mielinica que disminuye durante el envejecimiento y las enfermedades

neurodegenerativas.
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4.1. Oligodendroglia and myelination in the central nervous system

(CNS)

Myelination, the formation of lipid wraps around axons, is a tightly controlled process that over
development and adulthood allows efficient and fast conduction of action potentials (APs).
Oligodendrocytes are the myelin-forming cells in the central nervous system (CNS) and spinal
cord, while Schwann cells do this function in peripheral nerves. They originate from
oligodendrocyte progenitor cells (OPCs) which proliferate, migrate and express characteristic genes
to differentiate and adopt a mature phenotype at their final destination, or remain in an immature
state to sustain the basal turnover and plasticity of myelin (Miller, 1996; Hughes et al., 2013;

Young et al., 2013); or exert other less-known non-myelinating functions.

Oligodendrocytes were first described by Robertson in 1899. In 1921, Pio del Rio Hortega named
these cells oligodendrocytes (OLs), after differentiating them from microglia and astrocytes using
new staining techniques such as silver carbonate. Del Rio Hortega published a meticulous review
of his discoveries on the morphology and functionality of oligodendroglial cells in 1928. He was
able to visualize OLs with their thin processes connected to myelin sheaths. His stainings showed
that OLs are enriched in the white matter (WM) but also found in the grey matter (GM), and are
mostly localized intrafascicularly, sometimes also perineuronally or perivascularly (Del Rio
Hortega, 1928; Pérez-Cerda et al., 2015; Figure 1). Yet the demonstration that oligodendroglia
are the cells that produce and maintain the myelin sheaths that insulate CNS axons had to wait for
the introduction of immunohistochemical and electron microscopy techniques in the 1960s

(Geren, 1954; Bunge et al., 1962).

The prevailing view since the discovery of myelination in the peripheral nervous system (PNS)
(Vesalius, 1543 and Van Leeuwenhoek, 1719) has been that the only function of myelin-forming
cells is to enable maximum conduction velocity, reducing axonal energy consumption and ensuring
axonal integrity (Ranvier, 1871; Huxley and Stimpli, 1949). However, a number of observations
have challenged this notion transforming the view of myelin from a static, inactive insulator factor
into a dynamic player that shapes changes in adult brain circuits in response to learning. Increasing

evidence supports a role for activity-dependent changes in OPCs and myelin-forming OLs that
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influence neuronal circuit function (see 4.1.4) and for a metabolic role in supporting neurons on
demand via their myelin sheaths (Griffiths et al., 1998; Funfschilling et al., 2012; Saab et al.,
2016).

Figure 1. Drawings of the cerebral cortex (A) and white matter (B, C) stained with the Golgi-Hortega silver
carbonate method (inset in A). (A) Pyramidal neurons (PN), protoplasmic astrocytes (PA), vessels (V), and type [
oligodendrocytes (OLs; O-I) with many processes. Some OLs have processes oriented in the direction of projecting
axons (O-11), while others have a perivascular (O-12) or perineuronal (O-13; see inset) localization. (B) Note a fibrous
astrocyte (FA), some OLs of the first type (O-I) and one of the second type (O-1I), as well as microglia cells (M). (C)
See type I OLs similar to those in (A, B) (O-I) or with long processes that follow axons (O-14), and two dwarf
astrocytes (DA). Vessels (V) are also present in (B, C). Modified from Del Rio Hortega 1928 in the review of Pérez-
Cerdid et al., 2015.

4.1.1. Oligodendrocyte progenitor cells (OPCs)

Three sequential waves of OPCs populate the mouse cerebral cortex early on in a ventro-dorsal
temporal progression. OPCs originate from the subventricular zone (SVZ) o the medial ganglionic
eminence in a first ventral wave at embryonic day (E) 12.5 (Warf et al., 1991; Rowitch and
Kriegstein, 2010). Gradually, the stream of OPC generation moves dorsally with OPCs produced

in a second wave from the lateral and caudal ganglionic eminences by E15.5. At birth (E21/P0), a
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third wave of OPCs arises from the dorsal SVZ and migrates into the cortex (Kessaris et al., 2000).
These waves drive an overproduction of progenitors which compete for space and survival factors
provided by astrocytes and axons, leading to the death of a majority of OPCs generated during the
first cortical wave (Kessaris et al., 2006; Barres et al., 1992; Trapp et al., 1997; Barres and Raff,
1999). The same happens to 40% of interneurons that share common embryonic origin with the
first-OPCs and undergo programmed cell death during the first two postnatal weeks (Orduz et al.,
2019).

OPC:s (also known as NG2 glia or polydendrocytes) are the major dividing cell population in the
CNS and comprise 3-9% of the total cell population (Dawson et al., 2003). They are distributed
ubiquitously throughout the CNS and can be identified by the expression of three cell surface
molecules, the chondroitin sulfate proteoglycan NG2 (or CSPG4), the platelet-derived growth
factor receptor alpha (PDGFRa) and A2B5 (Figure 2-3). OPCs maintain unique territories
through self-avoidance, and loss of OPCs because of differentiation, death, or ablation triggers the
rapid migration and proliferation of adjacent cells to restore their density and maintain homeostasis
(Hughes et al., 2013). The life-long ability for self-renewal makes them unique in the CNS and

they are considered as stem cells despite not having a specific niche.

Whether OPCs are a heterogeneous cell population has been historically controversial. Initial
studies suggested that despite heterogeneity of OLs, OPC populations are transcriptionally
homogenous in the developing and adult brain (single-cell RNA-sequencing data from Marques
et al., 2018; Hilscher et al., 2022). Morphologically, OPCs in GM are characterized by their
symmetrically oriented processes that extend radially from the soma. By contrast, OPCs in the
WM have a more elongated, bipolar morphology, with their longer axes parallel to the axons
(Chittajallu et al., 2004). Physiologically, OPCs proliferate and differentiate more rapidly in the
WM than in the GM (Dimou et al., 2008; Vigano et al., 2013). The slower kinetics of OL
generation in GM has also been demonstrated in the human cortex (Yeung et al., 2014). In
addition, OPCs cycle less intensely with age and their differentiation rate declines progressively
into adult life (Psachoulia et al., 2009; Spitzer et al., 2019). However, and surprisingly, OPCs in
both WM and GM depolarize in response to vesicular release of glutamate and gamma-

aminobutyric acid (GABA) from neurons and responses are thought to be mediated by synapse-
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like contacts (Bergles et al., 2000, 2010). The presence of synaptic inputs onto OPCs initially
appeared to be ubiquitous, although the magnitude of synaptic input seems to vary among OPCs
in different niches or in different states. Indeed, two distinct types of morphologically identical
OPCs in rat CNS WM have been reported but: one expresses voltage-gated sodium and potassium
channels, generates “action potentials" when depolarized and senses its environment by receiving
excitatory and inhibitory synaptic input from axons; the other lacks action potentials and synaptic
input. The first ones are preferentially damaged by ischemia (Kdradéttir et al., 2008). Differences
have also been found in the responses of dorsal and ventral OPC to demyelination, age-related
functional decline and DNA damage (Crawford et al., 2016; Boda et al., 2022). In line with these
findings, OPCs have been found to be functionally more heterogeneous than previously expected
with their electrophysiological properties and molecular signature varying both between brain

regions and with age (Spizter et al., 2019; de la Fuente et al., 2020; Beiter et al., 2022; see 4.2.2).

Thus, OPCs might have a broader heterogencity of functions than anticipated. Although mature
patterns of myelination are largely established within the first three postnatal weeks in rodents or
first two years after birth in humans, OPCs continue to represent about 3-4% of cells in adult GM
and 8-9% of cells in the adult WM suggesting roles beyond oligodendrogenesis and myelination.
For instance, a growing number of studies show that OPCs promote angiogenesis (Yuen et al.,
2014; Chavali et al., 2020), glial scar formation (Bradbury et al., 2019), axon remodeling (Xiao et
al., 2022; Buchanan et al., 2022) and antigen presentation (Falcao et al., 2018; Kirby et al., 2019)

in both the healthy and diseased brain functions.

Human OPCs have been harder to study because of ethical and technical limitations. However,
incorporation of additional approaches is now opening new perspectives. Generation and isolation
of OPCs from engineered embryonic stem cells (ESCs) or human pluripotent stem cells (human
iPSC-derived OPCs) using a chemically defined growth factor-rich medium can now be used to
assess the biology of human OLs iz vitro, and investigate to what extent findings from rodent
OPCs can be translated to humans. Single-cell RNA-sequencing (scRNA-seq) on human ESC-
derived reporter cells purified at various time points after the initiation of differentiation, have

revealed molecular diversity and developmental heterogencity of human OPCs (Chamling et al.,
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2021). They identified sub-populations of OPCs defined by their developmental stage and
commitment to either the OL or astrocyte lineages as well as a sub-population with enriched
cytokine response signaling. This heterogeneity has been also described using human post-mortem
WM samples from the brain, cerebellum and spinal cord (Seeker et al., 2023). Human iPSC-
derived OPCs can be also potentially used for transplantation in disease context in a manner largely
— though perhaps not completely - free of rejection risk (Wang et al., 2013). Advances in human
brain organoids also provide an opportunity to study human OL function in health and disease
under conditions that more closely mimic the iz vivo 3D make-up of the brain (Velasco et al.,
2019; Shaker etal., 2021). A combination of these two techniques was developed to create a human
stem cell-derived organoid model of widespread and compact myelination (James et al., 2021).

Nevertheless, a long list of limitations persists and further investigation needed.
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Figure 2. PDGFRa in situ hybridization in P56 brain from Allen Brain Adas. PDGFRa-positive OPCs are
abundant and uniformly distributed in the adult mouse brain (left panel), both in WM and GM regions (right

panels).

4.1.2 OPC proliferation and differentiation

Cell cycle progression (also referred to as cell proliferation) is characterized by de novo DNA
synthesis during the S-phase and can be studied using fate mapping techniques where injection of
DNA intercalating agents like 5-bromo-2-deoxyuridine (BrdU) or 5-ethynyl-2’-deoxyuridine
(EdU) is followed by detection with antibodies or click chemistry. Using these methods, OPC

proliferation and differentiation has been shown to follow a complex sequence of events that
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require specific transcriptional programs. During the postnatal period of OPC proliferation and
rapid OL production that precedes and accompanies myelination, many recently divided OPCs
give rise to two differentiated OLs. In the mature CNS most OPC divisions are self-renewing and
generate either one OL and a replacement OPC, or two OPCs, like stem cells (Zhu et al., 2011).
Rapid downregulation of OPC markers and upregulation of molecules associated with lineage
progression contributes to generate early sister OPC asymmetry. Analyses during aging and upon
exposure to physiological (i.e., increased motor activity) and pathological (i.e., trauma or
demyelination) stimuli showed that both intrinsic and environmental factors influence the fraction
of symmetric and asymmetric OPC pairs and the phenotype of the OPC progeny as soon as cells

exit mitosis (Boda et al., 2015).

Postmitotic OPCs enter a newly-formed pre-myelinating OL stage (NFOL) where they remain for
roughly 2 days, according to Barres and Raff, 1999. During this short window of time, NFOLs
cither find an axon to enwrap or undergo programmed cell death (Barres et al., 1992; Sun et al.,
2018; Hill et al., 2018; Hughes et al., 2018). They are characterized by a radial morphology and
express genes such as G-protein-coupled receptor 17 (Gprl7), brain enriched myelin associated
protein 1 (Bcasl), transcription factor 4 (7¢f4, also known as 7¢fl2) and ectonucleotide
pyrophosphatase/phosphodiesterase 6 (Enpp6). OPCs that progress through the critical survival
checkpoint generate new myelinating mature OLs (mOLs) and undergo a dramatic morphological
change as they form myelin sheaths around axons. At the transcriptional level, there is a major
upregulation of genes such as proteolipid protein 1 (Pp1), myelin associated oligodendrocyte basic
protein (Mobp), myelin associated glycoprotein (Mag) and myelin basic protein (Mbp)

accompanied by down-regulation of early gene markers (Figure 3).

Thus, the differentiation of OPCs into myelinating OLs is a multistep process tightly controlled
by the spatiotemporal activation and repression of specific growth and transcription factors.
Transcription factors and epigenetic mechanisms (DNA methylation, histone modifications, and
microRNAs, reviewed by Emery and Lu, 2015 and Tiane et al., 2019) have been implicated in
orchestrating OPC proliferation vs differentiation. For instance, the myelin regulatory factor

(Myrf), discovered by Emery et al., 2009, is a key transcription factor essentially required for
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functional activation of myelin gene expression and a valuable Myrfknockout mouse model has
been created and extensively used in recent work to study adult oligodendrogenesis and de novo

myelination impact on plasticity, behavior and disease (see 4.1.4).
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Of note, while in the early postnatal period OPCs throughout the mouse brain exhibit similar
transcriptional phenotypes, scRNA-seq analysis identified 13 distinct OL populations, 12 of which
represent a continuum from Pdgfra-positive OPCs to distinct mOLs, 6 different populations
enriched in specific regions of the juvenile and adult mouse brain (postnatal day P10-P60)
(Marques et a., 2016 & 2018; Hilsher et al., 2022). Given the initial similarities, it is likely that
the local microenvironment, which OPCs are exposed to during differentiation, regulates
acquisition of this diversity. Human mOLs exhibit a comparable transcriptional heterogeneity that
correlates with different CNS regions as well as factors such as sex and age (Secker et al., 2023).

This heterogeneity is altered in disease contexts such as multiple sclerosis (Jikel et al., 2019).

4.1.3 Myelination

Vertebrate myelination is an evolutionary advancement essential for motor, sensory and higher
order cognitive functions. In humans, it begins before birth with OPC proliferation, migration
and maturation into myelin-forming OLs within the caudal brain stem and progresses rostrally to
the forebrain. But the most rapid and dramatic period of CNS myelination takes place during the

first two years of postnatal life. During this critical period, myelin is laid down in virtually all WM
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tracts, starting during the first 3 months of life in the midbrain and cerebellum and ending with
occipital cortical regions and prefrontal cortex (GM), higher order cognitive areas where
myelination continues into adulthood (Jakovcevski & Zecevic, 2005). In rodents, myelination

follows a similar timescale and pattern (Van Tilborg et al., 2018, Figure 4).

Axons from both excitatory and inhibitory neurons can be myelinated. Some OLs seem to
myelinate axons of both excitatory and inhibitory neurons equally while other OLs display a bias
in the choice of either inhibitory or excitatory axons (Zonouzi et al., 2019). Importantly, not all
brain axons are myelinated. It is possible to find unmyelinated thinner axons as well as
intermittently myelinated axons, mainly in the cortex, that are thought to represent an evolutionary
strategy to modulate long-distance communication and provide a substrate for circuit plasticity
and higher order brain functions (Tomassy et al., 2014; Bacmeister et al., 2022; Munyeshyaka and
Douglas Fields, 2022). Intermittent myelination has been proposed to be particularly important
in the synchronization of high—frequency spike—timing, the provision of metabolic support by OLs
to the axon, or the creation of neuron-OPC synapses along the unmyelinated segments that would
not be possible in a fully myelinated axon (Micheva et al., 2016; Tomassy et al., 2014). However,
the functional significance of intermittent myelination patterns must be deferred until histological
and electrophysiological measurements reveal the distribution of ion channels in the unmyelinated

segments (Munyeshyaka and Douglas Fields 2022).

The myelin sheath is a multilamellar spiral, protective layer made of lipids and protein that enwraps
neuronal axons. Differently from Schwann cells, a single OL can extend processes that myelinate
several axons at the same time, and multiple OLs can myelinate different segments of the same
axon with different myelin sheaths. Therefore, myelinated axons are organized into a series of
specialized domains with distinct molecular compositions and functions: the axon initial segment
(AIS), internodes (anatomical term for myelin sheath segments), juxtaparanodes, paranodes and

nodes of Ranvier (Susuki, 2013; Figure 5).
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The AIS is a thin unmyelinated part of the axon (10-60 pm in length) located between the axon
hillock, site in the soma where membrane potentials arising from multiple synaptic inputs are
summated before being transmitted to the axon, and the beginning of the first myelinated segment
(Peters et al., 1968; Kole and Stuart, 2012). The nodes of Ranvier are periodic gaps in the
insulating myelin sheaths that allow the fast saltatory conduction of action potentials and share a
common molecular organization with the AIS (Susuki et al., 2013; Rasband and Peles, 2015). At
the AIS, voltage-gated sodium (Nav) channels accumulate to initiate the AP, whereas at the nodes
they are responsible for AP propagation. At the flanking paranodes, axonal contactin associated
protein (Caspr) and glial neurofilament (NF)155 form a tripartite cell adhesion molecular complex
that mediates the assembly of the junction between the myelin sheath and the axon. Juxtaparanodes
flank paranodes and are enriched in voltage-gated potassium 1 (Kvl) channels. AIS and node

composition, length and localization will determine the neuron’s spiking properties.
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The phenomenon by which new myelin sheaths are generated around axons demyelinated by a
lesion or an insult in the adult CNS is called remyelination. While sharing similarities with
developmental myelination, it unfolds in a completely distinct context, rendering it a unique

phenomenon (refer to Chapter 4).

4.1.4 Activity-dependent myelination

Traditional models of developmental myelination proposed an innate program of robust OPC
expansion during postnatal development, followed by widespread differentiation and myelination
of target axons in a uniform pattern. OLs possess an intrinsic capacity to myelinate any correctly
sized fiber: OLs can myelinate paraformaldehyde-fixed axons and polymer filaments of appropriate
diameter and form internodes and myelin sheaths of thickness that is proportional to the diameter
of filaments (Bechler et al., 2015; Lee et al., 2012; Redmond et al., 2016). However, in vivo they
have a remarkable capacity to myelinate only specific axons or parts of axons. The discovery that
the cell-intrinsic capacity for myelination can be modulated by environmental cues gave rise to the
idea that there is a second, distinct mode of adaptive or experience-dependent, activity-

dependent myelination (see 4.1.4.1 to 4.1.4.5).

Gyllensten and Malmfors (1963) were the first to introduce the intriguing idea that neuronal
activity could influence oligodendroglia dynamics in experiments where dark-rearing inhibited
developmental myelination in the mouse optic nerve. The finding was supported by a later study
showing that premature eye-opening accelerates myelin formation (Tauber et al., 1980). Initially
sparse evidence for the exciting notion that axonal electrical activity and different types of

environmental experience can regulate myelination has now been significantly advanced by recent
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work investigating multiple aspects of the myelination process aided by magnetic resonance
imaging (MRI) in humans or sophisticated genetic and powerful imaging tools in rodents (Yal¢in
and Monje, 2021; Figure 6). To date, remodeling of nodes of Ranvier, internodes and myelin
sheaths in the juvenile and adult brain has been described during sensorimotor experience and
learning (see summary Table 1), chronic stress (Koskinen et al., 2023), aging and diseases such as

multiple sclerosis (Hinman et al., 2006; Howell et al., 2006; Fu et al., 2011).

However, the co-existence or consecutive activation of these two modes of myelination (activity
independent and activity dependent) during development and adulthood and the underlying cell

biological and molecular mechanisms are yet poorly understood and remains to be explored.
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Figure 6. Myelin plasticity is activated in response to neuronal activity and learning. Cartoon of motor, sensory,
social and cognitive (learning) paradigms that have been shown to induce and essentially require oligodendrogenesis

and myelin plasticity for neural circuit and behavioral adaptation (from Yal¢in and Monje, 2021).

In principle, myelination can modulate information flow in neural circuits through several
potential mechanisms, including: 1) de novo myelination of unmyelinated axons or unmyelinated
segments of partially myelinated axons, 2) myelin replacement, where an old sheath is replaced by
one or more new sheaths, 3) thickening or thinning of existing sheaths, 4) lengthening or
shortening of existing sheaths, and 5) myelin retraction, where sheaths are removed and not
replaced (Kaller et al., 2017; Figure 7). Additionally, adjustment of node of Ranvier length has

also been suggested as another potential mechanism for tuning the arrival time of information in
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the CNS (Arancibia-Cdrcamo et al., 2017). These adaptive changes can be driven by newly-formed
OPC:s that proliferate and differentiate (or directly differentiate) into OLs response to neuronal
activity, or by pre-existing OLs (Hughes et al., 2018; Yang et al., 2020) over different time scales.
In vivo, enhancing neuronal activity pharmacologically in the optic nerve (Demerens et al., 1996),
or with optogenetic (Gibson et al., 2014) or chemogenetic stimulation (Mitew et al., 2018) of
cortical neurons in adult motor or somatosensory cortex triggers an increase in OPC proliferation,
differentiation, and myelination in the stimulated brain areas. Conversely, decreasing neuronal
activity by pharmacological or chemogenetic manipulations (Demerens et al., 1996; Mitew et al.,
2018) decreases OPC differentiation and/or myelination in mice. Neuronal activity also promotes
OL survival iz vitro (Gary et al., 2012) and iz vivo via a glutamate-to-at-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors signaling (Kougioumtzidou et al., 2017)

although the mechanisms are unclear.
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Figure 7. Different cellular processes may lead to dynamic changes in myelination during adulthood. Cartoon
of the different mechanisms by which newly-formed or pre-existing OLs can drive myelin plasticity. Image adapted
from Kaller et al., 2017.
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As a result, activity-dependent myelination can fine-tune neural network dynamics and selectively
promote conduction in specific neural circuits and axonal subpopulations. However, aberrant
neuronal activity that occurs in disorders with recurrent seizures such as epilepsy, could promote
“maladaptive” myelination and has been shown to contribute to the pathogenesis. For instance,
Knowles and colleagues (2022) found network-specific increased oligodendrogenesis and
myelination after the onset of absence seizures in two distinct rodent models of generalized
epilepsy. Structural alterations included increased callosal myelin sheath thickness and number of
myelinated axons. Increased myelination did not occur when seizures were pharmacologically
prevented, and seizures and epilepsy progression did not progress when activity-regulated
myelination was genetically or pharmacologically blocked. Thus, myelin plasticity may become
maladaptive in some contexts. More myelin is not necessarily better, and seizure-related increases
in axonal myelination beyond a healthy optimum could disrupt the normal circuit function, for
example by interfering with fine oscillatory synchrony between brain regions that supports vital

cognitive processes.

4.1.4.1 Physical exercise

Physical activity and an active lifestyle have a beneficial effect on myelin content in humans (4
cross-sectional and 4 longitudinal MRI-based studies reviewed in Kujawa et al., 2023). Myelin
expansion can be induced in humans throughout the entire lifespan by intensive aerobic exercise
(1 hour per day for 6 months, average age of individuals=65 years, Colmenares et al., 2021),
providing preliminary evidence for experience-induced plasticity even in the aging WM.

In rodents, the impact of physical exercise [as opposed to motor learning (see 4.1.4.2)] on adaptive
myelination in the adult healthy brain is more ambiguous and contradictory. Voluntary physical
exercise on a running wheel has been reported to stimulate OPC cell cycle exit resulting in an
increased differentiation and decreased proliferation (Simon et al., 2011; Boda et al., 2014), but
consequences on myelination and behavior were not assessed. Other studies showed that long-
lasting voluntary wheel running promotes both proliferation and differentiation of newly-formed
OPCs and thus enhances the myelination in a brain region-dependent manner in adult mice

(Zheng et al., 2019, Eugenin von Bernhardi and Dimou, 2022). Conversely, Alvarez-Saavedra et
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al., 2016 and Mandolesi et al., 2019 studies are not indicative of adaptive myelination as voluntary
running on a wheel slightly increased OPC numbers with no subsequent increase in OLs and

myelin.

At least one study evaluated the effect of forced physical activity on adaptive myelination in young
mice. Chen and colleagues (2019) subjected 4-week-old mice to a 1-hour daily treadmill run for
three consecutive weeks. Following the exercise paradigm, increases in proliferating OPCs and new
mOLs as well as higher MBP intensity were detected in the corpus callosum; myelin in these
regions had increased thickness as measured by electron microscopy. The treadmill-enhanced
myelination was dependent on the activation of the mechanistic target of rapamycin kinase
(mTOR). This was evidenced by the fact that intraperitoneal injection of the mTOR inhibitor
rapamycin, administered every three days throughout the 21-day training paradigm, prevented
both activity-dependent oligodendrogenesis and enhanced myelination. Yet more studies are

needed to confirm this finding (see Results here).

While in the healthy brain the effect of physical exercise on myelination is still not clear, its benefits
against chronic stress (Tang et al., 2021; Yan et al., 2023) and demyelination (Jensen et al., 2018;
Mandolesi et al., 2019) find more general consensus. Physical exercise (running on a regular wheel)
enhanced oligodendrogenesis and remyelination in the lysolecithin model of toxin-induced
demyelination (Jensen et al., 2018) and in the cuprizone model of demyelination (Mandolesi et
al., 2019) (see 4.4.2). However, in these contexts it is difficult to discriminate between a direct or
indirect role as exercise can firstly reduce inflammation and in turn improve remyelination. Indeed,
some studies have addressed the immunomodulatory and neuroprotective effects of exercise in
multiple sclerosis (MS) animal models such as Experimental Autoimmune Encephalomyelitis
(EAE) mice (see 4.4). Exercise was shown to reduce 1) the immune-specific response of antigen
presenting cells against myelin epitopes, 2) the activation and infiltration of T and B cells in the
brain, 3) the production of inflammatory cytokines, 4) the astrogliosis and microgliosis; and to
increase neurotrophins which can restore neuronal functioning (Souza et al., 2017; Einstein et al.,

2018; Bernardes et al., 2013; Xie et al., 2019; Klaren et al., 2016; Pryor et al., 2015).
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4.1.4.2 Motor skill learning

We learn new motor skills throughout life, and this ability allows us to adapt to new environments
and compensate for injury. Recent evidence suggests that myelination may be dynamically
regulated by, and required for, motor learning. Structural changes in human WM occur when
learning complex tasks, such as playing the piano (Bengtsson et al., 2005) or learning how to juggle
(Scholz et al., 2009). Experiments in adult mice combining diffusion MRI fractional anisotropy
(as in human studies) and immunohistochemistry have shown that motor learning (single-pellet
reaching task) leads to WM structural changes which correlate with increased myelin density

(Sampaio-Baptista et al., 2013).

Much of the work implicating oligodendroglial cells in motor skill learning and memory (see
4.1.4.5) was made possible by the identification of Myrf; a transcription factor required for OPC
differentiation, and generation of a Myrfknockout line with targeted deletion in OPCs using the
PDGFRa promoter (PDGFRo-CreERT2;Myrf-flox). OPC-targeted Myrf deletion prevents
oligodendrogenesis in adulthood blocking OPC differentiation into myelin-forming OLs without
disturbing the preexisting OLs (Emery et al., 2009; McKenzie et al., 2014; Xiao et al., 2016), and
was used to demonstrate the necessity of new myelin formation for motor skill learning. Running
on a complex wheel with irregularly spaced rungs for 12 days triggered a transient increase in OPC
proliferation after 2 days that was followed by increased OPC differentiation by 11 days in the
corpus callosum of wild-type (Wt) mice (McKenzie et al., 2014). After 3 weeks of running, there
were ~50% more EAU'/CC1* OLs in runners than non-runners. A deficiency in new OL
generation during this complex learning task prevented Myrfknockout mice from mastering the
skill. Mutant mice learned over days but the daily average and maximum running speeds were
significantly lower compared to controls. Oligodendrogenesis seemed to be mainly involved in the
acquisition of the motor skill, as Myrf deletion after learning the skill did not affect mice
performance when re-introduced in the complex wheel later on (ability to recall a pre-learned skill).
Some years later, the same laboratory analyzed at higher temporal resolution the time-course of
learning and contribution of oligodendrogenesis. Quite unexpectedly, the performance of the two
groups diverged very early, within 2-3 hours after being introduced to the wheel. Immature OLs,

labeled with Enpp6, were increased within 2.5 hours of introduction to the complex wheel in the
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corpus callosum, and within 4 hours the increase was also detectable in the motor cortex (Xiao et
al., 2016). The rapid early phase of OL production presumably involves direct differentiation of
OPCs that were paused in the G1-phase of the cell cycle, with no previous proliferation needed.
This scenario could potentially cause a temporary decrease in local OPC density that leads to the
increased proliferation and differentiation of the remaining OPCs observed in the long term (>10
days), as a compensatory mechanism. This study suggests that OL differentiation is required at a
very early stage of motor skill learning, close to the point when synaptic changes occur (Xu et al.,

2009). They can be complementary mechanisms underlying learning and memory.

More recently, Bacmeister and colleagues (2020; 2022) applied longitudinal iz vive two-photon
imaging of individual OLs, myelin sheaths and neuronal axons combined with labeling of learning-
activated neurons in mice to study how the pattern of intermittent myelination was altered
specifically on individual cortical axons involved in learning a novel forelimb reaching task. Myelin
and nodal plasticity were observed in distinct phases of learning: 1) decreased oligodendrogenesis
and myelin sheath retraction (increased “nodal” distance) during the first phases of learning and
2) increased oligodendrogenesis and myelin sheath addition (decreased “nodal” distance)
immediately post-learning. Computational modeling suggested that motor learning-induced
myelin plasticity initially slows oligodendrogenesis. Subsequent increases in the magnitude and
timing of nodal and myelin dynamics and axonal conduction speed correlated with improved
behavioral performance during motor learning. These results support the notion that a transient
“suppressed OPC differentiation state” allows later selection of task-related axons by OLs. Motor
learning can also promote oligodendrogenesis and myelin remodeling by pre-existing OLs in a

timing-dependent manner during remyelination (Bacmeister et al., 2020).

4.1.4.3 Sensory experience
Deprivation experiments show that experience-dependent myelin plasticity operates as well in
visual and somatosensory systems. Binocular enucleation during a specific critical period (postnatal
week 4) transiently increases OPC proliferation in the subcortical WM (scWM) of primary visual
cortex (V1) without altering the number of mOLs measured several days later (Shin and Kawai,

2021). Monocular deprivation in adult rats decreases myelin markers in the V1-related hemisphere,
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whereas the opposite is observed in the non-deprived hemisphere (Murphy et al., 2020). Myelin
adaptation to visual deprivation is neuron-specific: myelination of cortical projection neurons
remains unchanged, while the myelin profiles of inhibitory parvalbumin (PV) neurons remodel
with redistribution of ion channels at the nodes of Ranvier (Yang et al., 2020). This again suggested
that myelin plasticity is part of the reconfiguration process that adjusts and fine-tunes neural
circuits to change sensory experience. Etxeberria and colleagues (2016) demonstrated that long-
term monocular deprivation in mice increases oligodendrogenesis in the retino-geniculate pathway
but shortens myelin internode lengths and increases the number of nodes of Ranvier, significantly

reducing conduction velocity in the optic nerve.

During formation of the mouse barrel cortex in the somatosensory cortex (the area responding to
whisker activity), OPCs receive glutamatergic synapses from thalamocortical fibers and accumulate
along septa separating the barrels that represent specific whiskers. Cauterization of whiskers from
birth increases OPC proliferation in the barrel fields by P6 (Mangin et al., 2012) and reduces
myelinated axon density at P60 in the barrel cortex (Barrera et al., 2013). Whisker trimming also
increases the rate of apoptosis of newly-generated OPCs and overall reduces the total number of
differentiated OLs, pointing to the initial increase in OPC proliferation as a homeostatic response
to a reduction of mOLs. Thus, a critical time window between OPC cell division and
differentiation seems to determine OPC survival as a function of changes in the microenvironment

and neuronal activity (Hill et al., 2014).

Sensory enhancement can also reshape myelin during adulthood. Three weeks of exposure to a
sensory-enriched environment that enhances whisker stimulation and exploration increases
oligodendrogenesis and myelination of the barrel cortex (Hughes et al., 2018). However,
longitudinal in vive two-photon imaging shows that only a fraction of the differentiated OLs
achieves stable integration while the rest die, resembling the developmental critical window.
Remarkably, once integrated, OLs remain particularly stable throughout life (Hughes et al., 2018;
Tripathi et al., 2017; Yeung et al., 2014).
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4.1.4.4 Social experience
Social experience modulates myelin profiles in relevant anatomical regions. An influential study
showed that people raised in orphanages with severe social deprivation display altered myelination
in limbic WM tracts. The structural changes are associated with long-lasting cognitive impairment
(Chugani et al., 2001; Eluvathingal et al., 2006). Inspired by these human imaging and
neuropsychological studies, a critical period for myelination was identified in the early juvenile
period following weaning in mice (Makinodan et al., 2012). Mice that were socially isolated just
after weaning (P21) showed decreased sociability and working memory, along with thinner myelin,
shorter and fewer internodes, and reduced length of mOL processes in the medial prefrontal cortex
(mPFC). Importantly, the myelin deficits caused by social isolation were not reversed by social re-
integration at P35. Prolonged periods of social isolation in adult mice also reduced myelin
thickness in the mPFC and caused social withdrawal (Liu et al., 2012). However, the defects could
be reversed by social re-integration, indicating that experience-dependent myelin plasticity of

adulthood differs from the juvenile period as is the case with other forms of brain plasticity.

Little is known about the molecular mechanisms that mediate social experience driven changes in
mPFC myelination. Neuregulinl (NRG1)/receptor tyrosine-protein kinase3 (ErbB3) signaling has
been implicated (Makinodan et al., 2012; Roy et al., 2007). For instance, ErtbB3 deletion from
OLs mimics the effects of social isolation, causing decreased sociability and thinner myelin sheaths.
Reduced expression of type II NRG1 in mPFC neurons during social isolation can cause reduced
OL ErbB3 signaling, leading to defects in myelination (Makinodan et al., 2012). Another line of
evidence links blood vessels to myelin plasticity in mPFC via vasoactive peptide endothelin

signaling (Swire et al., 2019).

Recently, chronic social stress has also been linked to myelin remodeling. In adult mice, a 15-day
chronic social stress leads to increased aversion responsiveness and altered OL/myelin-related

transcript expression within mPFC and amygdala network (Poggi et al., 2022).
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4.1.4.5 Memory and cognition

A question in the field was whether myelination is triggered only by sensorimotor learning, or is a
response common to other types of learning and cognitive processes. Human studies have reported
changes in WM following reading (Carreiras et al., 2009), learning a second language (Schlegel et
al., 2012) or working memory training (Takeuchi et al., 2010; Vestergaard et al., 2011), suggesting

that modifications in myelin also occur during cognitive learning.

Mice studies are starting to support this concept. For instance, fear learning induces proliferation
and subsequent differentiation of OPCs in the mPFC, a key brain area for long-term adaptations,
over several weeks, increasing the number of myelinated axons (Pan et al., 2020). The basolateral
amygdala (BLA) also exhibits an initial increase in OPC proliferation, but the new OPCs fail to
survive and differentiate into mOLs over the following weeks. No changes were observed in other
regions involved such as the anterior cingulate cortex (ACC) or hippocampus, concordant with
observations that different neuronal types differentially exhibit activity-regulated myelin changes
(Gibson et al., 2014; Yang et al., 2020). Remote (30 days after conditioning) but not recent (24
hours) fear memory recall was impaired in Myrf-knockout mice (Pan et al., 2020), suggesting that

oligodendrogenesis is required exclusively for fear memory consolidation.

Similar findings were reported by Steadman and colleagues (2020) using the Morris water maze as
a spatial learning paradigm. Over the course of training, adult Wt mice found the hidden platform
with decreasing latency. Analysis of EdU" cells revealed that oligodendrogenesis and de novo
myelination increased during training in some but not all task-related brain regions analyzed.
Across the 4 training days, OPC-specific Myrf lacking mice required progressively less time to
locate the platform, like age-matched control mice, indicating robust short-term learning.
However, in the probe test 24 hours later they searched the platform less selectively than controls.
Interestingly, oligodendrogenesis continued during the post-training consolidation period in the
absence of additional training as shown using Edu injection immediately after training. Its
disruption in Myrf-knockouts specifically impaired remote memory tested 28 days later and

oscillatory coupling of hippocampal sharp wave ripples and cortical spindles were impaired.
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Apart from fear and spatial memory, Shimizu and colleagues (2023) recently reported a role of
oligodendrogenesis in spatial working memory. Working memory operates in short-time scales to
maintain and update task-relevant information despite interference from competing inputs and is
a crucial cognitive process for reasoning and decision-making. Using T-maze and radial arm maze
protocols, they showed that working memory training stimulates and requires OPC proliferation
and differentiation, with performance of individual mice strongly correlated with the numbers of
OPCs and OLs generated during training. Yet unexpectedly, they were unable to find any

correlation between mouse performance and bulk neuronal activity in task-related brain areas such

as the ACC.
Type Of Activity Myelin Changes Brain Species References
Region Model/Age
Optogenetic Increased OPC proliferation and M2, scWM = Adult Wt Gibson et al.,
stimulation of differentiation; increased myelin mouse iz vivo = 2014
neuronal activity thickness
Chemogenetic Increased OPC proliferation, CcC Adult Wt Mitew et al.,
stimulation of differentiation with myelination of mouse in vivo | 2018
neuronal activity active axons
(DREADDs)
Voluntary physical Higher MBP protein expression with =~ M1 Adult Wt Zheng et al.,
exercise (wheel) increased myelinated axons and mouse iz vivo | 2019; Eugenin
myelin thickness; increased OPC von Bernhardi
proliferation and differentiation and Dimou,
2022
Forced physical m-TOR-dependent increase in CcC Adult Wt Chen et al.,
exercise (treadmill) newly-formed OPCs and mOLs mouse iz vivo | 2019
Motor learning Transiently suppressed Mil Adult Bacmeister et
(single-pellet oligodendrogenesis and increased Wtmouse 77 al., 2020, 2022
reaching task) myelin retraction (node length) over vivo;
learning; increased Lysolecithin

oligodendrogenesis, OPC
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in differentiated OLs

Inhibition of developmental

myelination

Transient increase in OPC
proliferation without effect on

differentiation

Decreased MBP in the deprived-
hemisphere and myelin remodeling
with ion channel redistribution at
nodes of Ranvier; Increased
oligodendrogenesis but shorter
myelin internode length and

increased number of paranodes

Increased oligodendrogenesis and
myelination; remodeling of pre-

existing myelin sheaths

CC, M1

S1

S1

Optic

nerve

V1, sceWM

V1; Optic

nerve

S1, CC

demyelination

model

Adult Wt and
Myrf-Ko

mouse iz vivo

Postnatal and
adult Wt

mouse 7 vivo

Postnatal Wt

mouse 7 vivo

Postnatal Wt

mouse 7 vivo

Postnatal Wt

mouse 7 vivo

Adult Wt rat

in vivo

Adult and
postnatal Wt

mouse 7 vivo

Chen et al.,
2019

Mangin et al.,
2012; Barrera et

al., 2013

Hill et al., 2014

Gyllensten and
Malmfors
(1963)

Shin and
Kawai, 2021

Murphy et al.,
2020; Yang et
al., 2020;
Etxeberria et al.,

2016

Hughes et al.,
2018; Goldstein
etal.,, 2021;
Nicholson et

al., 2020
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Social isolation

Fear learning (fear

conditioning)

Spatial learning
(Morris Water Maze)

Spatial working
memory (T-maze;

Radial Maze)

Thinner myelin, shorter and fewer
internodes and reduced length of
mOL processes (NRG1/Erbb3

dependent)

Increased OPC proliferation,
differentiation and number of

myelinated axons

Inhibition of myelin formation

impairs remote fear memory

Oligodendrogenesis and de novo
myelination increased during
training and post-training.
Inhibition of myelin formation

impairs memory consolidation

Increased OPC proliferation and
differentiation in myelin-forming

OLs

mPFC

mPFC

ACC,
RSC,
CC/Cing

CC, ACC

Postnatal and
adult Wt

mouse 7 vivo

Adult Wt and
Myrf-Ko

mouse iz vivo

Adult Wt and
Myrf-Ko

mouse 7 vivo

Adult Wt and
Myrf-Ko

mouse 7 vivo

Makinodan et

al., 2012

Pan et al., 2020

Steadman et al.,

2020

Shimizu et al.,

2023

Table 1. Summary of key studies describing activity or experience-dependent changes in oligodendroglia and

myelin in rodents.
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4.2. Neuron-oligodendroglial interactions

The mechanisms that regulate the interaction between neurons and oligodendroglial cells,
especially in the context of myelin plasticity, are still poorly understood as most genetic
manipulations to date have used the Myrf-knockout mouse model that blocks OPC differentiation
and myelination non-selectively. A growing body of literature highlights that mechanisms for
neuron-to-OPC communication engage bona-fide synapses between axons and OPCs, non-

synaptic vesicle exocytosis, or paracrine signaling via mediators secreted by neurons.

Axon-OPC synapses: More than twenty years ago, Bergles and colleagues (2000) discovered
functional synaptic contacts between neurons and NG2* OPCs (Figure 8). Evidence of excitatory
(Bergles et al., 2000) and inhibitory (Lin and Bergles, 2004) synaptic input onto OPCs was
reported in GM (e.g. in the hippocampus, cerebellum and cochlear nucleus, Bergles et al., 2000;
Mangin et al., 2008; Lin et al., 2005; Miiller et al., 2009), and in WM (Kukley et al., 2007;
Etxeberria et al., 2010). The properties of axon-OPC synapses encompassed essential features of
neuron-to-neuron synapses: fast activation, quantal responses, presynaptic inhibition, and both
facilitation and depression. Further, presynaptic vesicle machinery accumulates on axons under
their myelin sheaths. And, synaptic adhesion proteins and postsynaptic organizers including the
PSD-95 scaffold are expressed in OPCs and down-regulated upon OPC differentiation (Li et al.,
2024; Hughes and Appel, 2019). Finally, OPCs express functional neurotransmitter receptors for
both glutamate and GABA (see 4.2.2) and respond physiologically to presynaptic release of these
neurotransmitters. Recently, tracing approaches have begun to reveal the connectivity between
neurons and OPCs across brain regions (Mount et al., 2019) and time-lapse i vivo imaging studies
in the developing zebrafish spinal cord have significantly contributed to our understanding of these

fascinating contacts and underlying mechanisms (Li et al., 2022; Hines et al., 2015; Marisca et al.,

2020; Hughes and Appel., 2019).

What is the functional significance of neuron-OPC synapses? Why are they disassembled upon
OPC differentiation? Since OPCs do not appear to fire action potentials and transmit electrical
signals to other cells, information derived from neuronal activity is likely to instruct functions

specific to these progenitors: proliferation, differentiation and activity-dependent myelination (see
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4.1.4) as well as synapse refinement and neural circuit remodeling. On one hand, using zebrafish
Hines and colleagues (2015) showed that activity-dependent vesicle secretion stabilizes myelin
sheaths formed on selected axons, and Almeida and colleagues (2021) described how axonal
vesicular fusion was enriched in hotspots in heminodal non-myelinated domains into which
sheaths grew at the onset of myelination. On the other hand, consistent with the idea that OPCs
have a unique and separate role in neural circuit remodeling, two studies provided evidence that
OPCs phagocytose synapses in the developing and mature mouse visual cortex (Auguste et al.,
2022; Xiao et al., 2022; Buchanan et al., 2022). The question is: are some OPCs specialized in
engulfing synapses while others are not? To address this, Auguste and colleagues (2022) developed
a high-throughput flow cytometry approach to profile the amount of presynaptic material in over
25,000 OPCs. The analysis revealed that about 20% of OPCs do not contain synaptic material,

75% contain a moderate number of synaptic material, and 5% of OPCs are ‘heavy engulfers’ that

phagocytose a large number of synapses.

Figure 8. Axon-OPC synapses. (A)
Electron microscopy images showing a
process of a biocytin labeled OPC receiving
a synapse from a neuronal button (b). (B)
Silver-intensified gold reaction of an OPC
process revealing the thinner postsynaptic
membrane  specialization  (arrows) as

compared with the postsynaptic density

Control  (between double arrows) of a spine (s)

R TP innervated by the same button (b). (C)

i L-glu

Puffer  application of  L-glutamate
I | p ”! ' I (200mM, 50 ms; down arrow) onto CA3
v L-alu+'|'rx pyramidal neurons eliciting bursts of

inward currents in OPCs blocked by TTX

¥ L-glu(wash
(1mM). Adapted from Bergles et al., 2000.
Flow —» _ _|10pa

25ms
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Axon-OPC  communication —via non-synaptic — neurotransmitter  release:  Neuron-to-OPC
communication at non-synaptic sites has also been described to promote preferential myelination
of electrically active axons iz vitro. Glutamate release from synaptic vesicles that accumulate in
varicosities (or “hot-spots”) along axons of mouse dorsal root ganglion (DRG) neurons triggers
local rises in cytoplasmic calcium in OPC processes. Release happens at non-synaptic axo-glial
junctions and promotes local synthesis of MBP in the myelin sheath through Fyn kinase-dependent

signaling (Wake etal., 2011).

Axon-myelin signaling. During the differentiation process, OPCs undergo intense structural
changes and the processes generate a large amount of membrane around axons to create the myelin
sheath. The level of expression of the majority of glutamate receptor subunits has been shown to
be reduced in mOLs compared to OPCs (see 4.2.2) and to be locally restricted to OPC processes
and growing myelin sheaths (Karadottir et al., 2005; Pifia-Crespo et al., 2010; Micu et al., 2016).
The unique electrical properties of mOLs, characterized by high resting potassium-dependent
conductance and very low impedance (Kukley et al., 2010), pose challenges in achieving adequate
voltage control over the distal parts of myelin sheaths during whole-cell patch-clamp recordings.
Despite these challenges, evidence points to glutamate release beneath the myelin sheath as a mode
of neuron-to-mOL communication (Micu et al., 2016). Additionally, glutamate receptor responses
have been implicated in calcium accumulation within myelin, especially during chemical ischemia
(Micu et al., 2006; Doyle et al., 2018). However, this mechanism differs from classical synaptic
release and can be explained also by non-vesicular glutamate release along the axons via reverse

glutamate uptake.

Finally, apart from neurotransmitters, neurons secrete factors that are important for

oligodendroglial cell survival and dynamics upon activity stimulation (see below).

4.2.1 Neuron-secreted factors in neuron-oligodendroglial interactions

While in the PNS, axonal expression of type III NRG1 is sufficient to instruct Schwann cells to
myelinate axons (Michailov et al., 2004; Taveggia et al., 2005), not such molecular mediator has

been identified in CNS myelination, suggesting that multiple signals might exist. Nevertheless,
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numerous neuron-secreted factors have been identified as critical players in interactions between

neurons and oligodendroglia and shown to influence the process of myelination.

A key player is brain-derived neurotrophic factor (BDNF), a microenvironmental cue regulated by
neuronal activity whose effects are mediated through tropomyosin receptor kinase B (TrkB)
receptors in OPCs (Geraghty et al., 2019; Vondran et al., 2010). BDNF plays a role in both
developmental myelination and activity-regulated myelin plasticity. In development, heterozygous
loss resulting in ~40% decreased BDNF protein reduces OPC numbers and decreases myelin-

associated protein levels without changing OL numbers (Vondran et al., 2010).

In line with these findings, conditional 7748 deletion in mature OLs using the MBP promoter
does not change OL numbers but reduces myelin sheath thickness in the CNS (Wong et al., 2013).
OPC-specific deletion of 77kB entirely abrogates activity-dependent myelination of cortical
projection neuron axons (Geraghty et al., 2019). Mechanistically, Lundgaard and colleagues
(2013) showed that BDNF increases OPC responses to glutamate by enhancing N-methyl D-
aspartate (NMDA) receptor function and switching OPCs to an activity-dependent mode. NRG1
also activates this switch, suggesting that multiple factors may impact OPC responses to similar
neurotransmitter signals (see 4.2.2.2 and 4.3.3). These data, combined with the finding that social
isolation leads to decreased NRGI1/ErbB3 signaling in OLs and PFC hypomyelination
(Makinodan et al., 2012; see 4.1.4.4) support a mechanism whereby neuronal, activity-dependent
release of growth factors gates responses of oligodendroglia to neurotransmitter release. A related
line of research suggests an additional contribution of microglia to this regulation (Gibson et al.,
2019; Geraghty et al., 2019). In a mouse model of chemotherapy-related cognitive impairment
using methotrexate (MTX), activated microglia reduce BDNF expression and impair activity-
dependent OPC proliferation, differentiation, and myelination. Mice that lack TrkB in OPCs
(Pdgfra-creER™; TrkB"™) or are defective in BDNF transcription (BDNF™X mice with knock-in
mutations in calcium regulatory element binding sites in the Bdnf promoter) exhibit impaired
activity-dependent myelination in premotor circuits accompanied by deficits in a novel object
recognition test. Conversely, stimulating TrkB signaling rescued cognitive function after MTX

exposure. Depleting microglia through pharmacological colony-stimulating factor 1 (CSF1)
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receptor blockade restored neuronal BDNF expression, reversed the myelin deficits and rescued
cognitive performance (Geraghty et al., 2019; Gibson et al., 2019). These findings underscore a
sensitive balance between interactions of glial cell types in the brain and how glial dysregulation

can exert persistent impairments on neurological function.

Along with the described implication of NRG1 and BDNF, Osso and colleagues (2021) identified
the neuropeptide dynorphin as a mediator of activity-dependent myelination following stress.
Forced swim stress induces striatal dynorphin release by unmyelinated axons which activates kappa
opioid receptor (the endogenous dynorphin receptor) expression in OPCs,, resulting in increased
OPC differentiation and myelination of neighboring axons. Neurotrophin 3, ciliary neurotrophic
factor (CNTF) and PDGF have also been shown to be crucial for OPC survival and proliferation
in vitro (Barres et al., 1993). Finally, many other factors, including Jagged1, neural cell adhesion
molecules (NCAMs; such as L1-CAM, PSA-NCAM, TAG-1), Lingo1, Fractalkine, Laminin-a2,
and certain cadherins regulate axon-oligodendroglia interactions at the various stages of axon

selection and myelination during development and beyond (reviewed in Almeida, 2018).

4.2.2 Neurotransmitters in neuron-oligodendroglial interactions

Glutamate and GABA release from activated axons likely serves as a triggering mechanism for
activity-dependent myelination. As mentioned, OPCs receive synaptic inputs from both glutamate
and GABA neurons and express a variety of ionotropic glutamate (kainate, AMPA, NMDA) and
GABA receptors (Bergles et al., 2000; Karadottir et al., 2005, 2008; Micu et al., 2006; Kukley et
al., 2007; Ziskin et al., 2007; Lundgaard et al., 2013; Gautier et al., 2015; Spitzer et al., 2019;
Mount et al., 2019) that allow them to sense and respond to neuronal activity. Nevertheless, the
roles of these receptors in oligodendroglia is still the subject of controversy. Below we review
current evidence for the involvement of the two major families of glutamate receptors, AMPA-type

and NMDA-type, which mediate fast excitatory synaptic transmission and plasticity in neurons in

the CNS.
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4.2.2.1 AMPA receptors in oligodendroglia

Electrophysiological studies demonstrate the expression of AMPA-type glutamate receptors
(AMPARYs) in oligodendroglial cells, principally OPCs (Kukley et al., 2007; Ziskin et al., 2007).
Double in situ hybridization (ISH) for Pdgfra and AMPA receptor subunits (Grial-4) followed by
Olig2 immunolabelling in the developing scWM show GluA2, 3 and 4 subunits in a majority of
OPCs, with almost absence of GluAl (Kougioumtzidou et al., 2017). Of note, the edited GluA2
form — with Arg in position 583 - renders GluA2-containing AMPA receptors Ca**-impermeable.
Both calcium permeable (GluA2-lacking) and impermeable AMPA receptors (Maldonado and
Angulo, 2015; Chen et al., 2018) are expressed by OPCs, allowing OPCs to respond to synaptic

input with membrane depolarization and local calcium influx.

Functionally, studies in isolated OPC cultures or organotypic cerebellar slices showed that AMPAR
activation inhibits OPC proliferation while AMPAR block with the antagonist 6,7-
dinitroquinoxaline-2,3-dione (DNQX) promotes proliferation and differentiation (Gallo et al.,
1996; Yuan et al., 1998; Fannon et al., 2015). The iz vitro data support an anti-proliferative role
of AMPARs, but paradoxically, AMPAR block decreased myelination suggesting that full-
differentiation did not occur (Fannon et al., 2015). In addition, genetic mouse studies showed
minimal and opposite effects of OPC-selective deletion of AMPA receptor subunits (GluA2-3-4)
in OPC proliferation or differentiation 7z vivo, i.e. only a small decrease on the number and
survival of newly differentiating OLs (Kougioumtzidou et al., 2017). Importantly for
interpretation, these experiments were performed in the absence of experimental modulation of
neuronal activity, which could lead to missing activity-dependent roles for these receptors. Indeed,
blocking neuronal activity, axon vesicular release or AMPA receptors in toxin-induced focal

demyelinated lesions results in impaired remyelination (Gautier et al., 2015).

To clarify these issues, Chen and colleagues (2018) chose an alternative approach: to increase the
Ca**-permeability of AMPA receptors in OPCs using retroviral injections of GluA2 variants in the
mouse corpus callosum. Experiments were conducted during the 2nd-3rd postnatal week, when
OPC differentiation and myelination rates are high. Expression of unedited GluA2 increased

AMPAR currents and Ca?* permeability, leading to OPC proliferation but reduced differentiation.
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The finding suggested that that Ca?*-permeability of AMPARSs might be involved in regulating the
choice between proliferation and differentiation in OPCs. And indeed, differentiating OPCs have

been shown to have a lower Ca?*-permeability than immature cycling OPCs (Zonouzi et al., 2011).

4.2.2.2 NMDA receptors (NMDAR:s) in oligodendroglia

WM oligodendroglia was initially reported to lack NMDARs (Berger et al., 1992; Patneau et al.,
1994), the classical mediator of glutamate toxicity, and it was thus believed that an excess of
glutamate damages OPCs by acting on calcium-permeable AMPA/kainate receptors (Gautier et
al., 2015) or by depriving cells of antioxidant protection (Oka et al., 1993). However, a series of
breakthrough studies (Karadottir et al., 2005; Salter and Fern, 2005; Micu et al., 2006; see also
Burzomato et al., 2010) reported for the first time oligodendroglial expression of NMDARSs.
Karadottir et al. (2005) provided a detailed description of NMDA-evoked currents in postnatal
OPCs and mOLs mediated by receptors which are blocked only weakly by Mg2* and likely
contained NR1, NR2C and NR3 NMDAR subunits. Application of NMDA (60uM) evoked an
inward current in corpus callosum and cerebellum oligodendroglia, which was comparable in size
(at -63mV in 0mM Mg2") to currents evoked by AMPA (20puM) or kainate (30uM). The NMDA
currents were blocked by the competitive NMDA receptor antagonist D-AP5 but unaffected by
antagonists of AMPA/KA, mGluR, GABAA, or glycine receptors. While AMPA receptors mainly
clustered on the soma, NMDARs were present in the OL myelinating processes (Salter and Fern,
2005) and were activated by ischemia. The authors suggested that NMDARs mediate, at least in
part, the inward current generated in OLs in response to the kind of energy deprivation that occurs
in periventricular leukomalacia, stroke, and after ischemia in spinal cord injury. Parallel studies
showed that NMDAR activation during ischemia causes Ca** accumulation in myelin (Micu et al.,
2006) with rapid loss of oligodendroglial process (Salter and Fern, 2005) and myelin
decomposition that can be prevented by NMDAR inhibitors (Micu et al., 2006). Notably, the
higher glutamate affinity of NMDAR:s, relative to AMPA receptors, makes them more likely to be
activated in neurodegenerative disorders which involve a prolonged but small rise of extracellular

glutamate concentration, as may occur in MS.
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Yet similarly to AMPA receptors, genetic deletion of the obligatory NMDAR subunit GluN1
appeared to have no discernible impact on OPC density, proliferation nor developmental
oligodendrogenesis and myelination iz vive (de Biase et al., 2011; Guo et al., 2012). The only
change observed by de Biase and colleagues (2011) was enhanced surface expression of calcium-
permeable AMPA receptors. In contrast to these results, Li and colleagues (2013) reported a role
of NMDARSs in regulating OPC differentiation and remyelination potential iz vitro. In cultured
rat OPCs, NMDA stimulation regulated myelin proteins expression and increased the complexity
of process branching and extension during OPC differentiation. Pharmacological NMDAR
antagonism or GluN1 knockdown by RNA interference in OPCs prevented the differentiation
induced by NMDA. The pro-differentiation effect of NMDA was linked to activation of mTOR
and was blocked by the mTOR inhibitor rapamycin, suggesting an mTOR-dependent mechanism.
Furthermore, NMDA increased numbers of myelin segments in DRG-OPC cocultures. In line
with these results, Li and colleagues (2013) provided in vivo evidence for NMDAR role in
remyelination. This is demonstrated by the delayed remyelination observed in the cuprizone

model, examined through i7 vivo immunofluorescence and electron microscopy, when treated with

the NMDAR antagonist MK801.

Further evidence for NMDARs in OPCs has emerged in the last few years. Spitzer and colleagues
(2019) conducted electrophysiological recordings of fluorescently labeled OPCs in NG2-EYFP
(enhanced yellow fluorescent protein) knock-in mice. The most prominent age-related changes
were in Nav channels (which determine OPC excitability) and NMDAR densities. Both peaked
during the first/second postnatal week (P6-P16, Figure 9) when OPCs start to differentiate into
myelinating OLs. However, while Nav density remains high in the adult and aged brain (Figure
9A and 9B), NMDAR density gradually decreases with age correlating with a reduction in OPC
proliferation and myelination potential (note the dramatic decrease after P200, Figure 9C and
9D). Parallel RNA-seq of OPCs isolated by PDGFRa magnetic activated cell sorting was used to
correlate electrophysiological currents in OPCs with gene expression. Age-related changes in Nav
and NMDAR densities in OPCs were associated with changes in their molecular signature: at P12
OPCs mainly express genes of proliferation, early differentiation and transcription that decreases

with age and concomitant upregulation of pro-quiescence and inflammatory genes. In terms of
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subunit composition, gene expression of Nav (a subunits Scz32 and Sen/a, and B auxiliary
subunits Senlb, Scn3b, and Scn4b) and NMDAR subunits (Grinl, Grin2a, Grin2c, and Grin3a)
significantly increased from embryonic to postnatal OPCs and subsequently remained constant to
old age, with the exception of Scn3b and Grin3a, that were still present in adult but almost

completely disappeared in aged mice (see Results section).
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Figure 9. OPCs acquire functional ion channels at different developmental time points. (A) Leak-subtracted
traces of Nav currents in response to 20-mV steps from a holding potential of -74 mV (inset, voltage pulses from
-114 to +26 mV) in OPCs from E13 to 9-month-old-mice. (B) Nav densities significantly differ between age groups,
with a peak at P6-16, at the time when myelination is at its highest rate. (C) NMDA (60 pM)-evoked currents in
OPCs from E13 to 9-month-old-mice. (D) Both current density and proportion of OPCs with detectable currents

peaked during P6-P35, at the time when myelination is at its highest rate, and declined until becoming undetectable.

Figure adapted from Spitzer et al., 2019.

Recently, a newly identified metabolic role for NMDARSs in oligodendroglia has been described.
OLs take up glucose using the cell surface—expressed glucose transporter 1 (GLUT1) and then
convert glucose into lactate through glycolysis. Saab and colleagues (2016) described that OL
NMDARSs regulate GLUT1 surface expression, glucose uptake and axonal energy metabolism

upon activity-dependent glutamate release 772 vitro. This is also important in disease contexts. For
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instance, studies of early stages of the EAE model of MS have shown that axonal damage can start
well before axons become demyelinated, suggesting loss of OL metabolic support as a very early

event in the pathogenesis (Niki¢ et al., 2011).
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4.3. GluN3A-containing NMDA receptors (GluN3A-NMDARs)

NMDARs are heterotetrameric assemblies of two mandatory GluN1 subunits and combinations
of GluN2 (A-D) and GluN3 (A-B) subunits (Monyer et al., 1992; Schorge and Colquhoun, 2003);
in older terminology GluNs are referred to as NRs. Combinatorial subunit composition confers
specific biophysical properties and protein interactions and yields multiple receptor subtypes with
distinct single-channel conductance, Mg2" blockade, and Ca2' permeability as well as unique
trafficking, localization and signaling (Lau and Zukin, 2007; Paoletti et al., 2013). GluN1/2A or
2B NMDARs are historically defined as the mediators of brain plasticity because of their high
calcium permeability and signaling properties that convert neuronal activity patterns into long-
term changes in synapse structure (Monyer et al., 1994). During critical periods of postnatal
development, a switch from juvenile (containing GluN2B or GluN3A) to mature (containing
GIuN2A) NMDAR subtypes is thought to gate the maturation and stabilization of excitatory
synapses and formation of precise neural circuits (Paoletti et al., 2013; Hansen et al., 2017).
Current data pinpoints the relevance of non-conventional GluN3A-containing NMDARs (from
now on GluN3A-NMDARs) as gate-keepers of synaptic plasticity and stabilization during
postnatal development. More recent work suggest that they maintain juvenile plasticity modes
into adulthood in specific brain areas and in non-neuronal populations (Perez-Otano et al., 2016;

Crawley et al., 2022).

4.3.1 Properties and expression pattern of GluN3A-NMDARs

Non-conventional GluN3A subunits can assemble into two types of receptor complexes: i) tri-
heteromeric receptors (GluN1/2/3A, or non-conventional GluN3A-NMDARs) that respond to
glutamate and NMDA but exhibit smaller single-channel conductance, lower Ca2* permeability,
lower open probability (but longer open times) and relative insensitivity to Mg** block compared
to classical GluN1/GluN2 NMDAR:s; or ii) di-heteromeric (GluN1/3A) receptors that do not
bind glutamate and function as excitatory glycine receptors (Figure 10) (Burzomato et al., 2010;
Das et al., 1998; Perez-Otano et al., 2001, Roberts et al., 2009; Sasaki et al., 2002; Tong et al.,

2008). Along with distinct biophysical properties, a second characteristic of non-conventional
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GluN3A-NMDARSs is a decreased concentration at postsynaptic densities (PSDs) of excitatory
synapses relative to GluN1/2 postsynaptic NMDARs. Electron microscopy and biochemical
fractionation studies show that GluN3A, while present in PSDs, predominates at perisynaptic or
extrasynaptic locations, suggesting specialized functions such as sensing specific patterns of
glutamate release or glycine or dominant-negative effects on classical NMDAR signaling (see below
modulation by GluN3A of mTOR signaling). Immunogold electron microscopy studies have also
reported GluN3A at presynaptic locations next to astrocytes (Larsen et al., 2011; Savtchouk et al.,

2019).

Conventional Non-conventional Excitatory glycine
GluN1/2 NMDARs GIluN1/2/3A NMDARs GIuN1/3A receptors
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Figure 10. Unique properties of GluN3A-containing receptors. Cation permeabilities of classical NMDARs and
different types of GluN3A-containing complexes. Note that the calcium permeability and Mg2* sensitivity of both
non-conventional GluN1/2/3A triheteromers and excitatory glycine GluN1/3A diheteromers are lower than
conventional GluN1/2 receptors (from Crawley et al., 2021).
GIuN3A is highly expressed during postnatal critical periods of experience-dependent plasticity
(peak at P8-P12) and expression drops dramatically in most brain regions as synapse stabilization
and maturation occur (Perez-Otafio et al., 2006; Wong et al., 2002). Recent work from our lab
(Murillo et al., 2021) revealed that beyond postnatal periods, significant GluN3A levels are
retained into adulthood in selected brain regions such as the amygdala, medial habenula,
association cortices, and high-order thalamic nuclei. These findings confirmed and expanded
another study that found Grin3a expression in adult mouse brain to be one of the strongest
correlates with a hierarchical gradient of functional integration across the neocortex - from primary
sensory to transmodal association cortices, established using the MRI T1w/T2w ratio, marker of
myelin content and cytoarchitecture (Fulcher et al., 2019). Low T1w/T2w ratios and high Grin3a

expression were typical of less differentiated association and transmodal cortical areas with strong
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needs for plasticity and functional integration throughout life such as the claustrum, rhinal, insular

or prefrontal cortex, in adult mouse brain. Similar correlation was observed in human brains.

Functionally, molecular manipulations in mice showed that prolonging GluN3A expression
beyond its natural time window inhibits synapse plasticity and maturation and promoted pruning,
whereas GluN3A deletion accelerated synapse maturation and stabilization (Henson et al., 2012,
Kehoe et al., 2014; Roberts et al., 2009; reviewed in Pérez-Otano et al., 2016, see Figure 11).
These and many other iz vitro and in vivo experiments support the hypothesis that GluN3A-
NMDARSs act as a “brake” to prevent the premature strengthening and stabilization of synapses
and keep plasticity high until the arrival of sensory activity. Properly-timed and activity dependent
removal of GluN3A-NMDARs then would allow their replacement by conventional NMDARs
that in turn will drive the maturation of active synapses. Another hypothesis is that GluN3A-
NMDARSs act as a “tagging” mechanism to label weak and inactive synapses, which will promote

the retraction, and final elimination of the spine and synapse (Henson et al., 2010).

Of mysterious function long since their discovery in 2001 (Perez-Otafo et al., 2001; Chatterton
et al., 2002), functional di-heteromeric GluN1/GIluN3A receptors have now been described in
juvenile hippocampal (Grand et al., 2018) and adult medial habenula neurons (Otsu et al., 2019).
Electrophysiological recordings suggest that, rather than gating plasticity as GluN1/2/3 complexes,
they modulate neuronal excitability by acting at dendritic localization as sensors of endogenous

glycine levels (Bossi et al., 2022).

From a signaling point of view, metabotropic interactions with the postsynaptic scaffold GIT1
allow GluN3A to control local mMTOR complex 1 (MTORCI1) or actin cytoskeleton activity (Fiuza
et al, 2013; Conde-Dusman et al., 2021). For instance, enhancing GluN3A expression in cortical
neurons disrupts GIT1/mTORCI complexes and prevents (BDNF) activity-dependent synaptic
mTOR activation. Conversely, GluN3A removal enables complex formation, potentiates mTOR-
dependent protein synthesis and facilitates the consolidation of associative and spatial memories in
mice. The regulation of protein synthesis by GIuN3A via mTOR signaling suggest a putative
mechanism of action of GluN3A-NMDARs expressed by other cell types, such as OPCs.
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Figure 11. Roles of GluN3A-NMDARs in synapse maturation and pruning. (a) Loss and gain of GluN3A
expression (encoded by the Grin3a gene) in constitutive Grin3a” and transgenic mice where green fluorescent
protein (GFP)-GluN3A was overexpressed under the control of the calcium/calmodulin-dependent protein kinase
type 2a (Camk2a) promoter (Tet-On system) (Roberts et al 2009). P6-P8, peak of endogenous GluN3A expression;
P25, plateau of transgenic GluN3A expression. (b) Cerebrocortical neurons from P18 Grin3” mice had increased
density of dendritic spines with large heads, indicative of a mature morphology. Conversely, dendritic spine density

and size were reduced in transgenic mice in which GIuN3A expression was prolonged (Tg GIuN3A). Adapted from

Pérez-Otafio et al., 2016.

4.3.2 GluN3A cell-type specific expression

GluN3A is expressed in both excitatory and inhibitory neurons in mice and humans. Grin3a
mRNA has been detected in mouse somatostatin interneurons at high levels, in excitatory
pyramidal neurons of primary cortices, hippocampus, basolateral amygdala and prefrontal coftex
and retinol ganglion cells among others (Pachernegg et al., 2012; Pfeffer et al., 2013; Murillo et al
2021). It is however unclear which complexes are functionally assembled, and which roles they
fulfill in specific cellular populations beyond the synapse refinement hypothesis. Recent studies
using RNA-seq or other approaches indicate that GIuN3A is expressed in other cell types such as

enteric neurons in the gut (Osorio et al., 2023) and in non-neuronal cells, most prominently

oligodendroglia (see 4.3.3 and this study).

4.3.3 GluN3A in the oligodendroglial lineage
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As mentioned above, Karadottir and colleagues (2005) were able to record small NMDA-evoked

currents in both OPCs and mOLs. Changing from Mg*'-free to 2mM Mg2* superfusion solution

decreased NMDA-current by 3 to 5-fold (Figure 12A and 12C). The 3 to 5-fold reduction was

much lesser than the measured in neurons, or in studies of recombinant GluN1/2 NMDARs

expressed in HEK293 cells or oocytes (60-fold for receptors containing GluN1 and GluN2A or

2B subunits; 20-fold for receptors comprising GluN1 and GluN2C or 2D), but comparable to

recombinant receptors comprising GluN1, GluN2A or 2C and GluN3A subunits (Figure 12B,

Karadottir et al., 2005; Burzomato et al., 2010). The weak Mg2'-block, together with antibody

labeling (Figure 12D) and co-immunoprecipitation (IP) data (Figure 12E) suggested that the

NMDARs in OLs are composed of GluN1, GluN2C and GluN3 subunits (K4radéttir et al., 2005;

Saltern and Fern, 2005; Burzomato et al., 2010).
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Figure 12. NMDA evoked currents in oligodendroglia exhibit GluN3A-NMDAR-like properties. (A) NMDA
response in 0mM, 2mM and 0mM Mg2* conditions. (B) Fraction of NMDA-evoked current remaining in 2mM

Mg2*, in 4 OPCs, 6 immature and 9 mature cerebellar OLs. Arrows: values from Kuner and Schoepfer, 1996 for
NR1/2A,B or NR1/2C,D, and Sasaki et al., 2002 for NR1/2A/3A receptors. (C) Normalized -V relationship for
NMDA-evoked current in OmM (2 precursors) and 2mM Mg2* 3 different precursors). (D) Colocalization
(yellow) of NR3 (red) and NR2C subunit (green) labeling in cerebellar OL processes. (E) Western blot showing IP
of myelin preparation using antibody to NR2C probed with antibodies to NR3A and NR1 (left) or antibody to
NR3A probed with antibodies to NR1 and NR2C (right). Adapted from Kéradéttir et al., 2005; Saltern and Fern,

2005; Burzomato et al., 2010.
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The findings were received with controversy in the community. Years later, mouse DNA-
microarray, bulk and scRNA-seq analysis provided independent evidence for the presence of
Grin3a mRNA, albeit restricted to OPCs rather than in both OPCs and OLs as previously reported
(Cahoy et al., 2008; Zhang et al., 2014; Marques et al., 2016, 2018; Spitzer et al., 2019; Neumann
etal., 2019; Falcao et al., 2018;) (see Results). To date transcriptomic analysis of human tissue has
been able to detect Grin3a expression only in inhibitory interneurons and some excitatory neurons,
but not in oligodendroglia lineage cells (La Manno et al., 2016; Jakel et al., 2019). This might be
related to the comparatively smaller size of these cells compared to neurons and lower gene
expression levels that pose sensitivity challenges for human RNA-seq experiments and analysis.
Nevertheless, immunoblotting and immunostaining have detected GluN3A expression in the WM

of the developing and young adult human brain (Jantzie et al, 2015).

In a hallmark cell biology paper, Lundgaard and colleagues (2013) found that GluN3A in OPCs
is regulated by activity, much like in neurons (Figure 13). In cocultures of rat DRG neurons and
mouse OPCs, NRG1 and BDNF increased NMDAR currents in oligodendroglial cells by 6-fold.
The effect was larger in OPCs when compared to differentiated OLs, likely because a dynamice
switch in modes of OPC differentiation and myelination from an activity-independent to activity-
dependent. Myelination was increased in presence of NRGI1, but NMDAR block reduced
myelination to far below its level without NRG1 (Figure 13A and 13B). The increase in NMDA
responses reflected a change in subunit composition, with 40% down-regulation of GluN3A levels
when NRG1 was added to OPC-neuron co-cultures (Figure 13C). NRGI similarly down-
regulated GluN3A by 33% in pure OPC cultures, but only when glutamate was added to mimic

glutamate release from DRG axons (see Figure 13D).
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Figure 13. Activity-dependent GluN3A downregulation. (a) Western blots and densitometric quantification of
NMDAR subunits detected in control and NRG-treated cocultures (NR1, NR2B and its phosphorylated form
pNR2B, NR2C and its phosphorylated form pNR2C, NR3A and NR3B, while NR2A and NR2D levels were
undetectable); B-actin acts as a loading control throughout. Only GluN3A was significantly downregulated upon
activity stimulation. (c) Western blot for NR1 and NR3A of control (Con) and NRG-treated (for 6 d) pure OPC
cultures, treated (+) or not treated (-) with 20 min glutamate (Glu, 100 uM) stimuladon every day, with
densitometric quantification of subunit protein levels (normalized to B-actin and then to control). Adapted from
Lundgaard et al., 2013.
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4.4. Demyelination and remyelination in aging and disease

4.4.1 Demyelination and remyelination processes

Demyelination refers to the loss of myelin sheaths around nerves (Figure 14A and 14B) and is a
feature of many CNS disorders. Inflammation and direct targeting of myelin is the most common
cause of myelin damage. Following demyelination, OPCs are activated and recruited to the damage
area, where upon migration they proliferate and differentiate to form new myelin wraps around
denuded axons (Figure 14C). This spontaneous regenerative response is called remyelination and
while highly efficient in young people, is prone to failure especially in the context of aging or in

the kind of persistent inflammatory environment that occurs in some disease states.

4.4.2 Multiple sclerosis (MS) and experimental animal models

MS is the most common primary demyelinating disease of the CNS. It affects 2.9 million people
world-wide (National Multiple Sclerosis Society, updated Atlas of MS 2023) and is a main cause
of disability among the adult and aged population. It is caused by an immune-mediated attack of
the myelin sheath or the OLs that form it, which leads to inflammation, myelin loss and ultimately
injury of the nerve fibers it surrounds. MS presents in various forms: with individual relapses
(relapsing-remitting MS), or with gradual progression (progressive MS) and no periods of
remission. Most patients present relapsing-remitting MS that with time and age converts into
progressive MS in most cases, while around 10% of the patients present a progressive form of
disease with no relapses from the onset, known as primary progressive MS (Coles and Compston,
2008). Significant progress has been made in developing immunomodulatory treatments that limit
immune-mediated attacks and thus, control relapses, with very limited success in the progressive
forms of the disease. This is, at least in part, becausethere are no therapies that promote
remyelination or functional recovery and prevent axonal damage and accumulation of disability in
progressive MS stages, when remyelination fails. Remyelination failure is thought to be a major

contributor to disease progression, and thus developing strategies for regenerating myelin is now a

top priority.
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Unfortunately no specific mouse model recapitulates the diverse features of the disease, but

multiple models covering specific pathophysiological aspects have been developed. These animal

models (reviewed in Torre-Fuentes et al., 2020) may be classified into 3 categories:

Immune-mediated and/or inflammatory models, such as EAE that is triggered by injection

of myelin antigens like PLP, MOG and MBP together with complete Freud adjuvant.

Genetic mutant models of myelin deficiency that specifically replicate the pathological loss
of myelin, such as the shiverer mice (in which the gene coding for MBP is duplicated and
inverted), rumpshaker mice (mutation in the gene coding for PLP), or jimpy mice (74 base

deletion in the gene coding for PLP).

Models of focal acute or chronic demyelination, including models of chemical lesions
induced with cuprizone (CPZ) or lysolecithin (Lysophosphatidylcholine, LPC), which are
crucial to better understand the remyelination proccess. CPZ is a chelating agent that is
widely used due to its ability to induce demyelination of specific CNS regions like corpus
callosum and hippocampus upon systemic administration (Praet et al., 2014; Vega-Riquer
et al., 2019), with limited blood brain barrier disturbance and infiltration of peripheral
immune cells. It causes acute demyelinating lesions that may become chronic if
administration is prolonged. This model has the advantage that discontinuing
administration triggers spontaneous remyelination, enabling the study of both processes.
However, although CPZ-induced OL loss has been historically attributed solely to primary
OL death, we now know that CNS inflammation with microglia and astrocyte activation
cither causes or aggravates demyelination (Zirngibl et al., 2022). On another side, direct
injection of LPC into the WM causes focal demyelinating plaques, as the toxin damages
the myelin sheath and triggers an inflammatory response. As with other toxin-induced
models of demyelination, the myelin damage stage is quickly followed by remyelination,

although the speed and degree of remyelination are age-dependent (Gingele et al., 2020).
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4.4.3 Myelin loss in other neurodegenerative diseases

Apart from MS, OL dysfunction and WM loss has been observed in a variety of neurodegenerative
diseases like Alzheimer’s disease (AD, Mitew et al., 2010; Thara et al., 2010), amyotrophic lateral
sclerosis (ALS, Kang et al., 2013; Philips et al., 2013; Ferraiuolo et al., 2016), Parkinson’s disease
(PD, Dean et al., 2016; Bryois et al., 2020), early stages of Huntington’s disease (Bourbon-Teles
et al., 2019; Ferrari Bardile et al., 2019; Sun et al., 2022), schizophrenia and bipolar disorders
(Bartzokis et al., 2012; Valdés-Tovar et al., 2022). It is also a feature of aging that is correlated
with cognitive decline (Bartzokis et al., 2012; Li et al., 2023). Whether OL dysfunction is a
consequence of chronic neuronal damage and inflammation or a primary feature present from early
disease stages remains an open question. However, several studies support the latter hypothesis.
For instance, AD mouse models exhibit alterations of myelin morphology and OL development
before the formation of amyloid and tau deposits (Araque Caballero et al., 2018; Desai et al., 2009;
Depp et al., 2023), and a disease-associated OL signature shared among multiple CNS pathologies
has been described (Kenigsbuch et al., 2022). Besides, genetically or pharmacologically enhancing
myelin renewal, by oligodendroglial deletion of the muscarinic M1 receptor or systemic
administration of the pro-myelinating drug clemastine, improved the performance of a mouse

model of AD in memory-related tasks and increased hippocampal sharp wave ripples (Chen et al.,

2021).

4.4.4 Why does remyelination fail in MS? Intrinsic and extrinsic factors

Despite the unfavorable regenerative environment of the CNS, and in contrast to the limited
capacity for neuronal/axonal regeneration, remyelination is highly efficient in relapsing-remitting
MS, giving rise to so-called shadow plaques--sharply demarcated areas characterized by more
sparsely myelinated axonal fibers with thinner myelin sheaths. Remyelinated axons are not only
observed in established lesions but also in the earliest stages of acute demyelination. Remyelination
varies between patients but seems to be more active at early stages of the disease and declines with
age and disease progression (Prineas et al., 1993; Patrikios et al., 2006; Patani et al., 2007; Bramow
etal., 2010). This failure becomes a major reason for the inexorable disease progression (Shields et

al., 1999; Goldschmidt et al., 2009; Frischer et al., 2015). The major lesion type found at autopsy
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are chronic demyelinated lesions (Frischer et al., 2015); however, it remains unknown why such
lesions fail to regenerate. The presence of OPCs in chronic lesions (Wolswijk, 2002; Rodriguez et
al., 2014; Boyd et al., 2013) has led to the notion that a differentiation block underlies the
remyelination failure (Kuhlmann et al., 2008; Franklin and Ffrench-Constant, 2017). Hence
identifying and targeting the mechanisms that promote (or interfere with) OPC differentiation

and myelination of appropriate axons is critical to develop effective therapeutic interventions.

With aging, each step of remyelination becomes slower (Shields et al., 1999; study on rats). The
last phase in which recruited progenitors differentiate is rate-limiting, since increasing OPC
numbers after demyelination in aged animals does not increase the efficiency of remyelination
(Woodruff et al., 2004). In fact, even in healthy brains aged OPCs fail to respond to pro-
differentiation signals and acquire hallmarks of cell aging, including decreased metabolic functions

and increased DNA damage (Neumann et al., 2019).

A number of recent studies have started to identify intrinsic or extrinsic factors within the stem
cell niche and intense work is directed towards developing ways to modulate them and restore the

lost myelination ability.

o [Intrinsic factors: Young and aged OPCs are transcriptional different (Spitzer et al., 2019;
Neumann et al., 2019). Aged OPCs have reduced expression of OPC-specific genes and
increased expression of genes involved in mitochondrial dysfunction, unfolded protein
response, autophagy, DNA damage, cellular senescence, inflammasome signaling and
mTOR activity. Restoring normal mTOR signaling with fasting or treatment with
metformin reverse these changes and rejuvenate aged OPCs, bringing back their
regenerative capacity and improving remyelination in aged animals following focal
demyelination with LPC (Neumann et al., 2019). Dysregulation of Gprl7 is another
hallmark of aging OPCs (Rivera et al., 2021). Interestingly, Gprl7 is specifically expressed
in a subset of OPCs responsible for rapid reactions to damage (Vigano et al., 2016). It has
recently been shown that transcriptional heterogeneity also exists between
oligodendroglial cells during MS and may contribute to disease progression (Jakel et al.,

2019). OPCs become “stalled” and fail to differentiate into mOLs, contributing to
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demyelination and axonal damage within lesions and leading to neurodegeneration (Chang
et al., 2002; Boyd et al., 2013; Gruchot et al., 2019; Franklin, 2022). scRNA-seq studies
have identified unique cell states among oligodendroglial cells in MS, including OPCs with

some characteristics of immune cells (Jakel et al., 2019).

Extrinsic factors: Remyelination is ultimately mediated by adult OPCs, but there are many
cell types and local cues present within lesions that contribute to creating an inhibitory
environment for remyelination. A pivotal study by Segel and colleagues (2020) showed
that the OPC microenvironment stiffens with age and the phenomenon is sufficient to
cause age-related OPC loss of function. In fact, isolated aged OPCs cultured on synthetic
scaffolds that mimic the stiffness of young brains exhibited molecular and functional
rejuvenation. Saraswat and colleagues (2021) identified sulfatase 2 (Sulf2), an extracellular
matrix component, as a factor actively secreted by mouse and human OPCs during
demyelination and enriched in MS lesions. Sulf2 potentiates the inhibitory
microenvironment by promoting bone morphogenetic protein (BMP) and  wingless
(WNT) signaling in OPCs, impairing progenitor recruitment and subsequent generation
of postmitotic OL, thereby limiting remyelination. Finally, inflammation represents a key
factor in the suppression of OPC differentiation in aging and disease, as differential
expression of surface receptors allows OPCs to have a very broad and diverse response to
cytokine stimulation (Schmitz and Chew, 2008; Moore et al., 2015), making them primed
to modulate immune functions and inducing citotoxicity contributing to inflammation

and neurodegeneration.

An under-explored way to facilitate remyelination is targeting activity-dependent myelin plasticity.

Enhanced neuronal activity in the healthy brain can induce de novo myelination and behavioral

changes (see 4.1.4). In mice, remyelination can be improved with physical exercise and motor

learning (see 4.1.4.1 and 4.1.4.2). From a mechanistic point of view, Gautier and colleagues

(2015) showed that neuronal activity regulates remyelination via glutamate-mediated signaling

between axons and OPCs in mice. Additionally, Lundgaard and colleagues (2013) demonstrated
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that remyelination after WM damage is NMDAR-dependent and, as in development (Mensch et
al. 2015), remyelination targets small diameter axons which is known to depend on neuronal
activity and glutamate. Larger caliber axons still become myelinated when vesicular release of
neurotransmitters is blocked (Mensch et al. 2015) and are also remyelinated even when activity or
synaptic signaling are blocked (Gautier et al. 2015). Both in mice and humans, neuronal activity
can be modulated in invasive ways such as deep brain stimulation or non-invasive, such as
repetitive transcranial magnetic stimulation or transcranial ultrasound stimulation and aerobic
exercise (Darmiani et al., 2022), with reported benefits on promoting OL survival, remyelination
(Figure 14C) and cognitive recovery in demyelinated brains (Cullen et al., 2019; Wang et al,,
2021; Zhao et al., 2019; Yang et al., 2022, Feinstein et al., 2023). Preclinical studies in rats and
MS patients (reviewed in Maas and Angulo, 2021) indicate that non-invasive stimulation of
neuronal activity in demyelinated lesions indeed has the potential to improve remyelination and
that the stimulation paradigm is an important determinant of success. Drug discovery studies have
recently identified compounds that promote OPC differentiation and remyelination which
modulate neurotransmitter signaling in OPCs such as the Food and Drug Administration Agency
(FDA)-approved drugs like solifenacin and benztropine, which act as direct muscarinic receptor
antagonists (Abiraman et al., 2015; Deshmukh et al., 2013; Mei et al., 2016), miconazole and
clobetasol, which exert their effects through mitogen-activated protein kinase and glucocorticoid
receptor signalling, respectively (Wang et al., 2011; Najm et al. 2015), and the anti-histaminic and
anti-cholinergic compound clemastine (Chen et al., 2022; Du et al., 2022). These studies suggests
that enchancing activity-dependent myelination can represent a novel alternative approach. Yet
lack of information on molecular and cellular mechanisms whereby OPCs sense and integrate
neural activity to execute myelin formation, has prevented the identification of therapeutic targets
targeting myelin plasticity. In this context, GluN3A-NMDARs and their demonstrated role in
maintating plasticity in young brains (see 4.3.1) and their hypothesized role in activity-dependent

OL responses (see Results) can represent a potential target for interventions.
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Figure 14. The process of remyelination. A cartoon illustrating myelination in normal condition (A), demyelination
(B), and remyelination (C), showing OPC proliferation, migration into the lesion, differentiation into myelinating
OLs and remyelination of naked axons that can also be promote by neuronal activity or stimulation by other

translational approaches (from Zhou and Zhang, 2023).
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Classically seen as a stable insulator that forms at postnatal stages and is maintained through life,
work in the last decade has revealed that myelination is enormously dynamic and responds to
axonal activity and experience. The phenomenon, known as “myelin plasticity” or “activity-
dependent myelination”, operates into adulthood to adapt neural circuits to changes in life
experience (de Faria et al., 2021). This mechanism is driven by OPCs and relies on their unique
properties. OPCs are widespread in the young and adult CNS, where they make 3-9% of the cell
population (Dawson et al., 2003), and provide an unmatched progenitor niche. Their
proliferation, differentiation into myelinating OLs, as well as appropriate myelin production and
wrapping of unmyelinated axons or parts of axons, can be activated by neuronal signals (see
Introduction 4.1) through synaptic-like contacts (Bergles and Jahr. 2000) or non-synaptic
mechanisms. However, lack of information on the molecular and cellular mechanisms whereby
OPCs sense and integrate neural activity to execute myelin formation, has prevented the

identification of therapeutic targets.

The work presented in this thesis builds on the discovery that neuronal non-conventional NMDA
receptors containing GluN3A subunits (GIuN3A-NMDARs) are key modulators of synaptic
plasticity. GluN3A-NMDARs are prevalent during critical periods of postnatal development,
when they work as gate-keepers of synaptic modifications, preventing premature or inappropriate
maturation and stabilization of synaptic circuits (Pérez-Otafio et al, 2016). While most studies to
date have focused on the impact of neuronal GluN3A on coupling activity to the remodeling of
excitatory synapses, growing electrophysiological and transcriptomic evidence demonstrate
expression of GluN3A subunits in selected non-neuronal populations, most prominently OPCs
(Karadottir et al., 2005; Salter and Fern, 2005; Burzomato et al., 2010; Zhang et al., 2014;
Marques et al., 2016). The findings prompted our quest to investigate the roles of GluN3A within
this non-electrically active cell type and the search for commonalities between neuronal and non-

neuronal functions in setting plasticity states.

We hypothesized that GIluN3A expression operates to control myelin plasticity, and mediates
responses of OPCs to neuronal activity and experience to ensure the myelination of appropriate

axons. To test this hypothesis, the objectives of the present study are:
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Specific Aim 1: To confirm GluN3A expression in postnatal and young adult OPCs

Specific Aim 2: To evaluate the effects of GluN3A deletion on the proliferation and
differentiation of OPCs, and the wrapping of axons by myelin sheaths during postnatal

periods of developmental myelination

Specific Aim 3: To characterize GluN3A roles in activity-dependent OPC differentiation

and myelination in juvenile and adult constitutive and OPC-specific knockout mice

Specific Aim 4: To provide insights into the molecular properties underlying GluN3A

actions in OPCs

Specific Aim 5: To provide preliminary insights into the impact of GluN3A in

remyelination
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6.1. Experimental animals

Animals were maintained under standard ILAR type III and 3 R’s-based housing and
environmental conditions in the animal facility of the Institute of Neuroscience of Alicante (IN,
CSIC-UMH). They were housed two to five per cage with ad libitum access to food and water,
and maintained in an environment with HEPA (high-efficiency particulate) - filtered air with a
rate of 16-20 changes per hour, 12 hours” dark/light cycle and regulated temperature of 22 + 2°C
and relative humidity of 55 + 10%. Colony founders were obtained from Charles River Europe
or other labotratories and bred and raised at the IN animal facility. Mice of both sexes were used
for the experiments unless indicated. All experimental procedures were conducted in accordance
with the European and Spanish regulations (2010/63/UE; RD 53/2013) and were approved by
the Ethical Committee of the Generalitat Valenciana and the animal welfare committee at the
Universidad Miguel Herndndez according to biosafety and bioethical guidelines and authorized by

the Spanish government.

6.1.1 Mouse lines

Constitutive Grin3a knockout mice: B6;129X1-Grin3a™""*[] (JAX:029974) mice (hereafter
Grin3a”), is an established mouse line in our laboratory derived from founders provided by
Nobuki Nakanishi and Stuart Lipton (Sanford-Burnham Medical Research Institute, USA; Das et
al, 1998). Founders were bred for >10 generations into a C57BL/6] background, and kept in
homozygosis with periodic backcrossing into a C57Bl/6] background. C57BL/6] mice JAX™ were

used as wild-type controls.

Grin3a-floxed mice: Grin3a ™ «EVCOMMIme mice (hereafter Grin3a™™) were bred for >12 generations
into a C57BL/6] background and kept in homozygosis with periodic backcrossing. The floxed line
was generated by inserting the L1L2_Bact_P cassette at position 49793582 of chromosome 4
upstream the critical exons. This cassette is composed of a flipase recognition target (FRT) site
followed by a lacZ sequence and a loxP site. This first loxP site is followed by a neomycin resistance
gene under the control of the human beta-actin promoter, SV40 poly-A, a second FRT site and a

second lox-P site. A third loxP site is inserted downstream of the targeted axon. The critical axon
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is thus flanked by loxP sites that subsequent expression of the Cre recombinase (by crossing with

Cre-driven mouse lines) leads to specific knockout.

Selective ablation of Grin3a from oligodendroglial cells: To knockout Grin3a specifically in
oligodendrocyte lineage cells, Grin3a"" mice were crossed with a Sox10-Cre (line 22-7) (Matsuoka
et al, 2005; Kougioumtzidou et al., 2017; provided by Dr. Richardson, UCL London;
MGI:3586900) that express Cre under SoxI0 transcriptional control in a phage artificial

f/f1

chromosome (PAC). For experiments, female Cre carriers were crossed with Grin3a" males

yielding to Sox10-Cre”;Grin3a™ (used as a controls) and Sox10-Cre*;Grin3a™ mice. To
knockout Grin3a only from differentiated OLs we alsotested a mouse line expressing Cre
recombinase under control of the endogenous Cnp regulatory sequences, CNP-Cre (Lappe-Sietke
et al., 2003) mice. Finally, to conditionally knockout Grin3a specifically from OPCs, Grin3a™
were crossed with PDGFRa-CreER™ mice (Rivers et al., 2008; provided by Dr. Richardson,

University College London).

All the Cre-driver mouse lines were maintained as a heterozygous (He) breeding colony and

backerossed with C57BL/6] mice for >10 generations in our animal facility.

Reporter tdTomato-floxed mice: To test for Cre-driven recombination efficiency and specificity, a
tdTomato™ mouse line, in which a targeted mutation of the Gt(ROSA)26Sor locus with a loxP-
flanked STOP cassette prevents transcription of a CAG promoter-driven red fluorescent protein
variant (tdTomato), was crossed with Sox/0-Cre, CNP-Cre and PDGFRa-CreER™ lines (see
Figure 15). The recombined cells can be detected as Tomato' and Cre* (see Results). To induce
recombination in PDGFRa-CreER™ mice, tamoxifen (TMX; Sigma-Aldrich T5680) was injected
into the stomach at P1-P2-P3 (1mg/ml), as previosuly described (Lizen et al., 2015), and mouse

were perfused at P12.

We tested and characterized all the Cre-driver mouse lines but for the experiment described in this

thesis only Sox70-Cre mice crossed with our Grin34"" have been used.

mClover3-GIulN3A knockin mice: a mouse line recently generated by Dr. O. Crawley in our

laboratory by inserting the mClover3 fluorophore sequence before Grin3a exonl in chromosome

4 using CRISPR technology. mClover3-GluN3A mice allow visualization of endogenous GluN3A
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with a simple immunofluorescence staining upon mClover3 signal amplification with GFP

antibody.
A
lcnve | Cre | & .
@!%D‘M tdTomato X | Sox | Cre | . by
LoxP LoxP TMX ~
|PDGFRa|CreER™ ﬁ—* /@
B

> > X | Sox Cre * . .

LoxP LoxP

Figure 15. Breeding scheme for Cre-driver mouse line characterization and GluN3A knockout in
oligodendroglial cell lineage. (A) A tdTomato™ mouse line, with a loxP-flanked STOP cassette prevents
transcription of a R26-CAG promoter-driven red fluorescent protein variant (tdTomato), was crossed with CNP-
Cre, Sox10-Cre, and PDGFRa-CreER™ lines to specifically activate Cre and tdTomato expression in differentiated
OLs, in all oligodendroglial cells including OPCs or (conditionally) in OPCs and their progeny, respectively. (B)

fl/fl

Sox10-Cre mouse line was selected for the experiments presented in this thesis and crossed with Grin34"" to remove

GIuN3A specifically from oligodendroglial cells.

6.1.2 Mouse genotyping

DNA for genotyping was extracted from ear or tail snips. DNA (100 ng/pl) was amplified using
the polymerase chain reaction (PCR) on a thermocycler (Bio-Rad, CA, USA) following this
protocol: 3 min, 95°C for the initial denaturation; 32 or 35 cycles of 15 s, 94°C for the
denaturation, 20 s, 60°C for the annealing; 30 s, 72°C for the elongation; 10 min, 72°C for the

final extension.
The following primers were used:

Constitutive Grin3a’:
Wt allele:

MAT 21mod: 5> GGTCCACCCGGCTCCCGCAAG 3
MAT 2 AN4blast: 5> AAAGGCATAAGTGGCAGGTC 3

HE HO WT
300bp Ko allele:
200b
P MAT 23: 5 GCCTGAAGGAACGAGATCAGC 3’
100bp

MAT 2 AN4blast: 5> AAAGGCATAAGTGGCAGGTC 3’
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Grin3a-floxed :
Forward common:

Sarm-WTF: 5GCAAGAGCTCAAAATCAAAACAZ’

300bp Reverse Wt
200bp 4% i WTR: SCATTTCACTCAGGAGAATAATTGGS'
100bp Habe Reverse Mutant:
Smut-R1: GAACTTCGGAATAGGAACTTCG3’
CNP-Cre:
Wt forward:
643bp CNP-E3s 5’GCCTTCAAACTGTCCATCIC®
357bp Wt reverse:
;8885 CNP-E3a 5’CCCAGCCCTTTTATTACCAC3
100bp Mutant forward:

Puro3 5’CATAGCCTGAAGAACGAGAZ

Sox10-Cre and PDGFRa-CreER™

Crel: 5" - TCGATGCAACGAGTGATGAG - Forward
Cre2: 3’ - TTCGGCTATACGTAACAGGG - Reverse
A sample is He when a band of 480 base pair is amplified.

A sample is Wt when no band is amplified.

6.2. Transcriptomic analysis

In silico analysis of Grin3a expression was performed in collaboration with Dr. Parras (Paris Brain
Institute, ICM) using scRNA-seq data from Marques et al., 2016, 2018, following the method
used in Merour et al., 2022. Briefly, counts per gene were downloaded from GEO datasets
GSE75330 and GSE95194, and processed in R (4.0) using the following packages: Seurat (3.0)
for data processing, sctransform for normalization, and ggplot2 for graphical plots. Seurat objects
were first generated for each dataset independently using CreateSeuratObject function (min.cells

= 5, min.features = 100). Cell neighbors and clusters were found using FindNeighbors (dims =
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1:30) and FindClusters (resolution = 0.4) functions. Clusters were manually annotated based on
the top 50 markers obtained by the FindAllMarkers, adopting mainly the nomenclature from
Marques et al., 2016. Using the subset function, we selected only the clusters containing neural
progenitors and oligodendroglia cells. Using the merge function, we combined both
oligodendroglial datasets into a single Seurat object (OLgliaDevP) containing 5516 cells. The new
object was subjected to NormalizeData, FindVariableFeatures, ScaleData, RunPCA, and
RunUMAP functions with default parameters. Different OPC clusters were fused into a single one
keeping apart the cycling OPC cluster. For DimPlots and Dotplots, clusters were ordered by stages

of oligodendrogenesis from neural stem cells to myelinating OLs.

Bulk whole-genome transcriptional profiling messenger RNA - strand specific (mnRNA-seq) was
performed in tissue samples from the somatosensory cortex of P11 and P18 Wt and Grin3a-/-
mice. Briefly, mice were sacrified by decapitation, the skin and the craneum were removed, and
somatosensory cortices were dissected out. The tissues were weighed and homogenized in QIAzol
using a tissue disruptor and RNA isolated using the RNeasy mini kit (QIAGEN"74104) following
the manufacturer’s protocol. RNA concentration and purity were assessed with Nanodrop ™.
RNA quality was determined by the RNA Integrity Number (RIN) algorithm usign the Agilent
2100 Bioanalyzer. Each sample has a score from 1 to 10, being 10 the least degraded; only samples
with RIN > 9 has been considered for the experiments. Whole-genome mRNA-seq was performed
using the RNAseq Illumina Hiseq2500. The preparation of the polyA sequencing library, library’s
quality control and quantification, sequencing run and base calling data were carried out by the
Genomics Core Facility of the Centre for Genomic Regulation (CRG, Barcelona). The analysis
was performed in collaboration with Dr. J. P. Lopez-Atalaya at the IN. Briefly, quality of raw data
was evaluated with FastQC (Andrews, 2010), and mapping was done using HISAT2 (Kim et al.,
2019) onto mml0 reference genome. Differential expression analysis were conducted using
DESeq2 (Love et al., 2014), and enrichment analysis using ShinyGO (Ge et al., 2020). Genes were

considered significantly differentially regulated when log2FC > 0.35 and adjusted p-value < 0.05.

Bulk mRNA-seq was also performed on purified OPCs to specifically assess intrinsic
transcriptional changes in absence of GluN3A. OPCs were isolated from P7 Wt and Grin3a” mice

based on PDGFRa expression. Briefly, forebrain was dissected and dissociated using the Neuronal
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Tissue Dissociation Kit (Miltenyi, 130-092-628) followed by filtration through a 70 pm cell
strainer (Smartstainer; Miltenyi Biotec, 130-098-462). The cell suspension was centrifuged at
300xg for 10 minutes and the supernatant completely aspirated. The pellet was resuspended and
incubated with MicroBeads conjugated to monoclonal CD140a (PDGFRa) antibody (Milyenyi
kit, 130-101-502), following the manufacturer's instructions provided in the kit. Unbound bead-
coupled antibodies were washed away by centrifugation, leaving bound cells which were loaded
into LS columns containing ferromagnetic spheres and sorted using a magneticQuadroMACS™
Separator (Miltenyi Biotec; 130-098-637) and a MACS MultiStand (Miltenyi Biotec;130-042-
303). RNA was then extracted using NucleoSpin® RNA (Mini) (Macherey-Nagel; 677497)
according to instructions of the provider. The RNA-seq libraries were prepared using the NEBNext
Ultra IT Directional RNA Library Prep Kit (NEB) and sequenced with the Novaseq 6000 Illumina
platform. Quality of raw data was evaluated with FastQC and mapping was done using Illumina
DRAGEN bio-IT Plateform (v3.6.3) onto mm10 reference genome. Following analysis were
conducted using EdgeR. Genes were presented as counts per million (cpm) and considered

regulated when log2FC > 0.26 and p-value < 0.05.

Figure 16. Magnetic cell sorting
followed by RNA extraction and
sequencing. P7 mouse forebrains were

P7 MACS-sorted OPC RNA-seq dissected and dissociated (1) obtaining a

cell suspension (2). The cells were then

Forebrain Cell Magnetic separation RNA extration i, cubated with magnetic beads coated
dissociation suspension (‘,L PDGERo and sequencing
1 2 i with a PDGFRa-antibody and loaded
o~

into a column containing ferromagnetic
spheres that will bind the magnetic
beads (PDGFRa* cells) and flow
throught the unlabeled cells (3a). The
labeled cells were finally eluted (3a) and

( R

their RNA extracted for sequencing (4).

6.3. Histological analysis

For in situ hybridization and immunohistochemistry, mice were perfused transcardially with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 1X) using a peristaltic pump, and

their brains were removed and post-fixed in the same fixative overnight.
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6.3.1 Fluorescent In-Situ Hybridization (FISH)

P8 brains were embedded in 4% agarose, sectioned coronally in 80 um-thick slices with a vibrating
microtome and stored in PBS at 4°C. Free-floating sections were permeabilized with detergent mix
(1% NP-40, 1% SDS, 0.5% sodium deoxycholate, 50 mM Tris pH 8.0, 1 mM EDTA, and 150
mM NaCl) for 1 h at room temperature, and incubated with Grin3a digoxigenin-labeled
riboprobes (Murillo et al., 2021) at 63°C in hybridization buffer (50% formamide; 2x saline-
sodium citrate pH 5.3; 50 pg/mL heparin; 50 pg/mL tRNA; 50 pg/mL salmon sperm DNA; 0.1%
Tween-20) overnight. Hybridized probes were detected using an peroxidase-conjugated
antidigoxigenin antibody (Roche 11207733 910) in blocking solution (2% Roche blocking
reagent and 20% sheep serum in MABT buffer) overnight at 4°C. A TSA plus fluorescence kit was
used for signal amplification and detection according to the manufacturer protocol (Thermo
Fisher, NEL744001KT). To avoid nonspecific signal, endogenous peroxidases were inactivated by
incubation with MABT buffer (500 mM maleic acid, 750 mM NaCl, 0.95 M NaOH, and 0.1%
Tween-20, pH 7.5) - 1% H20O2 for 1 h in the dark. Sense probes used as control yielded no signal.

After the FISH procedure, free-floating brain sections were incubated with primary antibody in
1% Bovine Albumin Serum (BSA), 0.1% Triton X-100, and 1% normal serum in PBS overnight
at 4°C. The following primary antibodies were used: rabbit anti-PDGFRa (Synaptic systems
132002, 1:500) and mouse anti-Olig2 (Sigma, MABNS50, 1:500). After washing with PBS,
sections were incubated with fluorophore-conjugated secondary antibody in 1% BSA, 0.1% Triton
X-100 in PBS for 1 h at room temperature. The following secondary antibodies were used: anti-
rabbit-Cy3 (Jackson Immunoresearch 111 165 003, 1:500) and anti-mouse-Alexa647 (Invitrogen
A32728, 1:500). After several washes in PBS, sections were counterstained with 4',6-diamidino-2-
phenylindole (DAPI), mounted onto Superfrost Plus slides, air-dried, and coverslipped with

fluorescence mounting medium (DAKO).

6.3.2 Immunofluorescence (IF)

Brains were cryoprotected with 30% sucrose, stored in cryoprtectant solution at -20° C and
coronally cut into 30-40 um thick slices, with an automated cryotome (Leica). Free-floating

sections were permeabilized for 2 hours in blocking solution (PBS 0.3% Triton-X 100 + 4%
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Normal Goat Serum + 1% BSA) and incubated overnight at 4° C with primary antibodies (Table

2) diluted in the same solution. Slices were then incubated for 2 hours in the dark with

fluorescence-conjugated secondary antibodies (Table 3) diluted in PBS 0.1% Triton-X + 1% BSA

followed by DAPI for 10 min (3 washes of 10 minutes between steps). To unmask Opalin signal

and enchance the ability of the primary antibody to bind the epitope in the fixed tissue, an antigen

retrieval treatment was applied before IF. Briefly, slices were incubated in Buffer Citrate (10mM

Citric Acid, 0.05% Tween 20, pH 6.0) pre-heated at 95° C for 10 min.

Antigen
Olig2
Olig2

PDGFRa
CCl1 (APC)
MBP
Opalin
Bcasl
Oligl
Caspr

C-Fos

m-Cherry (RFP)

m-Cherry (RFP)

BrdU
Cre
Ibal

GFP

Host

Mouse
Rabbit
Rabbit
Mouse
Rat
Mouse
Rabbit
Mouse
Rabbit
Rabbit

Rat

Guinea Pig

Rat
Rabbit

Rabbit

Chicken

Supplier

Millipore Sigma
Millipore Sigma
Cell Signaling Technology
Calbiochem
Bio-Rad
Santa Cruz Biotechnology
Synaptic Systems
Neuromab
Gift of J. A. Girault
Synaptic Systems
ChromoTek
Synaptic Systems
Abcam
Synaptic Systems
Wako

Aves Labs

Catalog number

MABN50
AB9610
3164S
OP80
MCA409S
Sc-374490
445 003
75-180
226 008
5£8-100
390 004
Ab6326
257 003
019-19741

1020

Table 2. Primary antibodies used for IF.

Working concentration

1:500
1:500
1:500
1:500
1:500
1:500
1:1000
1:500
1:500
1:700
1:500
1:500
1:1000
1:500
1:500

1:1000
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Antibody Host Supplier Catalog number | Working conc.

Cy3 Affinity Pure anti- Goat Jackson ImmunoResearch 115-165-003 1:500
Mouse IgG (H+L)
Cy3 Affinity Pure anti- Goat Jackson ImmunoResearch 111-165-003 1:500
Rabbit IgG (H+L)
Cy3 Affinity Pure anti- Goat Jackson ImmunoResearch 106-166-003 1:500
Guinea Pig IgG (H+L)
Cy5 Affinity Pure anti- Goat Jackson ImmunoResearch 115-175-166 1:500
Mouse IgG (H+L)
Cy5 Affinity Pure anti- Goat Jackson ImmunoResearch 111-175-144 1:500
Rabbit [gG (H+L)
Alexa Fluor 488 anti- Goat Invitrogen A11029 1:500
Mouse IgG (H+L)
Alexa Fluor 488 anti- Goat Invitrogen A11008 1:500
Rabbit IgG (H+L)
Alexa Fluor 568 anti- Goat Invitrogen Al11077 1:500
Rat IgG (H+L)
Alexa Fluor 555 anti- Goat Invitrogen A21434 1:500
Rat IgG (H+L)
Alexa Fluor 594 anti- Goat Invitrogen A21135 1:500
Mouse [gG2a
Alexa Fluor 488 anti- Goat Invitrogen A21141 1:500
Mouse IgG2b
Alexa Fluor 647 anti- Goat Invitrogen A21240 1:500
Mouse IgG1

Table 3. Secondary antibodies used for IF. [gG: immunoglobulin G; H+L: heavy and light chain.

6.4. Electron microscopy (EM)

EM was performed in collaboration with Dr. C. Matute (Achucarro Basque Center for
Neuroscience, Spain) to analyse myelin ultrastructure in P11-P18 wild-type and GIuN3A
knockout mice; and for immunogold or immunoperoxidase analysis of GluN3A expression. Mice
were transcardially perfused with saline solution (0.9% NaCl; pH 7.4) followed by a fixative
solution containing 4% paraformaldehyde (PFA) and 2.5% glutaraldehyde in 0.1 M phosphate
buffer (PB; pH 7.4) or 4% PFA, 0.1% glutaraldehyde and 0.3% picric acid in 0.1 M PB (pH 7.4),
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respectively. Brains were removed, postfixed overnight at 4°C and stored in 1% PFA in PB at 4°C
or in PBS-Azide 0.02% at 4°C., respectively. Then, 50-micrometer thick coronal sections were cut

using vibratome.

Pre-embedding immunogold: Slices were treated with 1% hydrogen peroxide (H,O,), followed by
blocking in a solution containing 10% BSA, 0.1% sodium azide, and 0.02% saponin. The slices
were then incubated with a primary anti-GluN3A antibody (Rabbit, 1:100; 07-356, Millipore
Sigma) for 2 days at 4°C. After washing, sections were treated with goat anti-rabbit IgG conjugated
to 10 nm colloidal gold particles (Nanoprobes). Slices were then treated with silver-intensified with
a HQ Silver kit (Nanoprobes) in the dark for 12 min. The specificity of the anti-GluN3A antibody

was previously assessed by the absence of signal in samples from GluN3A knockout mice.

Immunoperoxidase: Slices were treated with 1% hydrogen peroxide (H202), followed by blocking
in a solution containing 10% BSA, 0.1% sodium azide, and 0.02% saponin. The slices were then
incubated with a primary anti-GluN3A antibody (Rabbit, 1:100; 07-356, Millipore Sigma) for 2
days at 4°C. After washing, sections were treated with goat anti-rabbit IgG conjugated andthe
immunoperoxidase was developed using 3'diaminobenzidine (DAB) as a chromogen (Roche

Diagnostics).

Sections were osmicated 30 minutes, dehydrated, and embedded in epoxy resin (Sigma-Aldrich).
Ultrathin sections (50-60 nm) were cut for electron microscopy, stained with 4% uranyl acetate
for 30 min and 10 min with 2.5% lead citrate for visualization with a Jeol JEM 1400 Plus electron
microscope at the Service of Analytical and High-Resolution Microscopy in Biomedicine of

University of the Basque Country.

Analysis ofmyelin ultracture: The g-ratio of myelinated axons was calculated as the ratio of the inner
to the outer radius of the myelin sheath using x8,000 magnification images from at least 100-150
axons from 60 images per animal. The number of myelinated axons was quantified using x1,000

magnification images.
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6.5. Western blotting

Mice were sacrificed by decapitation, then the skin and the skull were removed and forebrains were
dissected. Dissected tissue was immediately snap-frozen by immersion in liquid nitrogen and stored
at -80°C until protein isolation. Tissues were homogenaized in 10-15 (w/v) of modified ice-cold
RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% NP40, 0.5% Deoxycholate, 0.1%
SDS, 0.1 mM PMSEF) supplemented with protease and phospathase inhibitors, using 12 strokes of
a motor-driven glass-teflon homogenaizer (Heidolph RZR-1, 600-800 rpm). The mechanical lysis
was performed by 2 round of sonication with 20 pulses in a Branson tip-sonicator (duty cicle 20,
15% amplitude), interleaved with a nutation stage at 4°C for 15 minutes. The suspension was
centrifuged for 20 minutes at 16200 x g at 4°C and protein content was estimated using a Pierce
BCA Assay kit (ThermoFisher). Then, proteins were resolved using SDS-PAGE electrophoresis
and gels transfered onto 0.45 pm PDVF membranes (GE Healthcare’, 10600023) in Tranfer
Buffer (10 mM glycine, 10 mM Tris-HCI, 5% methanol) in a Criterion Blotter set at constant
300 mA for 2 hours at 4°C. After staining with 0.1% (w/v) Ponceau S solution (Sigma-Aldrich
P3509) in 5% acetic acid for 10 minutes, membranes were blocked for 1 hour at room temperature
with 5% BSA or dry milk (for MBP) in Tris-buffer saline (TBS) - Tween 0.05% and then
incubated overnight at 4°C with the following primary antibodies: MBP BioRad MCA409S; CNP
Sigma-Aldrich C5922; MOG Millipore Sigma MAB5680; OSP Abcam ab53041 (1:500, 1%BSA
or dry milk). The following day, the blot was washed and incubated with horseradish secondary
antibodies in (1:10000, 2% BSA or dry milk) for 1 hour at room temperature. Finally, proteins
were visualized using an enchanced chemioluminescence (ECL) western blotting detection reagent
(GE Healthcare® RPN2209) and scanned with a high-sensitive digital blot chemioluminescence
imager (Amersham™ Imager 680). Individual bands were quantified after background subtraction

using Image Studio™ Lite (LI_COR Biosciences) software.
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6.6. Paradigms for stimulation of activity-dependent plasticity

6.6.1 Chemogenetic stimulation of neuronal activity in vivo (DREADDs)

We utilized the DREADD (designer receptor exclusively activated by designer drug) system to m
odulate neuronal activity in callosal axons. Expression of the activating DREADD hM3Dg (Gq)
causes depolarization of neurons in response to the synthetic ligand clozapine-N-oxide (CNO)
engaging the Gq signaling pathway that induce intracellular calcium release (Alexander et al.,
2009). For chemogenetic stimulation, we unilaterally electroporated 1ug/ul of plasmids expressing
hM3Dg fused to mCherry (pCAGS1-hM3Dg-mCherry; 7300 base pair), or mCherry alone
(pCAGS-mCherry; 5449 base pair) as control (kindly provided by Professors Akihiro Yamanaka,
Nagoya University and Kazunori Nakajima, Keio University School of Medicine, Tokyo), into the
right cortical neuroepithelium in utero at embryonic day (E) 15.5. Briefly, pregnant females were
deeply anaesthetized with isoflurane to perform laparotomies. The embryos were exposed and the
plasmids were injected into the right cortical neuroephitelium at the level of somatosensory cortex
with a capillary. For electroporation, the negative and positive palettes were placed near the head
of the embryo, and 5 square electric pulses of 45V and 50 ms were delivered through the uterus
at 950 ms intervals using a square pulse electroporator (CUY21 Edit: NepaGene Co., Japan). The
surgical incision was then closed and embryos were allowed to develop until postnatal stages. CNO
was daily intraperitoneally (i.p.) administered (1mg/kg, Tocris 4936) at different postnatal stages

as indicated.

6.6.2 Chronic physical exercise (Treadmill)

The treadmill exercise protocol was adapted from the described in Chen et al., 2018; 2019 and
Adamovich et al, 2021. Mice were trained in a five-channel treadmill apparatus (Panlab,
LE8710MTYS) (Figure 17) at a speed of 9-12 m/min for one hour daily. Control mice, or non-
runners, were placed on the stationary treadmill device for 15 minutes in the same environmental
conditions. To ensure compliance and encourage continued movement on the treadmill, a grid
was positioned at the end of the apparatus. A minimal shock intensity of 0.4 mA was applied to

the mice upon reaching the grid, which prompted them to re-enter the treadmill belt. The exercise
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routine involved a 2-day habituation period, with mice exposed to the treadmill for 15 minutes
each day, followed by 5 days of exercise per week for 3 consecutive weeks. Weekends were

designated as rest days.

During the initial habituation phase, mice were allowed to freely explore the treadmill for a
duration of 1-3 minutes and/or received at least one shock from the grid. The treadmill was then
activated, and the speed was gradually increased up to 3.0 m/min. Careful monitoring ensured that
all mice initiated walking for few minutes, and the velocity was slowly and constantly increased
until reaching the designated speed of 9-12 m/min to be maintained throughout the exercise
period. Similar precautions were taken at the conclusion of each training session, gradually
reducing the speed to zero, which ensured a smooth transition to prevent abrupt stops and potential
distress. To assess fatigue levels and exclude mice exhibiting signs of exhaustion, a specific criterion
was applied: mice spending more than 5 accumulative seconds in contact with the grid within a

30-minute window during the 1-hour run were excluded from the analysis.

Figure 17.  Treadmill
apparatus  for  mouse
running. Five-line treadmill
device was used to train the
mice daily for 3 weeks. Mice
run at a speed of 9-12 m/min
and received a mild shock
(0.4 mA) when arriving at the

end of the belt to motivate to

keep running,.

6.6.3 Motor learning (Erasmus Ladder)

Briefly, the main component of the Erasmus Ladder (Noldus, Wageningen, Netherlands) consists
of a horizontal ladder with alternate high (H) and low (L) rungs equipped with touch-sensitive
sensors that detect the position of the mouse on the ladder, flanked by two goal boxes. The ladder
is made of 2 x 37 rungs (L, 6 mm; H, 12 mm) spaced 15 mm apart from each other and positioned
in a left-right alternating pattern with 30 mm gaps. Rungs can be moved individually to generate

various levels of difficulty, that is, creating an obstacle (raising the high rungs by 18 mm) (Figure
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18). A trial is defined as one run on the ladder between the starting and ending goal boxes. At the
beginning of the session, a mouse is placed in one of the starting boxes; after a set time of 15+ 5's
("resting” state), motivational cues are applied: a light cue (max. 3 s) followed by an air cue (max.
45 s) that generate a constant tailwind until the mouse completely crosses the ladder, to increase
consistency and skip the need for experimenter intervention which is a major source of variability.
A headwind from the opposite direction is applied when a mouse attempts to leave the goal box
before the scheduled resting time making the mouse return to the original goal box. Coupled with
an automated recording system (Erasmus Ladder software designed by Erasmus MC, Rotterdam,
The Netherlands) and associating modifications of the rung pattern with sensory stimuli, the
Erasmus ladder tests for fine motor learning and adaptation of motor performance in response to
environmental challenges (appearance of a higher rung to simulate an obstacle, an unconditioned
stimulus [US]) or association with sensory stimuli (a tone, a conditioned stimulus [CS]). Testing
involves two distinct phases, each assessing improvement in motor performance over 4 days, during
which mice undergo a session of 42 consecutive trials per day (Cupido, 2009). In the initial phase,
mice are trained to navigate the ladder to assess "fine" or "skilled" motor learning. The second
phase consists of interleaved trials where an obstacle in the form of a higher rung is presented in
the path of the moving animal. The perturbation can be unexpected to assess "challenged” motor
learning (US-only trials) or announced by an auditory tone to assess "associative” motor learning

(Paired trials) (see Results).

goal box goal box

Noldus

i Figure 18. Erasmus Ladder device to

ladder i automatically monitor mouse motor skill
1a0eies i learning and associative learning. The Erasmus
i Ladder consists of a ladder with high (H) and low
i 47 cm (L) rungs flanked by 2 goal boxes. One trial is

defined by one run on the ladder from staring and
+21cm

—————————————————————————————————————— ‘ ending goal box. An higher rung can be introduce
e — » SRIEN as an obstacle (US) that can be anticipated or not
E’;'a?"'sifjgips tone obstacle (US) by an auditory tone (CS). The different stepping

CS) g—~"""""°" 18 mm pattern (H-H normal steps, H-L missteps aor

---12 mm High rungs, H backsteps), response to cues, trial duration and
I pr-6mm Lowrungs, L gep times (including pre and post perturbation)

are automatically recorded.

perturbation step time

92



6.7. Cell proliferation assay

To label proliferating cells and fate map newly-formed OLs, control and trained mice received
single i.p. injections of BrdU (Sigma, B5002) at 50 mg/kg body weight (10 mg/mL stock, dissolved
in 0.9% saline) during the last 4-5 days of the protocols (Treadmill and Erasmus Ladder,
respectively). 3-4 days later animals were perfused and stained as follow. For BrdU detection, on
the second day of IF, slices were fixed for 50 min with 4% PFA in PBS at room temperature,
hydrolyzed with 2N HCI for 30 min at 37° C and neutralized with Borate Buffer (0.1M pH 8.6)
10 min for 3 times, followed by a second incubation with blocking solution for 2 hours and rat
anti-BrdU primary antibody (Abcam, 1:1000). On the third day, slices were incubated with the

goat anti-rat Alexa 555 (Invitrogen; 1:500) and mounted.

6.8. Lysolecithin-induced focal demyelination

To induce demyelination, young adult (2-3 months) mice were anesthetized with a single
intraperitoneal injection of Ketamine (50mg/kg) and Xylazine (10 mg/kg) and analgesized with a
subcutaneous injection of Buprenorfin (0,1 mg/kg) before starting the surgery, to prevent post-
surgery pain. Next, we gently removed the hairs of the top of the skull with razor blade, applied
Ocry-gel on the mouse’s eyes and cut the skin through the medial line within the shaved area.
Once the animal was well positioned under the stereotaxic device (putting Xylocaine on the end
of the earbars before insert them into the ear holes to immobilize the head), Bregma (Br.)
coordinates were set up at -1 mm lateral, +1.3 mm anterior, -1.7 mm deep to inject in the anterior
corpus callosum (based on C57BL6 mouse brain). Lysolecithin (LPC 1%) was charged with a
Hamilton syringe connected to a thin plastic tube to a capillary made of glass pulled. Positioning
the capillary on top of the determined injection site, we marked the position on the skull with a
needle and drilled the skull to create a hall that allowed the introduction of the capillary at the
previously calculate depth and the injection of 1 pl of LPC, pushing the Hamilton syringe. We
wait at least 1 minute after inserting the capillary into the brain before injecting to let the tissue
expand and at least 2 minutes after the injection to avoid any undesirable leakage of liquid. After

suturing the skin, we placed the mouse in a warm wake-up chamber for recovery. Mice were
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perfused at two time points: 7 days’ post-injection (dpi), marking the peak of OPC migration and
proliferation, and 14 dpi, marking the peak of OPC differentiation and the onset of active
remyelination. Brains were cut in 40 um thick coronal slices. Before staining for OPCs and mOLs,
we verified the accuracy of the injection site. The lesion exhibited distinct characteristics, including
high cellularity (visualized with DAPI staining), microglia activation (identified by Ibal staining),
a demyelinated core (lacking MBP), and remyelinated borders (showing intense MBP staining),
spanning from Br. +1.5 to Br. +0.6 mm (Figure 19). Only slices with a well defined lesion were

considered for the analysis (Figure 19, bottom panels).

MBP Ibal DAPI

Figure 19. Characterization of the lesion site after LPC injection. Sequential frontal cortex containing slices have
been stained for MBP (marker of myelin), [bal (marker of microglia) and DAPI. Representative images showing that

the lesion, characterized by cell proliferation, myelin loss and regeneration, spans from bregma +1.6 to > +0.8.

6.9. Electrophysiology

In collaboration with Dr. T. Karadottir (University of Cambridge), we performed whole-cell
patch-clamped of OPCs from knockin mice expressing Enhanced Yellow Fluorescent Protein
(EYFP) under the endogenous NG2 promoter (NG2-EYFP mice). Corpus callosum EYFP* OPCs
were dye-filled with Lucifer Yellow during recording and post-hoc labelled for EYFP and Olig2.
Patch-clamp recordings were performed as described in Spitzer et al., 2019. NMDA (60 puM;
Tocris) plus glycine (100 pM) or glycine plus CGP-78608 (CGP 500nM; Tocris 1493) — a
blocker of GluN1/GluN3A desensitization - were bath applied to record NMDAR-evoked and

GluN3A-mediate glycine-evoked currents.
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6.10. Image acquisition, processing and analysis

Immunofluorescence images were captured with a vertical confocal (Leica TCS-SPEII; DM 5500
Q) or an inverted widefield Thunder microscope (Leica DMi8) using the appropiate objectives
and uniform acquisition settings throuth the same experiment. Cell densities have been manually
quantified on maximum projection images (30 um depth, 3 um step, unless indicated) in the
corresponding regions of interests using Image] software. For the analysis of c-Fos, cell signal was
segmented from the background by smoothing and thresholding and positive cells (min. 58, max.
255) and automatically counted using the ‘Analyse Particles’ tool with a 10 pm? minimum size
cut-off. The integrated density of the C-Fos' nuclei were measured and expressed as Aribitrary
Units (AU). The resulting C-Fos' masks were then overlaid onto the mCherry channel image for

colocalization analysis.

Imaris software was utilized for 3D-cell reconstruction using a semi-automatic filament tracer tool,
based on 40X z-stack (40 pm depth, 1 pm step) confocal images containing individual Opalin®
OLs. The process involved several custom settings, including a gaussian filter (0.179 um) for image
smoothing and enhanced detection, thresholding Background subtraction (Local Contrast), and
specifications for nucleus diameter (max. 15 pm), process diameter (min. 0.4 pm) and filament
diameter (max. 5 pm) thresholds. Manual removal of unspecific detections was performed, and
only cells with nuclei completely within the section thickness were included for analysis. Fused
processes form 2 separate OLs that were falsely recognized as one entity by the software were
manually separated using the cut function. Casprl® paranodes per OL reconstuction was
conducted on the same images using the semi-automatic Imaris spot segmentation tool. Internode

number and length analysis were performed using post-processing tools within Leica Application

Suite X (LAS X).

6.11. Statistical analyses

Statistical analyses and graph generation were conducted with GraphPad Prism software. Sample
size “n” refers to the number of mice, unless indicated. In datasets following a normal distribution

comparison of one variable between two groups were performed using two-tailed unpaired t-test
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and comparison between gropus that have two indipendent variables using two-way analysis of
variance (ANOVA) test followed by a post-hoc Tukey’s multiple comparison corrections. Data
showing non-Gaussian distributions were analyzed using the Mann—Whitney U test and the
Kruskal-Wallis test followed by Dunn’s multiple comparison test. Frequency and cumulative
distribution analysis were performed using Kolmogorov-Smirnov test. P values are reported in the
figure legends according to the following star symbols: *P<0.05, **P<0.01, ***P<0.001; ns for ‘not

significant’. All data are presented as mean + standard error of the mean (SEM), unless indicated.
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7.1. GluN3A is expressed in postnatal and young adult OPCs

Neuronal GluN3A roles have been extensively investigated in the context of activity-dependent
synaptic plasticity but less is known about their expression and function in other non-neuronal cell
types. Almost two decades ago, a series of studies suggested that oligodendroglia express NMDARs
with biophysical properties consistent with the presence of GluN3A subunits (Karadottir et al.,
2005; Salter and Fern, 2005; Micu et al., 2006; Burzomato et al., 2010) (see Introduction), but
the findings and potential roles of GluN3A have been controversial since for researchers in the
myelin field. To address this, we started by evaluating new evidence from RNA-seq studies and

confirming the presence of GluN3A across the oligodendroglial lineage using histological methods.

7.1.1 Transcriptomic analyses demonstrate Grin3a mRNA expression in OPCs

We searched recently available scRNA-seq databases of gene expression in oligodendroglial cells for
Grin3a mRNA expression (Marques et al., 2016, 2018). Pooling cells from juvenile (P21-30) and
adult (P60) brain, these studies were able to identify 12 distinct oligodendroglial populations which
represent a continuum from Pdgfra* OPCs to myelinating mOLs (Figure 20A). Our analysis found
Grin3a to be among the top 50 highly-expressed genes in OPCs relative to other OL
subpopulations. Expression seemed to be a feature of a subset of cycling OPCs and OPCs
committed to differentiate (COPs, also referred to as immature OL-typel, iOL1, according to
Marques et al., 2016 nomenclature) (Figure 20B). High Grin3a mRNA levels were found in
around 40% of OPCs and cycling OPCs, while around 20% of COPs exhibited lower to mid-level
expression (Figure 20C). By contrast, Grin3a mRNA was practically undetectable in newly-formed
pre-myelinating OLs (NFOLs, also referred to as immature OL-type2, iOL2, according to Marques
et al., 2016 nomenclature) and myelin-forming and mature OLs (MFOLs, MOLs) (Figure 20).
However, OPCs in these databases come from different regions so we cannot rule out a

contribution of region-specificity in Grin3a expression.

To confirm the presence of Grin3a in OPCs we performed a bulk RNA-seq analysis of gene
expression in OPCs isolated from forebrains of P7 wild-type (Wt) mice using PDGFRa-antibody
coated magnetic beads. Isolated OPCs exhibited high Pdgfra mRNA levels, while Myrf, Gfap,
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Cx3crl and Rbfox3 (NeulN) were nearly undetectable, indicating absence of mOLs, astrocytes,
microglia and neurons and validating the purity and efficiency of our protocol (Figure 21A). We
additionally confirmed the expression of general markers of the oligodendroglial lineage, such as
Olig2 and Sox10, and OPC-specific markers including Cspg4, Oligl, and Gprl7. Markers of
differentiating NFOLs and mOLs, such as Beasl, Tcf4, Ccl, Mbp, and Mog, showed much lower

expression levels (Figure 21B).
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Figure 20. In silico analysis of Grin3a mRNA expression. Analysis from scRNA-seq databases in Marques et al.,
2016, 2018. Clusters from the two datasets containing oligodendroglia cells were manually annotated based on the
top 50 markers and merged into a single Seurat object (OLgliaDevP) containing 5516 cells (Merour et al., 2022).
(A) Dimensionality reduction of the distinct populations of the oligodendroglial lineage using the UMAP (Uniform
Manifold Approximation and Projection) algorithm. (B) Grin3a mRNA expression is high in OPCs and in COPs
(iOL1) but absent form mature OLs. (C) Graph showing the percentage of cells within specific clusters that express

Grin3a and average expression levels as well as control genes used to identify different OPC and OL subpopulations.

In the context of glutamate receptor subunits, postnatal OPCs expressed several of the NMDAR
subunits, with highest levels of Grin3a followed by Grinl, Grin2d and Grin2c (Figure 21C). OPCs
also expressed the AMPA receptor subunits Gria2, Gria3, Gria4, but low levels of Grial (Figure
21D) in line with previous findings (Karadottir et al., 2005; Kougioumtzidou et al., 2017).
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Analysis of datasets from two additional studies indicated that Grin3a mRNA expression in OPCs
is regulated across the rodent lifespan. Bulk RNA-seq of mouse OPCs isolated from whole brain
showed highest Grin3a mRNA levels at postnatal developmental stages (P12) with significant
decline in aged mice (P310) (Spitzer et al., 2019) (Figure 22A). RNA-seq analysis of OPCs isolated
from young adult (2-3 months) and aged (20-24 months) rat telencephalon and cerebellum
revealed a similar age-related decline. Of note, Grin3a was one of the top-10 genes differentially

expressed in the aged rat brain (Neumann et al., 2019) (Figure 22B).
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Figure 22. In silico analysis of temporal Grin3a expression. (A) OPCs isolated from mouse brains with magnetic
beads coated with PDGFRa" antibody (Spitzer et al., 2019) display a postnatal peak of expression (P12 vs E16:
log2FC = 1.4, padj = 0,015 *) with decreasing expression into adulthood and aging (P80 vs P12: log2FC = -1.05,
padj = 0,28; P310 vs P12: log2FC = -1.7, padj = 0.005 **). (B) Age-decline in Grin3a expression in OPCs isolated
from young (2-3 months) and aged (20-24 months) rat brains with magnetic beads coated with the AB25 OPC-
specific antibody (Neumann et al., 2019) (log2FC =-1.2, p = 0,002 **).
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7.1.2 Localization of Grin3a mRNA and GluN3A protein in OPCs

Fluorescent in situ hybridization (FISH) combined with immunostaining for PDGFRa and Olig2
provided independent evidence for Grin3a expression in OPCs. The experiments were conducted
around P12, when GluN3A expression is high (see Figure 22A). On initial observation, Grin3a
expression in WM regions was much lesser compared to GM, for instance relative to layers (L) 2/3
or layer 5 cortical neurons. Closer examination allowed us to detect Grin3a mRNA in PDGFRa*

OPCs (Figure 23A), with mRNA granules often located in OPC processes (Figure 23B,

arrowheads).

Figure 23. Grin3a mRNA in postnatal OPC processes revealed by FISH. (A) Representative high-magnification
images of the subcortical WM of a P8 Wt mouse brain showing an OPC (arrow) labelled by FISH with Grin3a
mRNA probes and stained with PDGFRa and Olig2 antibodies. (B) Grin3a mRNA granules are often visible along

OPC processes (arrowheads). DAPI nuclear stain is outlines as a reference to identify cells. Scale bars: 10 pm.

Next, we took advantage of an mClover-GluN3A knock-in mouse line generated in our laboratory
that allowed us to overcome limitations in the availability of specific GluN3A antibodies for
immunohistochemistry. mClover3-GluN3A protein was detected in a subset of PDGFRa* OPCs
(Figure 24A), with no signal in littermate control mice. As with FISH, GluN3A protein was

observed in OPC processes (Figure 24B, arrowheads), suggesting a role in sensing axonal signals

that we further assessed with electron microscopy (see below).
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Figure 24. GluN3A protein expression in postnatal OPCs of mClover-GluN3A knock-in mice. Experiments

Chr4 4 SP mCIovers Grin3a exonl — exon2 —

were conducted in a mouse line generated by inserting the mClover3 fluorophore sequence before Grin3a exonl in
chromosome 4 (cartoon on the left) using CRISPR technology. mClover3-GluN3A mice allow visualization of
endogenous GluN3A upon amplification of mClover3 signal with a GFP antibody (green). (A) Representative images
of PDGFRa* OPCs (red) in the scWM of P12 mice; GluN3A was detected in some OPCs (arrows) but not others
(empty arrows). (B) High magnification image showing GIuN3A expression in the cytoplasm and processes of an
OPC (arrowhead). DAPI stain was used to identify individual cell nuclei and is outlined as a reference. Scale bars: 5

pm.

7.1.3 Electron microscopy confirms the localization of GluN3A protein in

OPC processes that surround unmyelinated axons

To map the subcellular localization of GIuN3A at the ultrastructural level, we used
immunoperoxidase and preembedding immunogold electron microscopy (EM). Intense
peroxidase deposits (Figure 25A) and immunogold particles (Figure 25B) demonstrated GIuN3A
immunoreactivity in OPC processes (green shaded cells) that surround unmyelinated axons within

the scWM, in line with our FISH and immunostaining data.

Together these results demonstrate that GluN3A subunit complexes are restricted to OPCs, well
placed to sense axonal signals and, perhaps in concert with other trophic factors such as BDNF or

NRGI, instruct OPCs to stop proliferating and start differentiation and myelination.
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Figure 25. GluN3A subcellular localization in OPC processes visualized by peroxidase and immunogold EM.
Oligodendroglial cells (shaded in green) were morphologically identified as cells with a dense nucleus and a thin
cytoplasm typically positioned in close proximity to axons in the WM. (A) Intense GIuN3A peroxidase deposits and
(B) immunogold particles were detected in processes of OPCs that contact unmyelinated axons in P11 scWM. Scale

bars: 1 pm.

7.1.4 Electrophysiological evidence for functional GluN3A receptors in OPCs

We finally performed electrophysiological recordings to look for functional evidence for GluN3A
expression and identify the type of GluN3A complexes formed in OPCs. This work was done in
collaboration with Dr. Thora Karadottir at the University of Cambridge. Whole-cell patch-clamp
recordings of fluorescently-labeled OPCs were conducted in the corpus callosum of NG2-EYFP
mice (see Figure 26A). NMDA plus glycine was applied to activate GluN1/2/3A triheteromeric
receptors; and glycine in the presence of CGP-78608 to unmask GluN1/3 excitatory glycine
receptors. Glycine binding to GluN1 subunits causes a rapid desensitization of GluN1/3 channels
which can be prevented by preapplication of CGP-78608, a selective antagonist of the GluN1

glycine-binding site.

Our current data demonstrate the existence of GluN3A-mediated glycine currents (Figure 26B)
in a subset of P7 OPCs (Figure 26C), in line with transcriptomic and histological data that not all
OPCs express GluN3A. All OPCs that displayed excitatory glycine currents mediated by
GluN1/3A receptors also displayed NMDA-evoked currents of small conductance, consistent with
the presence of GluN1/2/3A triheteromeric receptors (Figure 26D). Overall, 53% of OPCs
recorded in P7-P40 corpus callosum expressed both types of known GluN3A-containing

configurations. 23% express only conventional NMDA receptors while NMDAR currents were
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undetectable in the remaining fraction. Further experiments are being conducted in Cambridge to

increase the number of OPCs recorded both from WM and GM areas in postnatal, adult and aged

brains.
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Figure 26. Whole-cell patch-clamped OPCs reveals GluN3A-mediated current. (A) OPCs from the corpus
callosum of P7 to P40 NG2-EYFP mice were whole-cell patch-clamped of mice dye-filled with Lucifer Yellow (LY)
during the recording, and post-hoc labelled for EYFP (red) and Olig2 (white). (B) 100 pM glycine-evoked current in
the absence (left) and presence (right) of 500 nM CGP-78608. (C) In the presence of CGP, glycine application evoked
currents in 5 out of 8 recorded P7 OPCs. (D) Glycine/CGP evoked currents were detected in 53% of newly recorded
OPCs in the corpus callosum of P7/P40 mice, along with NMDAR currents of small conductance. Scale bar: 10 pm.
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7.2. Accelerated expression of markers of OPC differentiation and

myelination in postnatal Grin3a” mice

A pilot screening of gene expression changes in the forebrain of early postnatal (P8) Grin3a” mice
using DNA microarray technologies (Figure 27A) revealed a major - but unexpected in our
neuronal-centred view - upregulation of markers of OPC differentiation and subsequent
myelination stages (Figure 27B, C). For instance, we observed a large upregulation of Enpp6,
marker of NFOLs, of myelin constituents such as Mbp, and of proteins involved in axon-glia

signalling such as Mag that is a ligand for the axonal Nogo receptor.
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Figure 27. DNA microarray screening revealed enhanced expression of myelin-related genes in the forebrain of
P8 Grin3a’ mice relative to Wt counterparts. (A) Principal component analysis (PCA) shows a clear separation
between Wt and Grin3a” samples. (B) Volcano plot of the significantly differently expressed genes (p<0.01) illustrating
upregulation of numerous genes associated to OPC differentiation and myelination. (C) A list of the most prominently

upregulated genes alongside their respective fold change values (n=3 mice per group).

7.2.1 Markers of OPC differentiation and myelination are upregulated in

Grin3a’ mice during a critical window of postnatal development

To validate and extend our analysis of molecular changes in myelination in Grin3a”" mice and
narrow down the temporal window, we conducted a bulk RNA-seq of mRNA extracted from the
somatosensory cortex (SS1) of wild-type and constitutive Grin3a” mice at two different ages, P11
and P18. The areas and ages were chosen to match the temporal time-course of myelination, which
varies across brain regions matching the different timings of neuronal and circuit maturation. In
SS1, P11 is an early time point when intracortical myelination is just beginning, and is equivalent

to P18 in primary visual cortex (V1) when myelination starts later (McGee et al., 2005).
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Applying a threshold for fold change (log2FC) > 0.35 and pvalue (p-adjusted, padj) < 0.05, we
found 485 differentially expressed genes (DEGs) at P11 and only 55 at P18. Among the DEGs,
304 were upregulated genes at P11 and 35 at P18. A PCA component analysis showed a clear
separation between genotypes at P11 but not at P18 (Figure 28A). Using gene ontology analysis,
the main cell biological processes driven by DEGs in GluN3 knockout cortex were CNS
myelination and axon ensheathment as well as oligodendroglial development, surpassing changes
in functions related to transmembrane protein transfer, synaptic transmission, and cell-cell
signaling (Figure 28B). A finer analysis showed that a long list of genes involved in OPC
differentiation, maturation and myelin deposition were upregulated at P11. The list included
classical markers of newly-formed and pre-myelinating OLs such as Ennp6, Tcf712 (Tcf4), Beasl,
Nkx6.2, Cnp, 9630013A20Rik (IncOL1), Cnksr3, Tns3, as well as of mature myelinating OLs such
us Myrf, Tmem10 (Opalin), Mal, Mag, Mobp, Mog, Plp1, Mbp, UgtSa, Cldnl11 (Osp), Ermn (Figure
28C). OPC-specific genes such as Pdgfra, Cspg4, Gprl7 and Ptzprl were not differently expressed.
The hypermyelination phenotype was not apparent at P18. A heatmap of genes associated to
specific oligodendroglial maturation stages illustrates the acceleration of myelination in absence of
GluN3A, with the transcriptional profile of P11 Grin3a’ mice becoming closer to P18 Wt mice
(Figure 28D). In sum, the transcriptomic analysis demonstrated that GluN3A deletion favours
OPC differentiation into OLs during a critical postnatal period, culminating in enhanced
myelination that can be detected at premature stages. It is also possible that a later-stage phenotype

was not detected due to the massive developmental enhancement in myelin gene expression

(compare P11 Wt to P18 W, Figure 28D).
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Figure 28. Upregulation of myelin-related genes in Grin3a” SS1 at P11 detected by RNAseq. (A) PCA

component analysis of Bulk RNAseq data from Wt and Grin3a” SS1 samples at P11 and P18. (B) Gene Ontology
(GO) analysis of log2FC > 0.35 and padj < 0.05 upregulated genes at P11 shows myelination and OL differentiation
as main upregulated biological functions in Grin3a” SS1. (C) Volcano plot of significantly DEGs highlights
upregulation of genes associated to OPC differentiation and myelination. (D) Heatmap of genes associated to
different oligodendroglial maturation stages reveals no differences in OPC markers, while genes associated to OPC
differentiation and myelination are increased in P11 Grin3a” mice, approaching levels of P18 Wt. Z-score (calculated
by subtracting the mean from the data point and dividing the difference by the standard deviation) instead of fold

change is used (n=3-5 mice per group).

RNA-seq results were validated by quantitative western blot analysis. A large (2 to 4-fold) increase
in levels of the myelin proteins MBP, CNP, MOG and OSP was observed in P11 Grin3a”
forebrains relative to wild-type mice (Figure 29A, B). Differences were detectable but much lesser

by P18, suggesting the existence of a subtler, later-stage phenotype (Figure 29B).
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Figure 29. Upregulation of myelin-related protein expression in P11 and P18 forebrain of Grin3a’ mice. (A)
Representative western blot of P11 and P18 mouse forebrain of Wt controls and Grin3a” mice. (B) Quantification
of the protein levels of MBP, CNP, MOG and OSP. Protein expression was normalized to B-tubulin and expressed
as fold-change of corresponding age-matched Wt values (n=4 mice per group; two-tailed unpaired t-test, *p<0.05.
**p<0.01, ***p<0.001).

7.2.2 Accelerated OPC differentiation and myelination in Grin3a’ mice

A limitation of RNA-seq and immunoblot analyses is that selective expression changes across brain
areas, cortical modalities, or cortical layers with diverse temporal courses of myelination might be
obscured. To evaluate potential region-specific differences in the hypermyelination phenotype, we
conducted an immunohistochemical analysis for the classical myelin marker MBP. Figures 30
and 31 show that MBP immunofluorescence was higher in P11 Grin3a " mice relative to Wt
controls across brain regions, irrespective of differences in the timing of postnatal myelination. At
this age, MBP expression in Wt mice was restricted to inner cortical layers of SS1, mostly layer 6,
while in Grin3a’ mice myelin sheaths reached layer 4 and covered a significant larger area of layers
6, 5 and 4/2 (Figure 30A, B). Heightened MBP expression was observed in other brain regions of
P11 Grin3a’ mice such as the secondary motor cortex (M2), both in the GM and scWM, corpus
callosum (Figure 30C, D), and notably, the primary visual cortex (V1) (Figure 31A, B). This is
noteworthy because cortical myelination in V1 at P11 is still in its early stages, as visual stimuli
only reach the cortex upon eye opening around P15-P17. No differences were found in V1 at P18
(Figure 31C, D). The results demonstrate an early and general acceleration of myelin formation

that is independent of the timing of arrival of neuronal activity inputs.
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Figure 30. Increased MBP expression in P11 Grin3a™ brains. (A) Representative images of MBP immunostaining

across SS1 cortical layers in coronal brain sections of P11 Wt and Grin3a” mice. (B) Quantification of MBP+ area

as percentage of cortical layer area. (C) Representative images and (D) quantification of MBP+ area in M2 sc WM
and GM, and CC (n=4; two-tailed unpaired t-test, *p<0.05, **p<0.01, ***p<0.001). Scale bars: 600 pm (A), 300 pm

(C, M2) and 200 pm (C, CC). L: layer.
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Figure 31. Increased MBP expression in V1 of Grin3a” mice prior to eye opening. (A) Representative images
and (B) quantification show how at P11, MBP is only detectable in L6 in both Wt and Grin34” mice with increased
MBP signal in scWM and L6 in Grin3a” mice. C, D) At P18 MBP reaches L5/4 with no apparent differences
between genotypes (n=3; two-tailed unpaired t-test, *p<0.05. **p<0.01, *p<0.001). Scale bar: 100 pm.

To determine if the accelerated myelination was due to enhanced OPC differentiation, we
quantified the numbers and differentiation state of oligodendroglial cells across cortical layers using
stage-specific markers: Olig2 that labels all oligodendroglial lineage, and CC1 and PDGFRa to
label differentiated OLs and progenitor cells, respectively. In line with MBP regulation, an increase
in the density of differentiated OLs (CC1'/Olig2*) was observed in all SS1 layers of Grin3a’ mice
at P11 (Figure 32A, B). Enhanced differentiation was accompanied by a slight decrease in OPC
density (PDGFRa '/Olig2") in upper layers (Figure 32D, E). No significant differences were found
in the overall oligodendroglial population (Olig2* cells) (Figure 32C). Note that as with MBP and
cortical maturation, OPC differentiation follows an inside-out temporal pattern

(scWM>L6>L5>1.2/4).
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Figure 32. Increased OPC differentiation in P11 Grin3a" mice. Representative images of differentiated OLs
(A) stained with CC1 (green) and Olig2 (red) and OPCs (B) stained with PDGFRa (green) and Olig2 (red) in
SS1 cortical layers of Wt and Grin3a” mice. (C-E) Quantification of total Olig2* cell density (C) differentiated
OLs CC1+/Olig2+ (D) and OPCs PDGFRa+/Olig2+ (n=7 mice per groups; two-tailed unpaired t-test, *p<0.05.
**p<0.01, ***p<0.001). Scale bars: 100 pm (A) and 50 pm (B).

We conducted an additional analysis to determine if GluN3A deletion affected a specific state of
differentiation. For this, we used triple staining with Oligl, Olig2 and CC1 that allows to
discriminate between immature stages of OL maturation (Merour et al., 2022) (Figure 33A).
Increased numbers of both CC1"#/Olig2"s"/Oligl- type-1 immature cells and
CC1+/Olig2"e"/Oligl™¢" type-2 immature to CC1+*/Olig2'*/Olig1"™ mature cells were found in
P11 SS1 cortical layers of Grin3a” mice (Figure 33B, C), confirming that postnatal OPCs are
primed to differentiate earlier in absence of GIuN3A or respond better to environment signals.
The results suggested that GluN3A controls the dynamics of OPC proliferation and
differentiation, with GluN3A-lacking OPCs adopting a “fast-forward mode” that accelerates

progression from early to late differentiation stages.
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Figure 33. Increased transition from OPC to immature and then to mature OLs in Grin3a” P11 brains. (A)
Labeling of different stages: Oligl displays nuclear localization in OPCs (not shown), is downregulated in iOL1 and
re-expressed in the cytoplasm of iOL2 (high level) and mOL (low level). Colocalization of Oligl, CC1 and Olig2
antibodies allows to differentiate: i{OL1, small green cells with high CC1 (green), high nuclear Olig2 (red) and no
Oligl; iOL2, bigger blue cells with CC1, Olig2 and high level of Oligl (blue); and mOL, smaller cells with CC1,
lower Olig2 and Oligl. (B) Representative images of triple staining in P11 SS1 of Wt and Grin3a” mice. (C)
Quantification of iOL1 and iOL2-mOL numbers across SS1 cortical layers (n=4 mice per group; two-tailed unpaired
t-test, *p<0.05. **p<0.01). Scale bars: 50 pm (A) and 10 pm (B).

By P18 the enhanced myelination was less apparent (Figures 28D, 29 and 31), but individual
myelinating OLs in upper SS1 layers still exhibited a larger morphological complexity (Figure 34).
For this structural analysis, we used a combination of antibodies against Opalin, a marker of mature
OLs that fills processes and myelin sheaths, and Casprl, a marker of paranodal segments flanking
nodes of Ranvier gaps (Figure 34A, B). Plotting Opalin® cells 3D-reconstructed with Imaris
revealed a clear separation of OLs from Wt and Grin3a” into two distinct clusters. Grin3a” OLs
displayed had larger size (Figure 34B, C) and a more complex morphology, with increased number
of intersections between 20 and 50 pm from the soma (Figure 34D). A significant increase in
Casprl* paranodal segments was also found along Opalin® myelin sheaths of Grin3a" OLs relative
to Wt (Figure 34E, F). Another indicator of myelination potential is the number and length of

myelin sheaths, or internodes when referring to the axonal segment surrounded by the myelin
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sheath. On average, Grin3a" cells generated a higher number of myelin sheaths, with no discernible

differences in their length (Figure 34G).

A Upper layers 551 at P18 B

@ Casprl+ paranodes

20um
C D Sholl Analysis
—_ Wt
— Grin3a" s
504
o 0
> c 40
g £
£ 2
2
2§ 301
€
= ?
"‘5 1) |
5 204 {
Ee)
£
3
= 10 4
The0 aseo T cooo o0 0  — e -
[P 0 10 20 30 40 50 60 70 80 90 100
—
Area (pm?) Distance from the soma (um)
E Myelin sheaths F Paranodes G Myelin sheaths
100, _kk* 30- 30+ Cwt
.:. * =] Grin3a™-
£3 804 2 5 - 25
® o - £
G £ 601 5 £ 204
5 B0
SE £ g
£ oo =1 —
E 2 404 2 154
20 1011 ‘ 1ol
Wt Grina”- Wt Grin3a”- Wt Grin3a?

Figure 34. Morphological analysis of myelinating OLs in P18 Grin3a” SS1. (A) Individual Opalin* myelinating
OL in upper SS1 layers of SS1 at P18. Casprl paranode stain (green) allowed identification of nodes of Ranvier
between myelin sheaths. (B) Representative Wt and Grin3a” 3D-reconstructed cell based on Opalin and Caspr
staining (Imaris filament tracing and spot algorithm). (C) Multi-axis representation of reconstructed cells (x = Area;
y = Length; z = Volume). (D) Analysis of cell complexity using Sholl-analysis of instersections of Opalin® processes
(1 pm distance concentric circles). (E) High magnification image of a Opalin® myelin sheath flanked by Casprl*
paranodal segments. (F) Quantification of number of Caspr* paranodal segments (F) and myelin sheaths (G) per OL
(n=14 cells from n=3 mice per group; two-tailed unpaired t-test, *p<0.05. **p<0.01, *p<0.001).
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7.2.3 Preferential myelination of large caliber axons in Grin34’ mice

Ultrastructural analyses of myelin using electron microscopy revealed a small but significant
increase in the number of myelinated axons in the deeper layers of SS1 at P11 (Figure 35B, D)
that was in-line with the enhanced myelination phenotype. Intriguingly, we noticed a remarkable
shift towards myelination of axons of larger diameter in the S§1 of GluN3A knockout mice (Figure
16E) that pointed towards differences in modes of myelination between phenotypes. As discussed
in the Introduction, activity-dependent myelination targets small axons (Gautier et al., 2015).
Thus, we reasoned that the preference to myelinate larger axons in absence of GIuN3A could result
from uncoupling of OL differentiation from axonal signals distinct from axon caliber. Further
evidence for preferred myelination of large diameter axons came from measurements of the G-
ratios (Figure 35C). G-ratios for larger axons were smaller in both SS1 (Figure 35F) and corpus
callosum of P11 Grin3a" mice (Figure 35G). Conversely, G-ratios for smaller axons were larger,
indicative of thicker myelin sheaths and possibly deficient myelination in response to activity in

absence of GluN3A.

Together, the data presented in Chapters 1&2 showed that GluN3A deletion drives a general
enhancement in myelin formation that is likely independent of neuronal activity, with axonal
selection responding instead to physical cues such as axonal diameter. One possibility is that
GluN3A is a required factor to enable activity-dependent myelination. In its absence, OL
differentiation switch to an activity-independent mode that alters the appropriate selection of axons
to be myelinated. In Chapter 3, I describe a series of experiments that were designed to test this

idea.
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Figure 35. EM analysis of myelin ultrastructure in SS1 and CC at P11. (A) Areas of analysis are shaded in blue
and callossal axons are indicated in green. Brains were cut horizontally at the levels of L5/6 for the SS1 analysis and
sagittaly across the central part for the CC analysis. (B) Representative images of layers 6/5 SS1 axons in Wt and
Grin3a’ mice. (C) Cartoon of G-ratio calculated as the inner diameter of the axon (d) divided by the fiber diameter
(D), including myelin. (D) Quantification of myelinated axon density (mm?) in P11 Wt and Grin3a” mice (Mann-
Whitney test, **p<0.001). (E) Frequency distribution of myelinated axons relative to axon diameter (Kolmogorov-
Smirnov test, ***p<0.0001). (F) Scatter plot showing the correlation between axon diameter and G-ratio in the SS1
(Linear regression Wt R*=0.259; Grin3a” R?=0.216; slopes difference **p=0.0046). For a fixed axon diameter, a
smaller g-ratio indicates greater myelin thickness. (G) Correlation between axon diameter and G-ratio in the CC
(Linear regression Wt R?=0.451; Grin3a” R*=0.179; slopes difference ****p<0.0001) ((n=495 and n=443 axons from

n=3 mice per group). Scale bars: 50 pm and 1 pm high magnification.
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7.3. Loss of activity-dependent OPC plasticity in Grin3a” mice

To evaluate differences in activity-dependent myelination in absence of GluN3A, we compared
the responses of OPCs from Wt and Grin3a" mice to chemogenetic stimulation of callosal axon
activity using DREADDs. We utilized the hM3Dg(q) DREADD, which triggers depolarization
of neurons in response to the synthetic ligand clozapine-N-oxide (CNO). Specifically, we in utero
electroporated hM3Dg-mCherry (or mCherry as control) plasmid into the right neuroepithelium
of E15.5 embryos (Figure 36A). IUE yielded extensive and highly reproducible labelling of layer
2/3 SS1 pyramidal neurons along with their axonal projections, which extend into ipsilateral layer
5 and traverse the corpus callosum to reach their contralateral targets in SS1 (Figure 36B). As
expected, mCherry and mCherry-hM3Dg displayed different subcellular localization and
expression intensity (Figure 36C), but the number of mCherry' somas (electroporated neurons)
was identical between control and stimulated Wt and Grin3a” mice (Figure 36D).
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Figure 36. In utero electroporation of mCherry and hM3Dg-mCherry into SS1 layer 2/3 neurons. (A) Timing
of mCherry (ctrl) and hm3Dg-mcherry (hM3Dg) IUE and mice perfusion at P15 or P29. (B) Confocal image of
mCherry" expression in SS1 L2/3 neurons, ipsilateral axonal projections in 15, CC and contralateral SS1 in a P29
mouse. (C) In control mice, there are filled somas and dendrites, whereas in hM3Dq mice, only cell bodies are
intensely stained. (D) Quantification of mCherry* layer 2/3 neurons in ctrl and hM3Dg both in Wt and Grin3a”
mice (n= 8-9 mice, pool of P15 and P29 mice; two-way ANOVA with Tukey’s multiple comparison test). Scale bars:
2 mm (B) and 100 pm (C).
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To stimulate neuronal activity in the electroporated neurons, we administered CNO (1 mg/kg,
i.p.) daily from P11-P15 or P22-29 (Figure 37A) and perfused mice immediately after the last
injection. To confirm activity-stimulation by CNO, we measured the expression of the immediate
early gene c-Fos, a established marker of neuronal activation. Both the number of c-Fos positive
cells and c-Fos intensity were increased in L2/3 neurons electroporated with hM3Dg-mCherry but
not with mCherry (Figure 37C). No differences in the number of c-Fos'* cells or c-Fos intensity

per cell were observed between genotypes (Figure 37D).
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Figure 37. CNO administration turns on c-Fos expression in mCherry* electroporated neurons. (A) Cartoons of
CNO injection protocols, applied from P11 to P15 or from P22 to P29. (B) Representative images of P29 brains with
increased c-Fos expression in mice electroporated with hM3Dg plasmids compared to ctrls. (C) C-Fos'/mCherry* cell
density (C) and C-Fos intensity (Integrated Density, measured with Arbitrary Unit, AU) in ¢-Fos'/mCherry* cells
(after applying a threshold to remove the background and low intensity cells) were significantdy higher in hM3Dg
electroprated brains compared to ctrls in both Wt and Grin3a™ mice (P11-P15 protocol)(n=4/5 mice per group; two-
way ANOVA with Tukey’s multiple comparison test, *p<0.05, ***p<0.001). Scale bar: 100 pm.

We then tested the effects of chemogenetic stimulation in OPC proliferation and differentiation

at the level of the corpus callosum where SS1-activated axons are located (Figure 38A).
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In Wt mice, we observed a significant increase after stimulation in the number of OPCs as well as
in their differentiation status at both P15 (Figure 38B) and P29 (Figure 38C), recapitulating
previous findings (Mitew et al., 2018). Strikingly both OPC proliferation and differentiation in
response to activity were impaired in Grin3a” mice, with no differences in the density of OPCs
and differentiated OLs in stimulated brains compared to controls. The data suggested that
GluN3A-lacking OPCs may not be able to properly sense and respond to neuronal activity. Yet,
this first set of experiments were conducted in constitutive GluN3A knockout mice that lack
GIuN3A in all cell populations, brain regions and ages, and we could not rule out contributions

of GluN3A expression in other cell types.
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Figure 38. Loss of OPC proliferation and differentiation in response to chemogenetic stimulation of callosal
axons in Grin3a’ mice. (A) Number of PDGFRa" OPCs and CC1* OLs was quantified in the CC where SS1-
activated axons are located. Cell density quantifications after CNO injection from P11 to P15 (B) and from P22 to
P29 (C) in Wtand Grin3a” mice. (D) Cartoon showing the physiological response of OPCs upon activity stimulation
prevented by GluN3A deletion (n=4/5 mice per group; two-way ANOVA with Tukey’s multiple comparison test,
*p<0.05). Scale bar: 20 pm.
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7.4. Characterization of Cre-driver mouse lines for specific GluN3A

deletion in oligodendroglial cells

To determine if the lost myelin plasticity was due to cell-autonomous GluN3A deletion from

1 mice with

OPCs, we deleted GluN3A selectively from this cell population by crossing Grin3a
oligodendroglial-specific Cre-deleter lines. To choose the appropriate mouse line for our
experiments, we began by characterizing Cre expression in 3 different mouse lines using a R26-

tdTomato™?

reporter line: CNP-Cre and Sox10-Cre, that target all the oligodendroglial cells,
including OPCs, although CNP-Cre seems to be prevalent in differentiating OLs (see below); and
PDGFRa-CreER™, that target newly-formed OPCs and their progeny at desired time points by

induction with tamoxifen (TMX).

In P11-12 CNP-Cre mice, tdTomato was found in the majority of Olig2'/CC1* OLs and some
PDGFRa*-OPCs both in WM and GM (Figure 39A, upper and lower panels respectively).
However, recombination was not specific as we found tdTomato also in non-oligodendroglial cells
such as NeuN' neurons (Tognatta et al., 2017). In P11-12 Sox10-Cre mice, tdTomato was found
in a majority of Olig2* cells (> 90% of cells in the regions analysed, Figure 39B). Colocalization
with CC1 or PDGFRa in cortex and CC demonstrated specific targeting of entire OL lineage.
Using an antibody against Cre, we confirmed Cre recombinase expression in OLs. In PDGFRa-
CreER™ mice, tdTomato expression was driven by perinatal TMX injection and appeared in
PDGFRa’ cells and CC1" cells that differentiated from the recombined OPCs (Figure 39C). In
the WM tdTomato was mainly in CC1* OPC-progeny while in the GM mainly in OPCs that still
express PDGFRa, as expected given different differentiation rates between WM and GM (Dimou
et al., 2008; Vigano et al., 2013). While this mouse line is not presented in the current thesis, we
have already generated PDGFRa-CreER™ mice crossed with Grin3a™ mice that are in the process
of being tested in the context of activity-dependent plasticity to establish unequivocally that
GIuN3A is involved in adult stages. Nevertheless, for the experiments described in this thesis we
used Sox10-Cre mice crossed with our Grin3a™ mice to investigate the impact of GluN3A absence
in oligodendroglial cells and discriminate their contribution to the myelination phenotype

observed in the constitutive GluN3A knockouts.
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Figure 39. Characterization of Cre-driven mouse lines. (A) Analysis of tdTomato expression in CNP-Cre mice
crossed with the R26-tdTomato reporter line, we found tdTomato expression in the oligodendroglial lineage.
Unspecific recombination was detected in NeuN" cortical neurons (bottom right panel). (B) In Sox70-Cre mice
crossed with the R26-tdTomato reporter, tdTomato and Cre were selectively expressed by oligodendroglial cells and
the recombination efficiency reached >90% both in WM and GM (bottom left graph). Sox10-Cre™ control littermate
mice showed no expression of Cre. (C) Upon perinatal TMX injections, PDGFRa-CreER™ mice showed selective
recombination in Olig2* cells, mainly CC1* OPC-progeny in the WM and still PDGFRa" in the GM. Scale bars: 60
pm (A) and 20 pm (B, C).
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7.5. Loss of activity-dependent OPC plasticity in Sox10-Cre*"

:Grin3a"" mice

To investigate whether the block of OPC plastic responses upon stimulation in the constitutive
knockout was due to the absence of GIuN3A in OPCs, we conducted the DREADDs stimulation
experiment in Sox0-Cre*";Grin3a"" mice. Additionally, we broadened our investigation by
exploring alternative methods to stimulate neuronal activity and boost myelin plasticity, including

physical exercise or motor skill learning paradigms.

7.5.1 Loss of OPC plasticity in response to chemogenetic activation of callosal
axons activity in Sox/ 0-Cre*";Grin34"" mice

We electroporated mCherry and mCherry-hM3Dg plasmids in the neuroepithelium of E15.5
embryos of Sox10-Cre”;Grin34"" and Sox10-Cre*;Grin34". CNO was administered from P11
to P15 (Figure 40A), as previously described. Using c-Fos expression, we confirmed neuronal
stimulation of SS1 cortical L2/3 neurons in both Sox10-Cre*;Grin34"" mice and Sox10-Cre”
;Grin3a™ littermates, which served as control (Figure 40B). We then assessed the effects of
chemogenetic stimulation on OPC proliferation and differentiation in the corpus callosum (Figure
40C). As expected, control mice exhibited a significant increase in the number of OPCs and
differentiated OLs following stimulation. However, this response was not observed in Sox/0-Cre*"
;Grin3a" mice (Figure 40D, E) demonstrating that cell-autonomous GIuN3A expression is

responsible for the loss of activity-dependent OPC plasticity.
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Figure 40. Loss of OPC proliferation and differentiation in response to chemogenetic stimulation of callosal
axons upon OPC-specific GIuN3A deletion. A) Sox10-Cre';Grin34"" mouse line used to specifically remove
GIuN3A from OPCs. CNO was injected from P11 to P15 and mouse perfused the next day. (B) Representative
images of c-Fos activation in L2/3 neurons of hM3Dg electroporated brains in both Cre”” controls and Cre*” mice.
(C) Representative images of OPCs (top) and differentiated OLs (bottom) in ctrl and stimulated corpus callosum of
Cre™ and Cre*” mice. (D) Quantification of OPC (D) and differentiated OLs (E) density after stimulation (n=5 mice
per group; two-way ANOVA with Tukey’s multiple comparison test, *p<0.05, **p<0.01, **p<0.001). Scale bars:
50 pm (A) and 20 pm (B).
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7.5.2 Loss of OPC plasticity in response to natural stimulation of neuronal

/11

activity with chronic physical exercise in Sox10-Cre*"";Grin34"" mice

We next asked whether the outcome observed with DREADD stimulation of neuronal activity
was recapitulated using natural paradigms that induce myelin plasticity. We first chose the
treadmill as a chronic physical exercise protocol documented to enhance motor circuit-related

myelin plasticity (Chen et al., 2019), and explored the response of OPCs lacking GluN3A.

We designed a variation of the protocol used by Chen and colleagues (2019) consisting of 5 days
of exercise per week for 3 consecutive weeks, to minimize the contribution of factors such as mouse
fatigue or refusal to run (Figure 41A). Every day the mice run on the treadmill for one hour at an
average speed of 10 m/min. Here, rather than measuring the entire population of OPCs and OLs,
we conducted fate-mapping of newly-formed OLs by injecting BrdU (50mg/kg daily) during the
last 5 days of the protocol. Mice were perfused 4 days later to enable the differentiation of
proliferating OPCs. Mice performance was tracked by monitoring the number and total time of
mild shocks each mouse received to complete the entire running program. This parameter served
as an indicator of learning at the beginning and of fatigue at the end of the protocol. Similar trends
of shock increase across the experimental weeks were observed in Sox!0-Cre*";Grin3a"" mice and
Sox10-Cre”;Grin3a"™ controls, with Sox10-Cre”;Grin34"" mice exhibiting overall worse
performance with higher shock scores across time (Figure 41B). However, our results show that
treadmill performance cannot be considered a fine or accurate parameter of motor behavior and

A/

we have designed specific protocols to assess the motor phenotype of Sox10-Cre*";Grin3a"" mice

(see 5.3).
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Figure 41. Loss of OPC plasticity in response to physical exercise in OPC-selective GluN3A knockout mice.
(A) Chronic treadmill exercise protocol; BrdU was injected during the last 5 days. (B) Mice performance measured
as the total time of shocks (s) received per day to continue running over the 3 weeks of training. Quantifications of
newly-formed OLs (BrdU") and differentiation state in scWM (C) and M1/M2 cortical areas (D) of non-runners
and runners (NR and R) of the indicated genotypes. (E) Representative images of newly-formed OLs in the scWM
and M1 of NR and R mice, adquired with a confocal and thunder microscope respectively. (F) Quantification of
newly-formed OLs in the hippocampus (n=4/9 mice per group; two-way ANOVA with Tukey’s multiple comparison
test, *p<0.05, **p<0.01, **p<0.001). Scale bars: 30 and 50 pm.
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To investigate the effect of treadmill running on oligodendrogenesis, we quantified the number of
newly-formed OPCs (BrdU'/Olig2*) and their differentiation rate (BrdU*/Olig2*/CC1") in the
scWM under motor cortices as well as in primary and associative motor cortex (M1/M2) (Figure
41C, D). The absolute densities of newly-formed oligodendroglial cells were higher in WM
compared to GM in both SoxI0-Cre*;Grin3a"" mice and Sox10-Cre”;Grin3a" controls non-
runners. Differentiation rates also differed. In the scWM of non-runner control mice ~50% of
BrdU'/Olig2* cells became CC1*, while in M1/M2 only ~7% of BrdU*/Olig2* were CC1"in line
with different differentiation rates between WM and GM. Running increased both OPC

proliferation and differentiation in both regions of control Sox0-Cre”;Grin3a""

mice. In non-
runner control mice, we counted an average of 180 BrdU*/Olig2* cells/mm? of in the scWM, which
significantly increased to 240 cells/mm? in runners. In M1/M2 the average count was 45
cells/mm?, which increased to 60 cellsymm? in runners. In both regions, the ~35% increase in
BrdU'/Olig2* cell number after treadmill running culminated in increased differentiation by 4
days (~60 increase in the number of BrdU'/Olig2'/CC1* mOLs relative to non-runners). No
significant differences were found in CC1 cells of runners compared to non-runners in both

controls and Sox10-Cre";Grin3a"". No differences in newly-formed OLs were detected in non-

motor areas such as the hippocampus (Figure 41F).

Together, our findings confirm that OPCs lose their ability to proliferate and differentiate in
response to activity in the absence of GluN3A. We are conducting investigations at the level of
light and electron microscopy to examine whether these cellular dynamics alterations result in

changes in myelination.
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7.5.3 A novel paradigm to study myelin plasticity and different aspects of
motor learning using the Erasmus Ladder

Our treadmill experiments identified a need for paradigms that allow simultaneously studying
myelin plasticity and behaviour. To address this, we have implemented a less explored paradigm,
the Erasmus Ladder, based on skilled motor training in the Erasmus ladder (Figure 42, Staffa et
al., 2023). This paradigm provides several advantages: it is shorter (8 days) and thus allows a finer
dissection of time-courses of OPC differentiation and proliferation during fine motor skill
learning, and has the capability for simultaneous and automated assessment of different aspects of
motor performance and learning.

Briefly, the Erasmus Ladder consists of a horizontal ladder built of alternate high and low rungs
equipped with touch-sensitive sensors, flanked by two goal boxes. The paradigm requires a finer
motor ability that the treadmill or rotarod normally used for motor assessment. Some rungs can
be randomly elevated to create an obstacle (unconditioned stimulus, US) that increases the
difficulty of the motor task. A tone (conditioned stimulus, CS) can be applied prior to the obstacle
for association studies (see Material and Methods). The test involves two phases: an initial phase
where mice are trained to navigate the horizontal ladder ("fine motor learning"), and a second
phase where an obstacle is presented in the path of the moving animal. The obstacle or perturbation
can be unexpected ("challenged motor learning") or preceded by an auditory tone ("associative
motor learning"). The protocol consists of four undisturbed and four challenge sessions (42 trials
each, one session per day) (Figure 42A). During the protocol set-up, we screened a variety of read-
outs (Figure 42B) to assess motor performance and learning in Wt mice during the first days as
well as challenge motor learning and associative learning during the last 4 days. Time on ladder,
% of trials with missteps, and step time were chosen based on reproducibility and information
obtained.

Figure 32C shows how measurements of the time to cross the ladder yielded a significant learning
curve from days 1 to 4 that could be fitted with a power regression curve (R = 0.50, *p = 0.047).
A key parameter that determines the time taken to cross the ladder is the occurrence of missteps,
defined as a high to low rung step. In line with the shortening of times on the ladder, the number

of trials where mice made missteps (Figure 42E) decreased over undisturbed sessions as mice
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learned to walk on the upper rungs and avoid the lower ones as a more efficient pattern to cross
the ladder (R = 0.90, ***p < 0,0001). Over the 4-day initial phase, Wt mice master the skill and
cross the ladder by learning to adopt the most efficient running pattern and missteps occur rarely
by day 4. With the beginning of challenge sessions on day 5, animals required more time to cross
the ladder (Figure 42D) during US-only trials because of the unpredicted introduction of the
obstacle day 4: 5.01 s; day 5: 7.84 s; paired t-test, *p < 0.039). Mouse performance improved from
days 5 to 8, yielding a significant learning curve across US-only sessions (R = 0.50, *p = 0.045,
orange). In associative learning trials, where the obstacle was paired with a tone, animals completed
the daily sessions significantly faster relative to US-only trials (R = 0.63, purple; two- way repeated
measure -RM- ANOVA, *p = 0.028). Finally, in control trials when the tone was presented alone
(CS-only), a significant learning curve that resembled undisturbed sessions was reported (R = 0.82,

**p < 0.001, blue).

Analysis of step patterns provided additional confirmation and enhanced sensitivity in detecting
differences between US-only and associative trials. Figure 42F shows how the percentage of trials
with missteps remained constant throughout US-only trials (R = 0.01, p = 0.90, orange), while a
significant decrease in trials with missteps was observed during paired sessions (R = 0.61, *p = 0.01,
purple). Figure 42H shows a significant difference between pre and post perturbation step times
in US-only trials (two-way RM ANOVA, *p = 0.05) but not in paired trials where mice learned

faster to overcome the obstacle. Control step times during undisturbed sessions are reported in

Figure 42G.

Next, we compared the robustness of this protocol relative to the treadmill to induce OPC
plasticity by injecting BrdU during the last 4 days of challenge sessions (Figure 42A) and
quantifying newly-formed oligodendroglial cells and their differentiation in the scWM under
motor areas two days later (Figure 43A). Preliminary quantifications in Wt revealed that Erasmus
ladder training is a stronger inducer of oligodendrogenesis relative to chronic treadmill exercise:
~33% increase of total BrdU'/Olig2* and ~62% increase of BrdU'/Olig2'/CC1* cells in treadmill
runners relative to non-runners vs ~78% increase in total BrdU'/Olig2* and 225% increase of

BrdU"/Olig2*/CC1* cells in Erasmus Ladder trained mice relative to home cage (Figure 43B, C).
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Figure 42. Monitoring fine and associative motor learning in mice using the Erasmus Ladder. (A) Erasmus

ladder protocol. (B) Cartoon of the ladder and parameters. (C) Time on ladder during undisturbed session on days

1 to 4 and (D) during challenge sessions on days 5 to 8 (US-only in orange, paired in purple). Percentage of trials

with missteps during days 1 to 4 (E) and 5 to 8 (F). Pre and post perturbation step time during days 1 to 4 (G) and

5 to 8 (H) (n=4 Wt mice; power non-linear regression analysis of the learning curves [C: *p = 0.047; D: *p = 0.047
and **p = 0.0093, US-only and Paired, respectively; E: ***p < 0.001; F: ns and *p = 0.013, US-only and Paired,
respectively] and two-way RM ANOVA between trial types and pre and post-perturbation step times within the same
session (D: *p = 0.028; F: *p = 0.032: H: *p < 0.05 and ns (US-only and Paired, respectively).
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Figure 43. Erasmus Ladder is a strong inducer of oligodendrogenesis. (A) Cartoon of the area of the analysis in

the scWM under motor cortices. (B) Quantifications of total newly-formed and differentiated OL cell densities in

Erasmus Ladder (EL) trained vs home cage (HC) mice. Comparison between treadmill and Erasmus Ladder ability

to induce oligodendrogenesis, expressed as % change (relative to Wt controls, NR and HC, respectively) in

BrdU*/Olig2* and BrdU*/Olig2*/CC1* cells (n=3 mice; two-tailed unpaired t-test, *p<0.05. **p<0.01).
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7.6. Molecular properties of plastic GluN3A-expressing OPCs

Next, we asked what is different in GluN3A-lacking OPCs that contributes to plasticity loss. For
this, we compared the transcriptome of OPCs isolated from P7 Wt (Figure 21) and Grin3a”
forebrains using RNA-seq (Figure 44). Postnatal GluN3A-lacking OPCs exhibited signatures of
aged OPCs compared to control OPCs. Among the 360 upregulated genes with a log2FC > 0.26
and a pvalue < 0.05, we found elevated levels of a set of immune-related genes and inflammatory
networks (Figure 44A; GO: Response to interferon-f3, 18 genes with FDR: 3.4E-15 and fold
enrichment: 20.3; GO: innate immune response, 48 genes with FDR: 4.8E-13 and fold enrichment:
3.8; GO: Response to cytokine, 55 genes with FDR: 2.1E-14 and fold enrichment: 3.7). The gene
expression pattern resembles transitions to immune-competent states in OPCs in old mice (Spitzer
et al., 2019) and confers susceptibility to EAE in mice (Falcao et al., 2019) and MS in humans
(Meijer et al., 2022) (Figure 44B). Considering that one of the most prominent molecular
alterations in aged OPCs is down-regulation of GluN3A expression (Spitzer et al., 2019, Neumann
etal., 2019, see Figure 22) and that aged OPCs become unresponsive to pro-differentiation signals

with a lower regenerative capacity, our result that postnatal OPCs shown signals of aging or disease

open up possibilities for research and interventions.
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Figure 44. The transcriptome of GluN3A-lacking OPCs mirrors that of aged and diseased OPCs. (A) Volcano
plot of downregulated (blue) and upregulated (red) genes in MACs isolated OPCs from P7 Grin3a” forebrains relative
to Wt (threshold: log2FC > 0,26 and pvalue < 0.05). Note Grin3a among the highest downregulated genes as control.

(B) Table of common immune-related genes upregulated both in GluN3A-lacking OPCs and aged OPCs (Spitzer et
al., 2019) as well as EAE-OPCs (Falcao et al., 2019) and human MS-OPCs (Mejier et al., 2022) (bold).
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7.7. Preliminary insights into GluN3A role in remyelination

The natural regenerative process following demyelination, known as remyelination, is typically
robust in younger individuals but becomes increasingly prone to failure with age or in persistent
inflammatory condition associated with myelin-related diseases. Our discovery that the myelin
plasticity impairment in OPC-lacking GluN3A mice mirrors characteristics seen in aging or disease
states prompted us to investigate remyelination in this context. We used a toxin-induced
demyelination model by injection of lysolecithin (LPC). Compared to other demyelination
models, stereotaxic LPC injection has the advantage of making demyelinating lesion in specific
regions leaving unaffected the surrounding tissue. Moreover, the LPC-induced demyelination
model elicits a synchronized and successive response of OPC across days’ post-injections (dpi) in
adult mice: first a phase of OPC migration and proliferation in the lesion site, by 7 dpi, followed
by differentiation and (re)-myelination, by 14 dpi. A pilot analysis demonstrated that the
remyelination of focal lesions induced by injection of LPC in the anterior corpus callosum (Figure
45A, B) was impaired in adult SoxI0-Cre";Grin34"" mice compared to controls. No main
differences were found in the number of OPCs recruited and proliferated in the lesion area at 7dpi
(end of the proliferation phase), with a similar reduction in OPC numbers by 14dpi. However,
the number of differentiated OLs became significantly lower in GluN3A-lacking mice from 7dpi
to 14 dpi (phase of OPC maturation) (Figure 45C, D).
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Figure 45. OPC responses after lysolecithin-induced focal demyelination in the anterior corpus callosum. (A)
LPC was injected in the anterior corpus callosum under anaesthesia with a stereotaxic apparatus (coordinates respect
to bregma: -1 mm lateral, +1.3 mm anterior, -1.7 mm deep). (B) Coronal slices stained with MBP and Ibal to
identify the lesion site: the demyelinated area lacks MBP and the remyelinated area is characterized by microglia
proliferation (green) and intense MBP (high magnification). (C) Quantification of OPC and differentiated OL
densities in the lesion at 7 and 14 dpi. (D) Representative images of OPCs at 7 dpi and mOLs at 14 dpi, in control
and OPC-lacking mice (n=3/6 mice per group, two-way ANOVA with Tukey’s multiple comparison test, *p<0.05.).
Scale bar: 50 pm.
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8. DISCUSSION
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Work in the last decade has revealed that not only neurons but other brain cells are capable of
plasticity. A pre-eminent example is myelin that was previously seen as a stable insulator but is
now recognized as enormously dynamic and regulated by neuronal activity and environmental
experience to adapt neural circuits to changes in life experience (de Faria et al., 2021). Beyond the
interest of a basic biological understanding, myelin plasticity has become an area of intense study
as a point of entry to foster myelination to enhance learning or restore lost myelin in pathological
conditions. Two lines of evidence support this idea. First, human studies where learning of
cognitive or motor skills such as juggling or piano playing induces WM changes in task-related
regions (Bengtsson et al., 2005; Scholz et al., 2009). Second, observations that neuronal activity
modulate OPC proliferation and differentiation in pathological settings (Gautier et al., 2015;
Ortiz et al., 2019; Geraghty et al., 2019), and pilot studies supporting interventions like aerobic

exercise and motor/cognitive rehabilitation to alleviate MS symptoms (Feinstein et al., 2023).

The discovery that glutamatergic axons form synapse-like contacts with OPCs revealed a route for
OPC:s to “listen” and respond to neuronal activity and axonal signals (Bergles and Jahr, 2000) and
opened a path to harness myelin plasticity and identify targets that foster myelination. The idea
was that signaling via axon-OPC synapses regulates OPC differentiation to favour the myelination
of electrically active axons (de Biase et al., 2010; Karadottir et al., 2008). But while OPCs express
a variety of ionotropic and metabotropic glutamate receptors which make them able to sense
glutamate released by axons, attempts to link AMPA- or NMDA-type receptors to OPC
differentiation and myelination have been disappointing - with only moderate and controversial

effects of deleting specific receptor subunits (de Biase et al., 2011; Kougioumtzidou et al., 2017).

A breakthrough was the discovery that OPCs express NMDARs of unusual composition -
including the non-conventional GIuN3A subunit (Karadottir et al., 2005; Salter and Fern, 2005;
Burzomato et al., 2010). Neuronal GluN3A-NMDARs (Perez-Otano et al., 2001) play essential
roles in maintaining plasticity niches in young brains by modulating glutamate signaling (Perez-
Otano et al., 2016; Conde-Dusman et al., 2021). My Thesis work demonstrates a more general
role of GluN3A in plasticity control in OPCs, with commonalities to known roles in neuronal
synapses. Below we summarize and discuss our main findings and propose a working model that

stemmed from our results.
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GluN3A is expressed in OPCs

Initial reports described GluN3A expression in oligodendroglial cells and correlated the low Mg
block of NMDA currents recorded in oligodendroglial cells with the kinetic and pharmacological
properties of recombinant receptors expressing GluN1, GluN2C and GluN3A (Karadottir et al.,
2005; Burzomato et al., 2010). Using our or published bulk and single cell transcriptomic
resources, we now confirm that GIuN3A (encoded by the Grin3a gene in rodents, GRIN3A in
humans) is expressed in oligodendroglia. Within the OL lineage, GluN3A mRNA is restricted to
a subset of postnatal and adult OPCs and OPCs committed to differentiate. Expression is
downregulated with cell maturation (Figure 20, 21) and declines during brain aging (Figure 22).
Histological analysis of young mouse brains using FISH combined with OPC immunolabeling
and electron microscopy showed that Grin3a mRNA and GluN3A protein are located in OPC

processes surrounding axons and thus well placed to sense axonal signals (Figure 23-25).

OPCs populate the CNS early on and remain through life, but how activity couples their
differentiation with the preferential myelination of selected axons is largely unknown. After
division and cell cycle exit, OPCs in the postnatal brain “pause” in a “dormant” state that lasts 3-
8 days (Hill et al., 2014). A similar transient suppression of OPC proliferation and differentiation
into mOLs has been observed during the first stages of learning (Bacmeister et al., 2020). This
intermediate state is poorly defined but creates a window of opportunity where OPC fate can be
modulated by changes in the environment to ensure myelination of appropriate axons, and could
be the point of divergence between intrinsic activity-independent and activity-dependent OPC
differentiation programs. In line with this, GIuN3A expression secems to be a property of a subset
of OPCs (Figure 20C); with estimates varying across studies, ages and potentially regions. Our
pilot study using electrophysiological recordings of fluorescently labeled OPCs confirms this
heterogeneity and shows that about 53% of OPCs in postnatal-young brains (bewteen P7 and
P40) had GluN3A-mediated currents (Figure 26). Future works should address the key question
related to the nature of the receptor that sustains OPC plasticity: tri-heteromeric GluN1/2/3A
NMDARs that respond to glutamate or di-heteromeric GIluN1/3A receptors that respond to

glycine or a mixture of receptors? Both are expressed by OPCs, and the recent development of
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pharmacological tools, including positive allosteric modulators (PAMs) and negative allosteric
modulators (NAMs) (Hansen et al., 2018) with selectivity for GluN3A containing receptors, like
the NAM EU1180-438 (Zhu et al., 2020) will help address this issue.

Constitutive GluN3A deletion induces premature neuronal circuit myelination

During critical periods of postnatal development, a regulated switch from juvenile (containing
GluN2B or GluN3A) to mature (containing GluN2A) NMDAR subtypes gates the selective
maturation and stabilization of excitatory synapses to allow the formation of precise neural circuits
(Paoletti et al., 2013; Perez-Otafo et al., 2016). Work from our laboratory highlighted a crucial
modulatory role of non-conventional NMDARs containing GluN3A subunits (GluN3A-
NMDARYs), that limit juvenile plasticity and guide this type of experience-dependent synapse
selection (reviewed in Perez-Otafio et al., 2016). The current idea is that GluN3A-NMDARs
fulfill a dual role as: 1) “synapse brake”, by maintaining synapses in an immature state until the
arrival of sensory experience; 2) “synapse selector” with GluN3A removal gating the emergence of

local mechanisms for maturation of active synapses.

My Thesis work show that GluN3A in OPCs plays an additional role as a regulated brake to
control the timing and coupling to activity of postnatal myelination. Using transcriptomics
(Figure 27, 28) and histological analysis (Figure 30-34), we find that OPC differentiation and
myelination are accelerated in WM and GM regions of P11 Grin3a’ brains compared to age-
matched wild-type controls. Differences are less apparent at P18, indicating cither a transient
defect with compensatory mechanisms taking place or a finer later-stage phenotype that is
undetectable with our methods due to the massive developmental enhancement in myelin gene
expression (Figure 28D). The latter explanantion is supported by western blot data (Figure 29)
showing that myelin-related proteins are still expressed at higher levels in Grin3a” forebrains at
P18 (even if to a lesser extent compared to differences observed at P11). Additionally, 3D-cell
recorstruction reveals that myelinating OLs in the upper layers of SS1 exhibited a more complex

morphology with higher numbers of processes and myelin sheaths at P18 (Figure 34).

While the accelerated or increased myelination observed could potentially be attributed to

enhanced OPC responses to neuronal activity, several observations led us to discard this

139



hypothesis. First, the increased myelin deposition was generally observed across brain areas,
independent of the timing of arrival of neuronal activity. This was particularly evident in V1,
where the phenotype was observed at P11, prior to eye opening, but not at P18 (Figure 31B).
Second, the preferential myelination of large caliber axons in Grin3a" mice (Figure 35E) suggested
uncoupling of OPC differentiation from axonal signals distinct from axon caliber. Taken together,
these findings pointed towards a predominance of activity-independent myelination programs in
the absence of GluN3A that continue beyond its typical time window, with OPCs only responding
to physical cues like axon caliber in detriment of adaptation to neuronal signals. The acceleration
phenotype is further consistent with a loss of the OPC dynamic pause state in absence of GluN3A

and the adoption of a “fast-forward” differentiation mode that does not respond to activity signals.

GluN3A support activity-dependent plasticity capabilities of OPCs

Taken our results together with GIuN3A neuronal roles in maintaining dynamic plasticity niches
(Pérez-Otano et al, 2016), we proposed that GluN3A keeps OPCs in the paused plastic state,
“waiting” for the appropriate axonal trigger to initiate differentiation and directed myelin

production (Figure 46).

Figure 46. Working model for GluN3A roles in
modulating activity-dependent myelination. Putative
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lineage cell that express GluN3A and senses neuronal
activity or signals released by active axons (i.e. BDNF,
Nrgl) that would trigger GluN3A down-regulation and
OPC differentiation. By contrast, GluN3A-lacking OPCs
in GIuN3A knockout mice or aged brains fail to sense
axonal signals and proceed via an intrinsic myelination
program, with preference for larger axons and independent
of axonal activity that prefers small caliber axons (Gautier et
al., 2015). (A) Axon-OPC synapse of a plastic, GIluN3A
expressing OPC. (B) GluN3A down-regulation by activity-
dependent signals within the GluN3A C-terminal tail and
disassembly of the receptive machinery after OPC
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In this model, GIuN3A would be down-regulated by activity signals that unleashed OPC
maturation and myelination of appropriate axons. If so: the plastic OPC state would be missing
in absence of GluN3A; and differentiation would be insensitive to axonal signals and instead
respond to intrinsic cues. To directly assess the status of activity-dependent myelination, we
directly stimulated neuronal activity with DREADDs and studied OPC responses in absence of
GIluN3A. First evidence came from constitutive GluN3A knockout mice, and was later validated
by generating a mouse line where GluN3A was specifically deleted in oligodendroglial cells (Sox10-
Cre'";Grin3a" mice). Our results demonstrated that OPCs-lacking GIuN3A fail to differentiate
in response to chemogenetic stimulation of callosal axons (Figure 38, 40). This results further
support our hypothesis that in postnatal Grin3a” mice OPCs adopt a a “fast-forward”

differentiation mode that does not respond to activity signals.

We went one step further and explored the ability of natural paradigms that induce myelin
plasticity, starting with a simple chronic physical exercise protocol based on the work of Chen et
al., 2019. Here it was necessary to carefully titrate the time, speed and frequency of running as
mice tended to abandon the task. Again we found that the physiological increase in OPC
proliferation and/or differentiation after neuronal activity stimulation in the treadmill observed in
wild-type mice was abrogated in Sox0-Cre*"; Grin34"" mice (Figure 41). We additionally set up
a new paradigm of motor skill learning, the Erasmus ladder and tested its ability to stimulate myelin
plasticity (Figure 42). This paradigm provided several advantages: it has a short duration (8 days)
allowing finer dissection of time-courses of OPC differentiation and proliferation; it allows
simultaneous and automated assessment of different aspects of motor learning; it does not induce
fatigue unlike other motor tests such us the rotarod or treadmill; and it is a stronger inducer of
OPC proliferation and differentiation in wild-type mice (Figure 43). The stronger myelin
plasticity induction is in-line with findings previously obtained using complex wheel paradigms
(McKenzie et al., 2014; Xiao et al., 2016). This holds significant translational relevance, as it opens
doors for future investigations into a synergistic approach involving genetic restoration of GIuN3A
to restore activity-dependent OPC plasticity alongside behavioral rehabilitative interventions,

increasing feasibility and efficacy in clinical settings.
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Lundgaard and colleagues (2013) shed light on signals involved in GluN3A removal. For instance,
GluN3A is down-regulated by glutamate and pro-differentiation axonal signals like NRG1 and
BDNF that induce a switch to NMDAR-dependent myelination. BDNF signaling is involved in
intracellular NMDAR trafficking (Caldeira et al., 2007), is one of the moleculae to date implicated
in activity-dependent myelination (Geraghty et al., 2019), and could be a key GluN3A upstream
factor. These data support the idea of GluN3A as a regulated switch that senses activity and signals
OPC exit from the paused plastic state, analogous to neurons where built-in activity-dependent

signals target GluN3A for removal and prime synapses for maturation (Perez-Otafo et al., 2010).

GluN3A declines with age and deletion confers aging features to OPCs

The regenerative capacity of the widespread OPC population deteriorates and eventually fails in
the aging or disecased CNS. Aged OPCs become unresponsive to pro-differentiation signals
(Neumann et al., 2019), posing intrinsic constraints in therapeutics aimed at enhancing OPC
differentiation. One of the most prominent molecular alterations in aged OPCs is down-regulation
of GluN3A expression (Figure 22; from datasets in Spitzer et al., 2019, Neumann et al., 2019)

that we demonstrated to be an important factor for OPC plasticity in response to activity.

We found that OPCs isolated from GluN3A knockout forebrain exhibit signatures of aged OPCs.
This include elevated levels of a set of immune-related genes and inflammatory networks (Figure
44) such as: T-cell binding genes (7gzpl-2), serine peptidase inhibitors (Serpina3f), z-DNA-
binding proteins (ZbpI), NOD-like receptors (NV/rc5), interleukins (//15), interferon-response
genes (Psmb9, Irf7, Ifit1-3, Ifi44-47-209, Statl) and major histocompability (MHC-I and II) genes
(Psmb9, TapI). The gene expression pattern resembles OPCs in old (Spitzer etal., 2019) and EAE
mice (Meijer et al., 2022). scRNAseq analysis from Falcao and colleagues (2018) further suggests
that a disease-associated subpopulation of OPCs with reduced GluN3A expression, distinct from
the OPC population found in healthy mice, emerges in the spinal cord of adult EAE mice, model
of MS. Future analysis will be needed to investigate the ability of GluN3A-lacking OPCs to
respond to pro-differentiation signals and their similarieties with the beahavior of aged OPCs in
vitro. It will be necessary as well to assess GluN3A expression in human samples of MS patients to

determine if it declines not only with age but also disease factors.
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Relevance for fostering remylination in disease states

Much of advanced MS results from disrupted communication between the axons and the myelin
sheath, which deprives nude axons of crucial metabolic support. Thus a path to devise neuro-
restoration therapies is to promote myelin repair and regenerate the functional axon-myelin unit.
A main obstacle is that remyelination, the spontaneous response to focal demyelinating lesions, is
very efficient in young people but becomes slower and eventually fails with aging - as is the case
for most regenerative processes. This age-dependent decline in myelination capacity is thought to
be a major contributor to irreversible, progressive MS often lasting several decades but the reasons
are poorly understood. Intriguingly, postmortem studies of demyelinated plaques from MS
patients show limited remyelination despite available OPCs. This led to the notion that the age-
dependent myelination failure stem from a decrease in the differentiation potential of OPCs. A
challenge has been to find ways to enhance their responses and sustain their capacity to produce
myelin throughout life by identifying and overcoming the aging factors that limit their function.
And identifying and targeting the mechanisms that promote (or interfere with) OPC
differentiation and myelination of appropriate axons has been identified as critical to devise
effective therapeutic interventions. While this information had been missing, recent discoveries
implicate intrinsic (e.g. disrupted mTOR signaling, Neumann et al., 2019) or extrinsic (e.g. niche

stiffness, Segel et al., 2019) age factors.

Along with driving experience-dependent myelination, neuronal activity modulates OPC
proliferation and differentiation in pathological settings (Gautier et al., 2015; Ortiz et al., 2019).
This ssuggested that fostering activity-dependent myelination by targeting GluN3A might be a

novel therapetuic opportunity to restore myelination capabilities in aged brains or disease states.

Thus we tested whether OPC-specific Grin3a loss of function modifies OPC differentiation and
remyelination in response to focal demyelinating lesions. Our pilot analysis demonstrated defects

in the remyelination process of focal LPC lesions (Figure 45) in adult Sox!0-Cre*";Grin3a""

mice
compared to controls. Electron microscopy will be additionally required to directly test whether

GluN3A deletion impedes effective remyelination.
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Perspectives

Of the glutamate receptors expressed by OPCs, GluN3A-NMDAREs are the first to be linked to
activity-dependent myelin plasticity, with their down-regulation a culprit of the inefficient capacity
to regenerate myelin in aged brains. Quiescence is essential for maintaining cell populations in
reserve for tissue regeneration and repair, and restoring the population of GluN3A-expressing
OPC:s offers a promising avenue for therapeutic intervention. Ongoging and future work will aim
at providing a mechanistic understanding of the molecular sensors, cell biological, transcriptomic
and signaling pathways that mediate activity-dependent OL differentiation and myelination, as
well as of the heterogeneity and state transitions of OPCs and how they determine their plasticity

properties and dynamics.
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GIuN3A is expressed in a subset of postnatal and young adult OPCs, where it localizes to
OPC processes contacting axons to be myelinated.

Genetic GluN3A deletion accelerates postnatal OPC differentiation and myelination
independently of the timing of arrival of neuronal activity inputs, suggesting predominance
of activity-independnet myelination events.

OPC proliferation and differentiation responses to chemogenetic axonal stimulation or
chronic physical exercise is prevented in constitutive and in OPC-selective GluN3A
knockout mice.

The capacity to induce OPC plasticity can be modulated by refining behavioral
interventions.

OPC-lacking GluN3A display gene expression signatures characteristic of aging and
disease-associated OPCs, in line with their loss plasticity properties.

GluN3A expression is required for OPC differentiation responses aimed to repair adult

demyelinated lesions.
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GluN3A se expresa en una parte de OPC postnatales y adultos, y se localiza en los procesos
de OPC que contactan con los axones que tienen que ser mielinizados.

La ablacién genetica de GIuN3A acelera la diferenciacién postnatal de OPC y la
mielinizacién independientemente del momento de llegada de la actividad neuronal, lo que
sugiere un predominio de eventos de mielinizacién independientes de la actividad.

Las respuestas de proliferacién y diferenciacién de OPC a la estimulacién quimiogenética
de los axones o al ejercicio fisico crénico se previenen en ratones knockout para GluN3A
constitutivos y selectivos para OPC.

La capacidad de inducir la plasticidad de OPC se puede modular refinando las
intervenciones conductuales.

Los OPC posnatales que carecen de GluN3A muestran caracteristicas de envejecimiento
y enfermedad, de acuerdo con su pérdida de propriedades de plasticidad.

La expresién de GluN3A es necesaria para las respuestas de diferenciacién de OPC

destinadas a reparar lesiones desmielinizadas en adultos.
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Alice Staffa

astaffa@umh.es Behavior is shaped by actions, and actions necessitate motor skills such as strength,

coordination, and learning. None of the behaviors essential for sustaining life would

Citation be possible without the ability to transition from one position to another. Unfortunately,

Staffa, A., Chatterjee, M., Diaz- motor skills can be compromised in a wide array of diseases. Therefore, investigating
Tahoces, A, Leroy, F., Perez-

Otafio, I. Monitoring Fine and the mechanisms of motor functions at the cellular, molecular, and circuit levels, as

Associative Motor Learning in Mice well as understanding the symptoms, causes, and progression of motor disorders, is
Using the Erasmus Ladder. J. Vis.

Exp. (202), 665958, doi:10.3791/65958 crucial for developing effective treatments. Mouse models are frequently employed for
(2023).

this purpose.

Date Published This article describes a protocol that allows the monitoring of various aspects of motor
December 15, 2023 performance and learning in mice using an automated tool called the Erasmus Ladder.

The assay involves two phases: an initial phase where mice are trained to navigate a
pol horizontal ladder built of irregular rungs ("fine motor learning"), and a second phase
10.3791/65958 where an obstacle is presented in the path of the moving animal. The perturbation
URL can be unexpected ("challenged motor learning") or preceded by an auditory tone

jove.comivideo/65958 ("associative motor learning"). The task is easy to conduct and is fully supported by

automated software.

This report shows how different readouts from the test, when analyzed with sensitive
statistical methods, allow fine monitoring of mouse motor skills using a small cohort
of mice. We propose that the method will be highly sensitive to evaluate motor
adaptations driven by environmental modifications as well as early-stage subtle motor

deficits in mutant mice with compromised motor functions.
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Introduction

A variety of tests have been developed to assess motor
phenotypes in mice. Each test gives information on a specific

aspect of motor behavior’

. For example, the open field
test informs on general locomotion and anxiety state; the
rotarod and walking beam tests on coordination and balance;
footprint analysis is about gait; the treadmill or running
wheel on forced or voluntary physical exercise; and the
complex wheel is about motor skill learning. To analyze
mouse motor phenotypes, investigators must perform these
tests sequentially, which involves a lot of time and effort and
often several animal cohorts. If there is information at the
cellular or circuitry level, the investigator normally opts for a
test that monitors a related aspect and follows from there.

However, paradigms that discriminate different aspects of

motor behavior in an automated way are lacking.

This article describes a protocol to use the Erasmus
Ladder?:3, a system that allows comprehensive assessment
of a variety of motor learning features in mice. The main
advantages are the reproducibility and sensitivity of the
method, along with the ability to titrate motor difficulty and
to separate deficits in motor performance from impaired
associative motor learning. The main component consists
of a horizontal ladder with alternate high (H) and low (L)
rungs equipped with touch-sensitive sensors that detect the
position of the mouse on the ladder. The ladder is made of
2 x 37 rungs (L, 6 mm; H, 12 mm) spaced 15 mm apart
from each other and positioned in a left-right alternating
pattern with 30 mm gaps (Figure 1A). Rungs can be moved
individually to generate various levels of difficulty, that is,
creating an obstacle (raising the high rungs by 18 mm).
Coupled with an automated recording system and associating

modifications of the rung pattern with sensory stimuli, the

Erasmus ladder tests for fine motor learning and adaptation of
motor performance in response to environmental challenges
(appearance of a higher rung to simulate an obstacle, an
unconditioned stimulus [US]) or association with sensory
stimuli (a tone, a conditioned stimulus [CS]). Testing involves
two distinct phases, each assessing improvement in motor
performance over 4 days, during which mice undergo a
session of 42 consecutive trials per day. In the initial phase,
mice are trained to navigate the ladder to assess "fine"
or "skilled" motor learning. The second phase consists of
interleaved trials where an obstacle in the form of a higher
rung is presented in the path of the moving animal. The
perturbation can be unexpected to assess "challenged" motor
learning (US-only trials) or announced by an auditory tone to

assess "associative" motor learning (Paired trials).

The Erasmus ladder has been developed relatively
recently2'3. It has not been extensively used because setting
up and optimizing the protocol required focused effort and
was specifically designed to assess cerebellar-dependent
associative learning without exploring in detail its potential
to reveal other motor deficits. To date, it has been validated
for its ability to unveil subtle motor impairments linked

3,4,5,6,7.8 For instance,

to cerebellar dysfunction in mice
connexin36 (Cx36) knockout mice, where gap junctions are
impaired in olivary neurons, display firing deficits due to lack
of electrotonic coupling but the motor phenotype had been
hard to pinpoint. Testing using the Erasmus ladder suggested
that the role of inferior olivary neurons in a cerebellar motor
learning task is to encode precise temporal coding of stimuli
and facilitate learning-dependent responses to unexpected

events34. Fragile X Messenger Ribonucleoprotein 1 (Fmr1)

knockout mouse, a model for Fragile-X-Syndrome (FXS),

Copyright © 2023 JoVE Journal of Visualized Experiments

jove.com

December 2023 - 202 - 65958 - Page 2 of 13



jove

exhibits a well-known cognitive impairment along with milder
defects in procedural memory formation. Fmr1 knockouts
showed no significant differences in step times, missteps
per trial, or motor performance improvement over sessions
in the Erasmus Ladder but failed to adjust their walking
pattern to the suddenly appearing obstacle compared to their
wild-type (WT) littermates, confirming specific procedural and
associative memory deficits®:5. Furthermore, cell-specific
mouse mutant lines with defects in cerebellar function,
including impaired Purkinje cell output, potentiation, and
molecular layer interneuron or granule cell outputs, exhibited
problems in motor coordination with altered acquisition of
efficient step patterns and in the number of steps taken to
cross the ladder®. Neonatal brain injury causes cerebellar
learning deficits and Purkinje cell dysfunction that could also

be detected with the Erasmus Ladder’ 8.

In this video, we present a comprehensive step-by-step
guide, which details the setup of the behavioral room, the
behavioral test protocol, and subsequent data analysis. This
report is crafted to be accessible and user-friendly and is
designed specifically to assist newcomers. This protocol
provides insight into different phases of motor training and
expected motor patterns that mice adopt. Finally, the article
proposes a systematic workflow for data analysis using
a powerful non-linear regression approach, complete with
valuable recommendations and suggestions for adapting and

applying the protocol in other research contexts.

Protocol

In the current study, adult (2-3 months old) C57BL/6J mice
of both sexes were used. Animals were housed two to
five per cage with ad libitum access to food and water
in an animal unit under observation and maintained in a

temperature-controlled environment on a 12 h dark/light

cycle. All procedures were conducted in accordance with
the European and Spanish regulations (2010/63/UE; RD
53/2013) and were approved by the Ethical Committee of the
Generalitat Valenciana and the animal welfare committee of

the Universidad Miguel Hernandez.

1. Behavioral room setup

1. Reserve the behavioral testing room every day at the
same time and establish the list and order of mice to be

used, as well as arrangements for their hosting.

2. Keep the experimental mice outside the testing room so
they do not hear the sounds of the air compressor and

Erasmus Ladder tones when not being tested.

3. Check that all components of the Erasmus Ladder
system are in order and ready to use: the network router,
the computer with the software (see Table of Materials),
the air compressor, two goal boxes, and the ladder with

the rungs properly positioned.

4. Extensively clean the goal boxes, ladder, and rungs with
water after each animal and with water and 70% ethanol

at the end of each training day.

2. Behavioral test protocol

1. Create an experiment and enter the protocol into the

software (Supplementary Figure S1).
1. Turn on the software.

2. To create an experiment, choose File | New
experiment | New or Set up | Experiment
protocol.

NOTE: The default protocol, used in this study,
is named EMC and was designed at Erasmus

University Medical Center, Rotterdam.
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Give the experiment a name and click OK.

Check that the default EMC protocol selected
consists of 4 days of undisturbed sessions
(42 undisturbed trials per day) and 4 days
of challenge sessions (42 daily mixed trials:
undisturbed, CS-only (tone), US-only (obstacle),
Paired (obstacle announced by tone) (see Figure
1B). In the right side panel, also check the light cue
(3 s maximum duration), air cue (45 s maximum
duration), and tailwind (Yes in all the trial types),
used to encourage the mouse to cross the ladder,
and the tone (250 ms, Yes only in CS-only and

Paired trials).

To create a different protocol, choose Set up |
Experiment protocol | New | From scratch or

Copy from the EMC protocol and simply modify

it, editing the table lines related to number of 3

sessions (days of experiment) and number and
type of trials per day.

NOTE: Resting time, cues type and activation,
duration, intensity, and interval can also be adapted

according to the experimental questions.

To open the session list and name the subjects,

choose Setup | Session List.

Click on Add Subjects and Variables. 4.

Enter each specific Mouse Identifier, Birth Date,

Sex, Genotype, and relevant categories, following

the ordered list of mice. 5.

Start the session (Supplementary Figure S2).

Before starting, check that the software is open, then

turn on the Ladder.

2. Check that the air compressor is connected and

switched on.

3. To open the Acquisition window, open the

Experiment created.
4. Choose Acquisition | Open Acquisition.

5. Place the mouse with the identifier indicated by the
software in the starting goal box (right side of the

ladder).

6. Select the mouse identifier to acquire in the first

session.
7. Click on Start Acquisition.

8. Press the red ladder menu knob 3x. Check that
the session starts and automatically controls and
records mouse movements until the end of the last

trial of the session.

End the session.

1. Check that at the end of the 42"9 trial, the display

shows the messages Sending Data and Acquired.
2. Return the mouse to the home cage.
3. Clean the ladder and the goal boxes.

4. Place the next mouse and repeat from step 2.2.6

onwards.

Perform the selected type of session every day until the
end of the protocol. Repeat steps 2.2 and 2.3 every day

according to the selected protocol.
Export the data (Supplementary Figure S2).

1. To visualize the recorded data, choose from
the Analysis menu, Trial Statistics, Session
statistics, and Group Statistic & Charts.

NOTE: Data can be downloaded as a spreadsheet

with data for individual trials and the means of the
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same trial types within a session. Sessions can also

be filtered by variables chosen for specific analysis.

2. Click on the Export button at the top-right corner
choosing the file format (spreadsheet) and folder

location.

3. Right-click on the automatically generated charts

and select Save to File as *.jpg.

3. Data analysis

NOTE: A list of parameters is automatically measured by
the Erasmus Ladder based on the instantaneous recording
of the activities of the touch-sensitive sensors. For analysis,
output parameters selected by the user are organized and
processed in the spreadsheets. Along with the software-
generated graphs, users can generate graphs using the
graphing software of choice to visualize specific changes in

different parameters over sessions.

1. Choose specific parameters to analyze basal
motivation or anxiety states, sensory responses, motor
performance, and fine motor learning over the first 4

days.

1. Select and plot control parameters, including
resting time in the goal box and time to exit the
goal box after the resting period in response to
light and air cues (Figure 2A).

NOTE: Resting times or response to cues are
relatively constant in WT mice. Other parameters
such as frequency of exits are basically negligible
in WT mice-the animals rarely leave the rest box
without the cues or come back once in the ladder,
resulting in frequencies of exit equal to 1 per ftrial.
If an animal goes out before cues are applied, an

airflow gets activated forcing the mouse to return to

the goal box; this is not counted as a trial by the

software.

2. Select and plot the time on ladder after cues,
measured as the time spent crossing the ladder
once the mouse leaves the goal box (Figure 2B).
NOTE: A power non-linear regression is a robust
method for evaluating learning. The Pearson or
Spearman coefficients (R) will provide a measure of
whether the data fitting is good (R values close to
one when the animals learn/improve over sessions;
R values close to 0 imply that the data are constant

and mice do not learn).

3. Select and plot stepping pattern parameters such
as the percentage of trials with missteps as a

sensitive learning parameter (Figure 2C).

1. Define a correct step as a step from a high
rung to another high rung (H-H), irrespective of
the length of the step. Consider step types that

involve a lower rung as missteps.

2. Divide correct steps and missteps into short and
long steps, backsteps, and jumps depending on
the length and directionality of the step between

the rungs pressed (see Figure 1A).

Select and plot specific parameters to evaluate
challenged motor learning (US-only trials) and

associative learning (paired trials) over the last 4 days.

1. Select and plot the time on ladder after cues
(Figure 3).
2. Select and plot the percentage of trials with

missteps (Figure 4A).

3. Select and plot the pre and post perturbation step

times, defined as a ms precision difference between

Copyright © 2023 JoVE Journal of Visualized Experiments jove.com
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rung activation just before (control step) and after
the obstacle (adapted step) on the same side of the
ladder (Figure 4B).

NOTE: Pre vs post-perturbation step times analysis
should be performed to compare data inside each
type of session. The parameter measures the ability
of the mice to predict and overcome the obstacles

during associative learning.

3. Analyze the data with dedicated statistical software
(e.g., SigmaPlot). Perform a power non-linear regression
analysis of data collected from the same trial type across
sessions to describe the learning process more efficiently
and use Two-Way Repeated Measures (RM) ANOVA to

compare between trial types.

Representative Results

The Erasmus Ladder device, setup, and protocol applied
are presented in Figure 1. The protocol consists of four
undisturbed and four challenge sessions (42 trials each).
Each trial is one run on the ladder between the starting and
ending goal boxes. At the beginning of the session, a mouse
is placed in one of the starting boxes. After a settime of 15+ 5
s ("resting" state), the light is turned on (cue 1, for a maximum
of 3's). Alight air cue (cue 2, 45 s maximum) is then applied to
encourage the mice to leave the box and walk to the opposite
end. The time to respond to the air cue can vary between mice
and sessions and can be used as a parameter to compare
motivation or anxiety states between groups. A new trial is
immediately started after the mouse reaches the ending goal

box.

No differences in resting time and time to respond to the light
cue were observed in WT mice across days 1-4, but the time
to respond to the air cue decreased slightly between days 1

and 2 (Figure 2A). Measurements of the time to cross the

ladder yielded a significant learning curve from days 1 to 4
that could be fitted with a power regression curve (R = 0.50,
*p = 0.047, Figure 2B). A key parameter that determines the
time taken to cross the ladder is the occurrence of missteps. In
line with the shortening of times on the ladder, the number of
trials where mice made missteps decreased over undisturbed
sessions as mice learned to walk on the upper rungs (H-H
steps) and avoid the lower ones as a more efficient pattern to

cross the ladder (R = 0.90, ***p < 0,0001, Figure 2C).

From days 5 to 8, the mice were subjected to challenge
sessions where an unexpected obstacle (US) was introduced
(one rung is randomly raised by 18 mm above the stepping
surface). In some trials, a tone (CS, 90 dB, 15 kHz tone lasting
250 ms) is presented 250 ms before the US perturbation (see
Figure 1B).

With the beginning of challenge sessions on day 5, animals
required more time to cross the ladder during US-only trials
because of the unpredicted introduction of the obstacle (day
4: 5.01 s; Figure 2B; day 5: 7.84 s; Figure 3; paired t-test,*p
< 0.039). Mouse performance improved from days 5 to 8,
yielding a significant learning curve across US-only sessions
(R = 0.50, *p = 0.045, Figure 3, orange). In associative
learning trials, where the obstacle was paired with a tone,
animals completed the daily sessions significantly faster
relative to US-only trials (R = 0.63, Figure 3, purple; two-
way RM ANOVA, *p = 0.028). Finally, in control trials when
the tone was presented alone (CS-only), a significant learning
curve that resembled undisturbed sessions was reported (R

=0.82, ***p < 0.001, Figure 3, blue).

Analysis of the step patterns provided additional confirmation
and enhanced sensitivity in detecting differences between
US-only and associative trials. Figure 4A shows how

the percentage of trials with missteps remained constant

Copyright © 2023 JoVE Journal of Visualized Experiments
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throughout US-only trials (R = 0.01, p = 0.90, orange), ANOVA, *p = 0.05) but not in paired trials where mice learned
while a significant decrease in trials with missteps was  faster to overcome the obstacle. All the variables studied and
observed during paired sessions (R=0.61, *p =0.01, purple). the statistical tests applied are reported in Supplementary
Figure 4B shows a significant difference between pre and  Table S1.

post perturbation step times in US-only trials (two-way RM

A Erasmus Ladder

goal box goal box

47 cm

1/ 1cm

— H-H steps .
--- H-L missteps o

..... back steps tone Obstacle (US)

(CS) ~-—"-""""~ 18 mm

= ---12 mm High rungs, H
I - I I I--- 6 mm Low rungs, L

perturbation step time

B Protocol

1 session/day = 42 trials

Undisturbed Challenge

1 2 3 4 5 6 7 8

Fine motor learning Challenged motor learning US
Associative motor learning US "\k“

Fine motor learning QA
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Figure 1: System, protocol, and parameters. (A) The Erasmus Ladder consists of a horizontal ladder flanked by two

goal boxes. The cartoon represents the ladder with alternated high and low rungs and the main parameters recorded,
including step types (normal steps, filled line; or missteps, dashed line) and pre and post perturbation step time defined as
the time that the mouse needs to overcome an obstacle (unconditioned stimulus; higher rung) announced or not by a tone
(conditioned stimulus). (B) The protocol consists of four undisturbed and four challenge sessions (one session/day, 42 trials/
session) that allow for separately analyzing fine motor learning (undisturbed and CS-only in blue), challenged motor learning
(US-only, in orange), and associative motor learning (paired CS + US, in purple). Abbreviations: H = high; L = low; CS =

conditioned stimulus; US = unconditioned stimulus. Please click here to view a larger version of this figure.
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Figure 2: Motor performance of WT mice during undisturbed sessions. (A) Resting time in the goal box (constant, 15 s),
time to respond to cues: light (constant, 3 s) and air (variable); over days 1-4 of undisturbed sessions. (B) Time to cross the
ladder after cue (light and air) during undisturbed sessions. (C) Percentage of trials in each undisturbed session where the
animal missed a step. A power regression analysis was used to study the learning progress (R= 0.50: *p = 0.047, R= 0.90

***n < 0.0001, respectively, n = 4 mice). Abbreviation: WT = wild type. Please click here to view a larger version of this figure.
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Figure 3: Performance of WT mice during challenge sessions. Average time on the ladder after cues during days 5-8 for
US-only (orange), paired (purple), and CS-only (light blue) trials. A power non-linear regression analysis was used to study
the learning progress (*p = 0.047, **p = 0.0093, ***p < 0.001, n=4 mice). Two-way RM ANOVA to compare trial types (*p =
0.028, **p = 0.008, n=4 mice, two males and two females, mean + SEM). Abbreviations: CS = conditioned stimulus; US =

unconditioned stimulus. Please click here to view a larger version of this figure.
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Figure 4: Changes in mouse step patterns over challenge sessions. (A) Percentage of trials per session where the

animal missed a step during US-only and paired sessions. A power regression analysis was used to study the learning

process (*p = 0.013) and a Two-way RM ANOVA for comparison between trial types (*p = 0.032, n = 4 mice). (B) Pre and

post-perturbation step time (s) in US-only and paired sessions throughout the sessions. Two-way Repeated Measures

ANOVA, *p < 0.05, n = 4 mice, two males and two females, mean + SEM. Please click here to view a larger version of this

figure.

Supplementary Figure S1: Software interface: how to
create an experiment and select a protocol. Screenshots
from the software illustrating the workflow described in
protocol step 2.1, covering steps 2.1.4 to 2.1.8. Please click

here to download this File.

Supplementary Figure S2: Software interface: how to
start the session and export the data. Screenshots from the
software illustrating the workflow described in protocol steps
2.2 and 2.5, covering steps 2.2.4 to0 2.2.7 and 2.5.1 to 2.5.3.

Please click here to download this File.
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Supplementary Table S1: Statistical table. Description of
all the variables studied and the statistical tests applied,
reported in Figure 2B,C, Figure 3, and Figure 4A,B. Please

click here to download this File.

Discussion

The Erasmus Ladder presents major advantages for motor
phenotype assessment beyond current approaches. Testing
is easy to conduct, automated, reproducible, and allows
researchers to assess various aspects of motor behavior
separately using a single mouse cohort. In the current study,
reproducibility allowed the generation of robust data with a
small number of WT mice taking advantage of the features of
the device, experimental design, and analysis methods. For
instance, when compared to traditional beam-walk assays,
the addition of motivational cues (air and light) to enter the
ladder path and the tailwind to complete the trial increases
consistency and skips the need for experimenter intervention

which is a major source of variability.

An air compressor system is required to generate an airflow
that can be adjusted to the direction and position of the
mouse. The airflow creates a 30 km/h headwind from the
opposite direction when a mouse attempts to leave the goal
box before the scheduled trial initiation, making the mice
return to the goal box. It also generates a constant tailwind
(1 to 16 km/h) during the trial until the mouse completely
crosses the ladder and enters the opposite goal box. Without
the pressurized air as an incentive to cross the ladder, mice
frequently pause on the rungs and reverse directions at
a leisurely pace, which introduces an exploratory variable

counterproductive for the analysis.

The standard protocol described here provides

measurements of basic fine motor coordination and learning

(undisturbed sessions), as well as of adaptation to challenges

and associative motor learning (challenge sessions) over a
time span of 8 days. The task is easy for WT mouse strains
typically used for neuroscience studies such as the C57BI6J
mice used here, and is safe, with no injuries observed in any
of the testing sessions. In addition, we did not detect signs
of fatigue when compared to other motor tests such as the

rotarod or treadmill.

Over the 4 day initial phase, WT mice master the skill and
cross the ladder by learning to adopt the most efficient running
pattern (H-H steps) and missteps occur rarely by day 4
(Figure 2B,C). On day 5 of the second phase, mice are
slower when they first encounter the obstacle but quickly
adapt (Figure 3, US-only). Coupling the obstacle with a
conditioning stimulus (tone) facilitates learning to the extent
that trial duration equals trials where the obstacle is not
presented (Figure 3, paired). Of note, the number of trials
with missteps remained constant throughout US-only trials
(Figure 4A), while a significant decrease was observed in
paired sessions (Figure 4A), confirming the effectiveness of

the associative learning process.

We propose a workflow for the analysis of representative
parameters provided by the Erasmus Ladder software. The
power regression analysis allowed us to register significant
learning curves and detect differences in challenged versus
associative learning using four WT mice. Based on additional
literature and pilot experiments,

experimental designs

involving mutant or treated mice might require increasing

mouse numbers to 7-10 mice?:2:8

. In our hands, 42 trials
per session was an optimal number to obtain robust data
with a small mouse cohort because averaging several trials
decreases variability. While the number might appear high,
each 42 trial session takes between 15 min and 35 min, and

12-16 mice can be reasonably tested per day. Trial duration

Copyright © 2023 JoVE Journal of Visualized Experiments
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(including the resting time and response to cues plus time to
traverse the ladder) varies between 20 s and 50s, depending

on the training day and type of trial.

Nevertheless, the versatility of the system will allow
researchers to design customized protocols by adjusting
various settings, including the number of sessions and trials
per day, the intensity and duration of cues and CS, as well as
the nature of the US. For example, our data showed a rapid
learning curve in WT mice, particularly between day 1 and
day 2 after performance reaches a plateau (Figures 2B,C).
This suggested that the additional 2 days might not be strictly
necessary for testing basic motor learning in undisturbed
sessions, and modifications to the standard protocol can be
implemented by reducing the training duration to just 2 days.
Yet this adaptation might not be suitable for the second phase
of the protocol, which incorporates interleaved undisturbed,
US-only, CS-only, and paired trials. The stimuli are presented
randomly and unexpectedly to assess specific behaviors,
and the need to divide experimental trials into these four
categories makes 42 a suitable number of trials required
for statistical power. Thus, a reorganization of the protocol
would need to assess the feasibility of reducing the number of
undisturbed trials or increasing specific challenge trials. The
inter-stimulus interval (ISI) between CS (90 dB, 15 kHz tone)
and US, here set at 250 ms, can also be varied to study the
stimulus-response association. This kind of adjustment would

allow researchers to titrate the level of difficulty or focus on

different behaviors according to the scientific question.

To date, the Erasmus ladder has been mostly used to
detect subtle defects in motor coordination of cerebellar
origin. For instance, missteps are a measure of whole-
body locomotor coordination. In this study, young adult mice

were used but mice as young as P23 have been used by

others to study the maturation of locomotor functions’ 8.

Ipsilateral pathologies of central origin could be studied
through discriminative analysis of the position of the mouse's
right and left paws. Finally, mastering motor skills in the
Erasmus ladder likely engages other motor control circuits,
involving the basal ganglia, motor cortex, and connecting
pathways, including the corpus callosum. Combining this
behavioral paradigm with cellular, molecular, and circuit
techniques will be useful to investigate circuit mechanisms
that mediate motor adaptation and can be harnessed to boost
motor learning. One such example would be to study the
influence on axonal myelination, which is highly sensitive
to the acquisition of fine motor skills in mouse models of

demyelination9’ 10,
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