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Abstract

Motor neurons (MNs) are essential neuronal cells that play unique roles in functional
motor circuits. During development, somatic MNs topographically organize into distinct
subtypes that innervate specific muscle targets. The acquisition of topologically defined
MN groupings is an essential process during the development of the mouse hypoglossal
nucleus, a structure located in the caudal brainstem. Hypoglossal MNs innervate tongue
muscles controlling vital functions such as mastication, swallowing, and respiration.
These MNs attract considerable research interest due to their vulnerability to
degeneration in MN diseases like Amyotropic Lateral Sclerosis, where loss of
hypoglossal MNs is a contributing factor to patient morbidity and mortality by impairing
feeding and respiratory functions. The establishment of precise MN maps within the
hypoglossal nucleus is essential for the formation of functional motor circuits controlled
by hypoglossal MNs innervating tongue muscles. However, little is known about the
mechanisms underlying the establishment of hypoglossal MN somatotopic maps. To
address this lack of information, work presented in this thesis sought to understand the
molecular mechanisms controlling the establishment of specific hypoglossal MN
identities and topologies using a combination of in vivo expression studies and genetic
perturbation analyses. These investigations provided evidence that the expression of
three transcription factors, termed Runx1, FoxP1, and SCIP, defines anatomical
subdivisions of the hypoglossal nucleus containing MNs with unique topological,
neurotransmitter, and calcium buffering phenotypes. More specifically, Runx1 and SCIP
are expressed in a group of ventromedial hypoglossal MNs that innervate muscles
involved in tongue protrusion. In contrast, FoxP1 is expressed in a separate group of
hypoglossal MNs dorsal to the Runx1-expressing MNs and hypothesized to mediate
tongue retraction. Additionally, results of in vivo gain-of-function studies provided
evidence that Runx1 is important for the establishment of MN topology in the
hypoglossal nucleus, at least in part, by restricting the expression of FoxP1 and SCIP.
These combined results suggest that the distinct expression pattern of transcription
factors Runx1, FoxP1, and SCIP contributes to the development of vital motor circuits
controlling tongue protrusion and retraction in part through the establishment of the

hypoglossal MN topographic map.



Résumeé

Les motoneurones (MNs) sont des cellules neuronales essentielles qui jouent
des réles uniques dans les circuits moteurs fonctionnels. Au cours du développement,
les MNs somatiques s’organisent topographiquement en sous-types distincts lesquels
innervent des cibles musculaires spécifiques. L'acquisition de groupements de MN
topologiquement définis est un processus essentiel au cours du développement du
noyau hypoglosse de la souris, une structure située dans le tronc cérébral caudal. Les
MNs hypoglossaux innervent les muscles de la langue, contrélant ainsi des fonctions
vitales telles que la mastication, la déglutition et la respiration. Ces MNs suscitent un
intérét considérable en recherche en raison de leur vulnérabilité a la dégénérescence
dans des maladies neurodégénératives comme la Sclérose Latérale
Amyotrophique (SLA), ou la perte de MNs hypoglossaux est un facteur contribuant a la
morbidité et la mortalité des patients en altérant I'alimentation et les fonctions
respiratoires. La mise en place de cartes précises de MN dans le noyau hypoglosse est
essentielle pour la formation de circuits moteurs fonctionnels commandés par ces MNs
hypoglossaux qui innervent les muscles de la langue. Cependant, on sait peu sur les
mecanismes sous-jacents de la création des cartes somatotopiques de MN
hypoglossaux. Pour remédier a ce manque d'information, le travail présenté dans cette
thése a cherché a comprendre les mécanismes moléculaires contrdlant la mise en
place des identités et des topologies spécifiques des MN hypoglossaux en utilisant une
combinaison d'études d'expression in vivo et d’analyse par perturbation génétique. Ces
recherches ont fourni la démonstration que I'expression de trois facteurs de
transcription; appelés Runx1, FOXP1 et SCIP; définit les subdivisions anatomiques du
noyau hypoglosse, lesquelles subdivisions possédent des MNs avec des phénotypes
uniques topologiques, de neurotransmission, et de pouvoir tampon du calcium. Plus
précisément, Runx1 et SCIP sont exprimés dans un groupe de MNs hypoglossaux
ventro-médians qui innervent les muscles impliqués dans protrusion de la langue. En
revanche, FOXP1 est exprimé dans un groupe distinct de MNs hypoglossaux, groupe
situé en position dorsale par rapport aux MNs exprimant Runx1, et ce groupe de MNs
exprimant FOXP1 contrdleraient la rétraction de la langue. En outre, les résultats
d'études de gain de fonction in vivo fournissent des preuves que Runx1 est important



pour I'établissement de la topologie des MNs dans le noyau hypoglosse, au moins en
partie, en limitant I'expression de FOXP1 et SCIP. Ces résultats combinés suggérent
qgue la mosaique d'expression bien circonscrite de facteurs de transcription tels que
Runx1, FOXP1 et SCIP contribue au développement des circuits moteurs vitaux qui
contrélent la protrusion et la rétraction de la langue, en partie grace a la mise en place

de la carte topographique de I'hypoglosse.
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Chapter 1: Preamble

One of the fundamental pillars constituting the definition of life is the ability of an
organism to respond to various environmental stimuli. Historically, observation of life-
defining responses began by looking for signs of motion. In the Kingdom of Animalia,
movement is often achieved through the contraction of muscle fibers that respond to
input from the nervous system. In vertebrates, the nervous system is composed of inter-
connected networks of neurons that form circuits to receive information from the
environment, integrate, and respond by producing appropriate outputs. Some of the key
neural behaviors in sustaining life of a vertebrate include feeding and respiration,
activities that are in part coordinated by a unique muscular organ called the tongue.
Throughout evolution, from fish to mammals, the tongue has evolved to carry out many
other non-vital motor functions such as coughing, licking, and speaking to name a few.
These vital and non-vital movements coordinated by the tongue are made possible by
specific innervation of the different muscles of the tongue by motor neurons of the
hypoglossal nucleus. Regardless of the species-specific uses of the tongue, one of the
fundamental mode of movement underlying most tongue neural circuit is the final output
of either protrusion or retraction of the tongue. Central to such evolutionarily-conserved
neural circuitry lies an important question to be asked. How is the ‘hypoglossal circuit’

established to regulate movements of the tongue?
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Chapter 2: Introduction

Throughout evolution, species have constantly evolved to better adapt to their
changing environment. This adaptation meant in part improving the ability of the
nervous system to respond to the environment. Subsequently, the nervous system had
to constantly evolve methods to perceive the given stimulus, interpret the information,
and finally generate a response that best suits the situation. Such responses are
frequently observed in the form of movement, which is generated by contraction of
muscle fibers as a result of neural stimulation. The network of inter-connecting neurons

that coordinate the appropriate neural output for movement is called a motor circuit.

A motor circuit can be described by referring to studies of the spinal cord reflex
circuitry. There are three main neuron types that are involved in a basic sensory-motor
circuit. First, sensory neurons of the dorsal root ganglia (DRG) receive various stimuli
from the external and internal environment. These sensory neurons either synapse
directly onto motor neurons (MNSs) or relay signal to a second type of neurons called
interneurons. Interneurons process information and eventually convey information
towards MNs. MNs that receive input stimulate their respective muscle targets to
generate muscle contraction, eventually leading to movement (Eccles et al., 1957;
Hultborn, 2006; Stifani, 2014). Although simply described herein, the complexity of the
system is vast considering the large quantity of information that is received from various
sources including various sensory organs and the muscle itself. In addition, this
multitude of information may involve communication with other circuits of the brain and

must be processed in real-time to generate a timely response.

When considering that the human body contains at least 300 bilateral pairs of
muscles, we realize the complexity in the number of circuits besides the complexity of
each individual circuit (Kanning et al., 2010). In this regard, MNs occupy a critical
function in each circuit as they are the neural component of motor circuits that directly
synapse onto the final peripheral targets. This implies that as diverse as the number of
circuits and the number of muscles are, the diversity of MNs must correspond to such
numbers. Additionally, by either lack or excess of diversity of MNs, signals from the

central nervous system (CNS) cannot be efficiently relayed to the final peripheral target
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as MNs serve as the final component in which multiple inputs converge upon. Taken
together, MNs play a critical role in the function of each motor circuit and the diversity of

MNs is also critical for generation of multiple circuits.

Given their crucial role, perturbations of the functions of MNs usually lead to critical
outcomes. An example of a disease that affects MNs is Amyotrophic Lateral Sclerosis
(ALS). MNs of patients affected by ALS progressively degenerate and patients
eventually lose control over muscles important for sustaining life. One of the defining
pathology of ALS is that certain MNs are more susceptible to degeneration than others
(Gordon et al., 2003; Sharma et al., 2011). By studying the properties of different groups
of MNs that are more or less vulnerable to degeneration, we may gain further insights
into ALS pathology and identify targets for therapeutic manipulations (Brockington et al.,
2014). In this regard, studies of the development of specific groups of MNs may provide
previously unidentified molecular pathways important for resistance and survival of ALS-

vulnerable MNs.

With the advent of technologies in reprogramming embryonic stem cells (ESCs) and
induced-pluripotent stem cells (iPSCs), it has become possible to derive MNs in vitro
with the aim of modeling MN diseases and possibly develop in vitro drug screening
assays (Han et al., 2011; Grskovic et al., 2011; Du et al., 2015; Sances et al., 2016).
This not only involves directed generation of MNs, but also generation of specific types
of MNs that are more relevant for ALS pathology as not all MNs are equally sensitive to
degeneration or vital for survival. To improve our understanding of how to specifically
direct stem cells to generate specific types of MNs, it is necessary to study the natural
generation of MN diversity. By identifying molecular pathways involved in MN
development, we may expand our understanding of general developmental processes
underlying generation and maintenance of MN diversity, and further bolster our

approach to screening effective drug treatments for ALS in vitro.

One of the group of MNs that are highly susceptible to ALS degeneration are the
MNs of the hypoglossal nucleus (12N). During development, MNs of the 12N (i.e.,
hypoglossal MNs) extend axons to innervate various muscles of the tongue.
Consequently, MNs of the 12N play important role in the coordination of vital processes

13



performed by the tongue such as chewing, swallowing and breathing (Lowe 1980, 1984;
Sawczuk & Mosier, 2001; Fregosi, 2011). One interesting feature of 12N MNs is that
they are organized into a somatotopic map, meaning that subgroups of MNs, whose
axons converge to innervate a specific muscle, are found in specific developmentally
programmed coordinates, or topology. Establishment of a somatotopic map is an
evolutionarily conserved mechanism for organisms to efficiently wire the motor circuits
for functional outputs (Bikeles, 1905; Romanes, 1951; Ramon y Cajal 1989). The
genetic programs regulating somatotopic development of spinal cord MNs have been
the subject of numerous studies, yet there is a lack of knowledge regarding

development of the 12N somatotopic map.

To address this lack of information, work presented in this thesis sought to
understand the molecular mechanisms controlling the establishment of specific 12N MN
identities and topologies. In order to provide a brief introduction to MN development,
discussions of the relevant literature regarding generation and diversification of MNs will
be provided hereafter through examples taken from studies of spinal cord and

brainstem MNs.
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[2.1] Diversity of motor neurons

Vertebrate MNs can be classified into two main categories, named upper motor neurons

and lower motor neurons.

[2.1.1] Upper motor neurons

Upper MNs are located in select areas of the brainstem and cortex, including
cortical areas of the frontal lobe. Upper MNs carry out different functions that involve
forming glutamatergic synapse onto lower MNs or other upper MNs that eventually relay
signals to lower MNs. In general, upper MNs are thought to indirectly influence the
generation of movements by directly affecting and modulating the local motor circuits in

the brainstem and spinal cord (Purves and Williams, 2004; Stifani, 2014).

[2.1.2] Lower motor neurons

Lower MNs are located in specific nuclei within the brainstem and the ventral
horn of the spinal cord. As mentioned above, lower MNs receives inputs from upper
MNs, sensory neurons, and interneurons. Unlike upper MNs, lower MNs form
cholinergic synapses onto muscle targets to form neuromuscular junctions. Specifically,
MNs of the brainstem are organized into small groups called cranial nuclei and
innervate muscles of the head and face, such as tongue, jaw, and neck muscles. Spinal
cord MNs (SpMNs) innervate other skeletal muscles of the body. Depending on muscle
targets, lower MNs may be further classified into three categories: branchial, visceral,

and somatic MNs.
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[2.1.2.1] Branchial motor neurons

Branchial MNs are located in the brainstem and innervate muscles derived from
the branchial arches. These branchial MNs, also named branchiomotor (BM) neurons,
are found in specific cranial nuclei including the trigeminal (5N), facial (7N),
glossopharyngeal (9N), vagus (10N), and accessory (11N) nuclei (Gilland and Baker,
1993; Guthrie, 2007, Stifani 2014).

[2.1.2.2] Visceral motor neurons

Visceral MNs innervate and control involuntary functions of the smooth muscles
and glands. As part of the autonomic nervous system, visceral MNs may be further
divided into sympathetic and parasympathetic MNs by their functions. In the brainstem,
visceral MNs are found in cranial nuclei including the superior salivary (7N) and dorsal
motor nucleus of vagus (10N) nuclei (Gilland and Baker, 1993; Guthrie, 2007, Stifani
2014).

[2.1.2.3] Somatic motor neurons

Somatic MNs are located in the brainstem and spinal cord and innervate muscles
derived from somites. These are skeletal muscles that coordinate movements such as
breathing and walking. In the brainstem, there are four somatic MNs located in 4 cranial
nuclei including oculomotor (3N), trochlear (4N), abducens (6N), and 12N (hypoglossal)
nuclei (Guthrie, 2007). One of the defining characteristics of somatic MNs is the ventral
exit trajectory of axons with the exception of 4N. Somatic MNs may be further
subdivided into three groups: alpha, beta, and gamma depending on the type of muscle
fiber innervated (Kanning et al., 2010, Stifani, 2014). From this point onwards, our
discussion will be focused to somatic MNs as this will provide relevant information

regarding 12N.
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[2.2] Generation of somatic motor neurons

Decades of studies of SpMNs have characterized the development of somatic MNs.
This chapter is organized to discuss key concepts behind the generation of somatic
MNs. To exemplify our understanding, studies in SpMNs will be discussed as well as
MNs of the hindbrain, including 12N MNs.

[2.2.1] Rostro-caudal specification of the neural tube

Along the rostro-caudal axis, the neural tube is specified into different parts, such
as the forebrain, midbrain, hindbrain, and spinal cord, during development. It is thought
that gradients of specific signaling molecules direct the differentiation of neuronal types.
For instance, one of the molecules contributing to caudalization of the spinal cord is
retinoid acid (RA). Produced through the activity of retinaldehyde dehydrogenase 2
(RALDH-2), RA was shown to be necessary for initial segmentation of hindbrain and
spinal cord from more rostral structures such as forebrain and midbrain (Maden, 2007).
In addition to RA, other diffusible proteins such as fibroblast growth factor (FGF) were
shown to pattern the neural tube by creating a gradient (rostral-low and caudal-high)
along the rostro-caudal axis (Liu et al., 2001). During the development of midbrain-
hindbrain boundary, FGF8 is considered a ‘master’ initiator involved in regulation of
important genes such as Lrrn1, while FGF8 signaling is tightly regulated at post-
transcriptional level by miR9 (Leucht et al., 2008; Tossell et al., 2011; Dworkin & Jane,
2013). In Zebrafish, miR9 is expressed in regions around the midbrain-hindbrain
boundary and targets several components of the Fgf pathway such as fgf8, fgfr1, and
canopy1 for degradation, delimiting the midbrain-hindbrain organizer zone and allowing
Fgf8 signaling to inhibit neurogenesis in midbrain-hindbrain boundary (Leucht et al.,
2008). In mammals, miR9 has been shown to negatively regulate hes-family member
hairy1 (her5 in zebrafish), possibly by causing RNA instability, which is speculated to be
important for regulating oscillatory dynamics of hes-family member levels (Bonev et al.,
2011).
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Influenced by concentration of diffusible molecules such as FGFs and RA, genes
of the Hox family containing Antennapedia-class homeobox sequence are transcribed in
a region-specific pattern in a dose-dependent manner. Hox genes are organized in
clusters on four separate chromosomes (HoxA, HoxB, HoxC, HoxD) each of which
harbours 13 paralogue groups (Hox1-13) (McGinnis & Krumlauf, 1992). The
responsiveness of each Hox gene to RA and FGFs is determined by the position of
each gene within the cluster. For example, Hox genes closer to the 5’ end of the gene
cluster are transcribed in response to high FGF concentrations, thus expressed more
caudally. Conversely, Hox genes located closer to 3’ end of the gene cluster are
activated in response to low FGF concentrations and expressed more rostrally (Liu et
al., 2001). Moreover, Hox proteins cross-repress each other to establish non-
overlapping domains throughout the hindbrain and spinal cord. In addition to
segmenting the neural tube into different components, Hox proteins play important roles
in diversifying generic immature MNs into specific subtypes (Philippidou & Dasen, 2013;
Francius & Clotman, 2014).

[2.2.2] Dorso-ventral patterning of the spinal cord

Along the dorso-ventral axis, the ventral spinal cord is patterned into 5 different
progenitor domains, described as p0, p1, p2, pMN, and p3, that give rise to various
interneuron subtypes and MNs (Figure 1A). Dorso-ventral patterning is initially
dependent on gradients of inductive signaling molecules, otherwise known as
morphogens, secreted from ventral and dorsal regions of the spinal cord. For instance,
in the ventral spinal cord, sonic hedgehog (Shh) is released from the notochord and
floor plate, creating a gradient of ventral-high and dorsal-low Shh concentration
(Yamada et al., 1991, 1993). In the dorsal spinal cord, members of the wingless-type
MMTC integration site family (WNT) and members of the bone morphogenic protein
family (BMPs) are secreted to form ventral-low and dorsal-high gradients (Alvarez-
Medina et al., 2008, Mehler et al., 1997). Depending on the specific concentration of
dorsal and ventral morphogens received, progenitor cells in the ventral half of the neural
tube eventually express homeodomain (HD) and basic helix-loop-helix (bHLH)
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transcription factors that can be divided in two categories: Class | and Class Il proteins
(Alaynick et al., 2011). Class Il proteins such as NK2 homeobox 2 and 9 (Nkx2.2/2.9),
NK6 homeobox 1 and 2 (Nkx6.1/6.2), and oligodendrocyte transcription factor 2 (Olig2)
are upregulated in progenitor cells found ventrally. Conversely, Class | proteins such as
paired box 3/6/7 (Pax3/6/7), developing brain homeobox 1 and 2 (Dbx1/2) and Iroquois
related homeobox 3 (Irx3) are upregulated in progenitor cells found dorsally (Briscoe et
al., 2000; Jessell, 2000; Shirasaki and Pfaff, 2002; Alaynick et al., 2011). These class |
and class |l proteins play important roles in consolidating progenitor identity but also in
delineating the boundaries between adjacent progenitor domains by cross-repressive
activity. For example, possible cross-repression between Pax6 and Nkx2.2 were
originally suggested to set the boundary between p3 and pMN, with the pMN domain
giving rise to MNs (Ericson et al., 1997; Briscoe et al., 1999, 2000). A more recent study
has suggested that a zinc-finger protein, Sp8, plays supplementary roles to Pax6 in
delineating the p3/pMN boundary through cross-repressive interactions with Nkx2.2 (Li
et al., 2014). Dorsal to the pMN domain, cross-repression between Irx3 and Olig2
allows p2 and pMN domains to be mutually exclusive (Novich et al., 2001). Eventually,
the 5 different progenitor domains are specified and these progenitors rapidly proliferate
and eventually differentiate to give rise to MNs and VO, V1, V2, and V3 interneurons
(Figure 1A).

[2.2.3] Dorso-ventral patterning of the brainstem

Brainstem MNs arise from two different progenitor domains, in contrast to SpMNs
which arise from one progenitor domain, pMN. In the hindbrain, the progenitor domain
adjacent to the floor plate (i.e., p3) give rise to branchial and visceral MNs, whereas the
pMN domain dorsal to the p3 domain gives rises to somatic MNs (Figure 1B). The
dorso-ventral patterning of the brainstem is also thought to occur using similar
molecular pathways as the spinal cord. For instance, Shh-mediated signaling has also
been shown to pattern the brainstem as loss of Shh expression leads to loss of
brainstem MNs (Litingtung and Chiang, 2000). Additionally, many of the class | and
class Il transcription factors discussed above have been shown to be important for
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regulating specification of progenitor domains. In the p3 domain, Nkx 2.2 and 2.9 act by
repressing expression of interneuron-related genes to properly specify the development
of branchial and visceral MNs (Pattyn et al., 2003). In the pMN domain, Nkx6.1 and Nkx
6.2 activities are required for MN development, as loss of either transcription factors
lead to loss of abducens and hypoglossal somatic MNs (Ericson et al., 1997; Sander et
al., 2000; Vallstedt et al., 2001; Osumi et al., 1997). Loss-of-function of other genes
described in SpMN progenitor domains such as Pax6 and Olig2 leads to anomalies in
early somatic MN specification (Figure 1B) (Novitch et al., 2001; Lu et al., 2002; Osumi
et al., 1997). These observation show that the somatic MN progenitor domain is
specified along the dorso-ventral axis through coordinated actions of extrinsic and

intrinsic programs.
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Figure 1. Dorso-ventral patterning of spinal cord and hindbrain. A) Figure as
originally published in Stifani N (2013). Front. Cell. Neurosci. 8, 293.
doi:10.3389/fncel.2014. A schematic representation of morphogen gradient in
developing spinal cord. During development, Shh gradient is established in a ventral-
high to dorsal-low pattern. Conversely, Wnt and BMP gradients are established ventral-
low to dorsal-high. As a result of exposure to specific concentration of various
morphogens, the ventral spinal cord expresses gradients of Class | and Class Il
transcription factors along the dorso-ventral axis. Class | transcription factors such as
Dbx1, Dbx2, Irx3, and Pax6 are expressed more dorsally while class Il transcription
factors such as Nkx6.2, Nkx6.1, Olig2, and Nkx2.2 are express more ventrally. As a
result of extrinsic and intrinsic patterning, the ventral progenitors are patterned into pO,
p1, p2, and p3 domains that each gives rise to VO, V1, V2, and V3 interneurons,
respectively. MNs are specified from pMN progenitor domain. B) Figure as originally
published in Guthrie S (2007). Nat Rev Neurosci, 8(11), 859-871. doi:10.1038/nrn2254.
Similar to the spinal cord, caudal hindbrain progenitors are patterned into two domains,
p3 and pMN. Under the influence of various Class Il transcription factors, pMN gives
rise to somatic MNs. Meanwhile, p3 domain gives rise to branchial MNs and visceral

MNs as a result of Class | transcription factor signaling.

[2.2.4] Transition from pMN progenitors to post-mitotic somatic motor neurons.

Following specification of the pMN domain, progenitors exit the cell cycle to give
rise to mature somatic MNs that migrate laterally away from medial progenitors. This
transition from progenitor to somatic MNs involves progenitors to exit the cell cycle,
detach from the neuroepithelium, and enter the differentiation process to become post-
mitotic MNs (Stifani, 2014; Kania, 2014). One of the key genes identified in this process
is the transcriptional repressor Olig2, which was briefly mentioned previously as being
expressed in the pMN domain. In the spinal cord and brainstem, Olig2 acts by
contributing to the expression of a bHLH protein named neurogenin 2 (Ngn2) (Novitch
et al., 2001; Lu et al., 2002; Zhou and Anderson, 2002). It has been further suggested
that high concentration of Olig2 prevents premature expression of MN genes while
accumulating concentration of Ngn2 allows a subset of Olig2* progenitors to
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differentiate and activate post-mitotic MN programs (Lee et al., 2005). Through the
combined transcriptional activity of Olig2 and Ngn2, MN progenitors leave cell cycle and
express genes important for specifying postmitotic somatic MN fate, such as pancreas
homebox 1 (Hb9) protein (Tanabe et al., 1998; Lee et al., 2005).

Following Hb9 expression, MNs become intrinsically competent to maintain post-
mitotic MN-specific programs and maintenance is partly consolidated by ability of Hb9 to
positively regulate its own expression. When Hb9 was genetically deleted in mice, MNs
expressed interneuron markers and were found in abnormal locations within the spinal
cord (Arber et al., 1999; Thaler et al., 1999). For such reason, Hb9 is used as a reliable
marker to identify post-mitotic MNs in the literature, and in this paper. In addition to Hb9,
developing MNs express other important groups of transcription factors such as LIM-
homeobox genes Islet 1 (Isl1), Islet 2 (Isl2), Lhx3, and Lhx4 (Valera-Echavarria et al.,
1996; Sharma et al., 1998; Thaler et al., 2002; Dasen and Jessell, 2009) Like Hb9, Isl1
and Isl2 are also used to label somatic MNs while transcriptionally regulating genes
important for MN functions. For example, Drosophila Islet programs the electrical
properties of specific group of MNs by regulating K+ channel expression (Wolfram et al.,
2012). Isl1 is also expressed in post-mitotic branchial and visceral MNs, with the
exception being that these MNs also express T-box transcription factor Tbx20 and
paired-like homebox proteins Phox2a and Phox2b (Takeuchi et al., 2005; Brunet and
Pattyn, 2002). Lhx3 and Lhx4 were shown to be determinants for proper development of
ventrally exiting somatic MNs as inactivation of both genes results in loss of caudal
somatic MNs of 12N and 6N (Sharma et al., 1998). In summary, pMN progenitors must
exit cell cycle and initiate differentiation programs that are in part mediated by factors
such as Olig2 and Ngn2 that promote expression of post-mitotic somatic MN genes
such as Hb9 and Isl1.
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[2.3] Development of somatic motor neuron topographic maps

Functional motor circuits are formed in part through the coordinated regulation of MN
identity, cell body position, and target connectivity. After the expression of Hb9 is
activated, MNs must further differentiate into specific subtypes identified by their ability
to innervate specific muscle groups. Such functionally distinct subtypes are also
identified by the unique topographic coordinates of their cell bodies in the ventral horn of
the spinal cord and ventral half of the hindbrain (Guthrie, 2007; Stifani, 2014; Kania,
2014). In the case of SpMNs, subtypes of MNs are organized into distinct anatomical
columns, called ‘motor columns’ along the rostro-caudal axis. There are six major
columns described in the literature: preganglionic column (PGC), hypaxial motor column
(HMC), median motor column (MMC), lateral motor column (LMC), phrenic motor
column (PMC), and spinal accessory column (SAC) (Figure 2A) (Prasad and Hollyday,
1991; Tsuchida et al., 1994., Jessell, 2000; Dasen and Jessell, 2009; Kanning et al.,
2010; Philippidou and Dasen, 2013; Francius and Clotman, 2014).

Each motor column is found in unique dorso-ventral as well as rostro-caudal
coordinates and is characterized by a unique expression profile that provides genetic
programs for consecutive steps of development such as axon projection pattern towards
the periphery (Figure 2B and 2C). Motor columns can be further topologically
subdivided into smaller groups of MNs, called ‘pools,’ that occupy unique topologic
coordinates and innervate more specific muscle fiber groups within the general group of
muscles innervated by the motor column. For example, SpMNs of the LMC innervate
muscles of the limbs. LMC MNs can be further subdivided into medial LMC (LMCm) and
lateral LMC (LMCI), which innervate ventral and dorsal limb musculatures, respectively,
and occupy positions more medial and lateral within the LMC (Figure 2C) (Landmesser,
1978; Tosney and Landmesser, 1985; Dasen and Jessell, 2009; Kanning et al., 2010).
In the case of 12N MNs, MN pools that innervate specific muscles of the tongue are

also organized in developmentally organized patterns (Lewis et al. 1971; Krammer et al.
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1979; Chibuzo and Cummings, 1982; Aldes 1995; Odutola 1976; Uemura-Sumi et al.
1981; McClung and Goldberg 1999, 2000). However, unlike SpMN, molecular
expression profiles unique to each subtypes, or pools, of 12N MNs are yet to be
identified.

[2.3.1] Hox proteins are important for motor neuron subtype specification along

the rostro-caudal axis

As previously mentioned, different signaling programs along the rostro-caudal
axis of the spinal cord result in development of topographically organized motor
columns at cervical, thoracic, or lumbar levels of the spinal cord. Rostro-caudal
positional specification of each column begins at similar developmental periods in
parallel to generation of spinal MNs from the pMN domain as positional identity of
neurons is established before the first differentiating neurons can be identified. In other
words, positional identities are already programmed by MN progenitors and maintained
throughout the emergence of post-mitotic MNs (Nordstrom et al., 2006; Francius and
Clotman, 2014). A well-studied mechanism by which MNs are intrinsically patterned
along the rostro-caudal axis is through non-overlapping expression of Hox proteins at
different segments of the spinal cord in response to extrinsic signals (Dasen and
Jessell, 2009; Philippidou and Dasen, 2013). Indeed, when expression of caudally
expressed Hox genes, such as HoxC, was induced in more anterior regions by ectopic
morphogens, such as FGF8, anterior brachial MNs were converted to more caudal
thoracic MNs (Dasen et al., 2003). Conversely, when rostral brachial Hox genes were
ectopically expressed in more caudal thoracic levels, rostral motor column identity, such
as LMC fate, was promoted at the expense of rostral motor column cells, such as PGC
cells (Lacombe et al., 2013). In summary, various Hox genes and their non-overlapping
expression allows for generation of diversity of MNs along rostro-caudal axis of the

spinal cord.

Hox genes have also been shown to be important for rostro-caudal generation
and patterning of cranial MNs. The vertebrate hindbrain is divided into rhombomeres,

which are segmental swellings evident during a transient time during development.

24



Cranial MNs found in different rhombomeres are in part patterned through Hox
expression. In the hindbrain, Hox genes in paralogue groups 1 and 2 (Hox 1/2) are
expressed in rostral and caudal rhombomeres while paralogue groups 3, 4, and 5 (Hox
3/4/5) are expressed only in caudal rhombomeres (Guthrie, 2007; Philippidou and
Dasen, 2013, di Bonito et al., 2013). When rostrally expressed Hox genes are lost,
patterning defects occurs such that rostral branchial and visceral MNs of the 5N and 7N
are lost. Vice versa, somatic MNs in caudal rhomomeres are lost as a result of loss of
group 3 Hox paralogues (Guthrie, 2007). In comparison to rostral cranial nuclei, more
caudal nuclei are under the influence of multiple Hox proteins (Philippidou and Dasen,
2013). For example, abducens nucleus (i.e., 6N) MNs located in r5 are influenced by
Hox3 homologs and Hoxa1 as loss of either gene group results in loss of 6N or 6N
nerve (Mark et al., 1993; Gaufo et al., 2004; Guidato et al., 2003). In r6, Hox3 genes
coordinate MN development as 9N MNs exhibit defects in axon pathfinding in Hox3
mutants (Manley and Capecchi, 1997; Watari et al., 2001). Additionally, lack of Hox3
expression also resulted in aberrant caudal migration of rostral 7N MNs in part due to
loss of repression of Hoxb1 by Hox3 (Gaufo et al., 2003). Interestingly, Hox4/5
paralogues are expressed in the caudal hindbrain r8 where somatic MNs of the 12N are
specified, yet future studies are needed to identify the specific role of Hox4/5 in
generation of 12N MNs (Guthrie, 2007, Di Meglio et al., 2013). In summary, vertebrate
hindbrain cranial MNs are also patterned along the rostro-caudal axis in part by Hox-

mediated mechanisms.

[2.3.2] Medio-lateral migration and settling of post-mitotic motor neurons

SpMNs migrate laterally away from the medial neuroepithelium and settle in
ventral horns of the spinal cord. This migration is facilitated by the inherent structure of
the spinal cord progenitors, whose cell soma is adjacent to the ventricular zone with
long processes extending laterally, much reminiscent of radial glia. Indeed, spinal cord
progenitors serve dual purpose as a source of newborn neurons but also as a scaffold
for newborn SpMNSs to migrate towards the ventral horn (Malatesta et al., 2000; Choi,
1981, Gomez et al., 1990; Kania, 2014).
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Accurate SpMN migration towards lateral positions on a segmental level relies on
expression of transcription factors such as Hox proteins and LIM homeodomain proteins
(Kania, 2014). Hox proteins that are present during cell division serve to control medio-
lateral MN soma settling positions in addition to rostro-caudal axis as discussed above.
As an illustration, a study has shown that inhibiting Hoxc8 caused rostral shift in
expression of more caudal Hox protein Hox5. As a consequence, a rostral pool of MNs
innervating the scapulohumeralis posterior muscle exhibited shortened rostro-caudal
length as the caudal domain of these MNs was lost due to dependency on Hoxc8-
mediated genetic programs for specification. Meanwhile, caudal MNs innervating the
pectoralis muscle under the influence of Hox5 expanded rostrally to form an ectopic
domain. More importantly, post-mitotic settling positions were affected as the ectopic
pool of pectoralis MNs settled in medio-lateral coordinates unique to endogenous
domain of MNs innervating pectoralis muscle, visualized by pectoralis MN marker Pea3
transcription factor (Dasen et al., 2005; Kania, 2014). Similarly, loss of another Hox
gene, Hox6, expressed in brachial spinal cord leads to defects in Pea3* LMC MNs
(Lacombe et al., 2013). At later time periods after differentiation of MN progenitors, LIM
homeodomain proteins such as Lhx3 and Lhx1 become important for MN medio-lateral
settling positions. In the chick spinal cord, ectopic expression of a medial protein Lim3
(i.e., chick Lhx3 homologue that marks MMC) in LMC MNs induced LMC MNs to settle
in more medial locations (Sharma et al., 2000). Similarly, forced expression of lateral
protein Lim1 (i.e., chick Lhx1) that marks LMCI in more medially located LMCm caused
LMCm to settle in more lateral positions within the LMC (Kania and Jessell, 2003).
Taken together, transcriptional regulations through Hox proteins and LIM homeodomain
proteins are important molecular mechanisms for SpMN soma settling along the medio-

lateral axis.

Similar to SpMNs, 12N MNs are also under the influence of various transcription
factors that regulate specification along the three axes: rostro-caudal, dorso-ventral,
medio-lateral. However, most molecular studies of 12N development focused on early
stages of 12N MN development. At later stages, there is a paucity of information on the

establishment and maintenance of 12N MN somatotopic maps. Before we can address
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how 12N MN somatotopic map can be studied, we shall discuss how the 12N

somatotopic map is wired to the muscles of the tongue.
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Figure 2. Vertebrate SpMN somatotopic organization Figure adapted from Stifani N
(2013). Front. Cell. Neurosci. 8, 293. doi:10.3389/fncel.2014. A) Along the rostro-caudal
axis, the spinal cord can be divided into cervical, thoracic, lumbar, and sacral segments.
There are multiple motor columns spread out through the rosto-caudal axis of the spinal
cord. MMC is found throughout the entire spinal cord. SAC is found from C1 to C5. PMC
is located between C3 and C5. LMC is found from C5 to T1. In the thoracic spinal cord,
PGC is found from T1 to L2 while HMC is located from T1 to T12. In the Lumbar and
Sacral spinal cord, LMC is found from L1 to L5 while PGC is located from S2 to S4. B)
At cross sectional level C3 and C4, MMC is most medially situated while PMC is found
between MMC and the more lateral SAC. MNs of MMC express Mnx1/Hb9, Isl1/2 and
Lhx3 in their post-mitotic somatotopic positions and innervate hypaxial muscles involved
in postural movement. MNs of the PMC are characterized by their innervation of the
diaphragm and expression of transcription factors Mnx1/Hb9, Isl1/2, Alcam and SCIP.
SAC innervates mastoid muscle and is distinguished by its expression of Phox2b and
lack of expression of Mnx1/Hb9. C) At cross sectional level C6 to C8, the MMC is

27



located in a medial location within the ventral horn, similar to other segments of the
spinal cord. MNs of the LMC are found lateral to the MMC; they are characterized by
the expression of FoxP1 and Isl2 and by the innervation of muscles of the limbs. The
LMC may be further subdivided based on anatomical functions and molecular profiles.
LMCm is more medially located within the LMC, innervates ventral muscles of the limb,
and expresses Isl1. In contrast, LMCI does not express Isl1 but expresses Mnx1/Hb9
and Lhx1. LMCI can be further characterized by its lateral topographic position within

the LMC and its innervation of dorsal muscles of the limb.
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[2.4] Motor neurons of the hypoglossal nucleus

[2.4.1] Different hypoglossal motor neurons innervate different muscles of the

tongue

The motor circuit comprising 12N MNs in the hindbrain and muscles in the
tongue is an essential biological network given the involvement of the tongue in vital
functions such as chewing, swallowing, and breathing (Lowe 1980, 1984; Sawczuk &
Mosier, 2001; Fregosi, 2011). 12N MNs innervate two main tongue muscle groups that
are anatomically defined as either intrinsic or extrinsic. Intrinsic muscles have both
origin and insertion within other muscles of the tongue and control fine movements of
the tongue involved in speaking, eating, and swallowing (Sonntag, 1925). Extrinsic
muscles have one end attached to a bone with the other end inserting into the base of
the tongue. Extrinsic muscles control postural movements affecting tongue position and
are situated within the mouth while intrinsic muscles may be situated to function outside
the mouth and comprise the bulk of the tongue. However, the anatomical separation
between intrinsic and extrinsic muscles of the tongue may not be visually clear as both
muscle groups interdigitate and act together during most tongue movements
(Hellstrand, 1980; Sokoloff and Deacon, 1992; Smith et al., 2005).

Extrinsic muscles may be further classified into two categories by their function.
Extrinsic muscles that are used to protrude the tongue are called ‘extrinsic protrusor’
muscles while extrinsic muscles used for retraction of the tongue are called ‘extrinsic
retractor’ muscles. Similarly, different intrinsic tongue muscles are also often referred to
as either protrusors or retrusors, although various intrinsic muscles are active, to
varying degrees, during both protrusion and retraction. All of the tongue muscles are
involved in the precise execution of the large number of actions performed by the
tongue (Aldes 1995; Altschuler et al. 1994; McClung and Goldberg 1999, 2000; Lowe
1981, 1984).
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[2.4.2] Somatotopic organization of hypoglossal motor neurons

In most mammalian species, 12N has a characteristic ‘somatotopic organization’
in which MNs innervating protrusor or retrusor muscles are functionally segregated into
defined positions along the three body axes (Figure 3). Observations obtained from
retrograde axonal labelling experiments have identified dorsal and ventral
compartments of the 12N. MNs located in the dorsal half of 12N generally innervate
retrusor muscles and are found in the rostral 2/3 of the nucleus. Ventral 12N MNs found
in the caudal 2/3 of the nucleus mostly innervate protrusor muscles (McClung and
Goldberg, 1999). The ventral 12N compartment is further subdivided into medial and
lateral components: ventromedial and ventrolateral 12N. Ventromedial 12N MNs
innervate intrinsic protrusor muscles of the tongue (e.g., transversus and verticalis)
while ventrolateral 12N MNs innervate extrinsic protrusor muscles of the tongue (e.g.
genioglossus). Likewise, dorsal 12N is also divided along the medio-lateral axis into two
compartments: dorsomedial and dorsolateral. Dorsomedial MNs innervate instrinsic
retrusors (e.g., superior longitudinal and inferior longitudinal) while dorsolateral MNs
innervate extrinsic retrusors (e.g., hyoglossus and styloglossus) (Figure. 3) (Lewis et al.
1971; Krammer et al. 1979; Chibuzo and Cummings, 1982; Aldes 1995;; Odutola 1976;
Uemura-Sumi et al. 1981; McClung and Goldberg 1999, 2000). Anatomically, the
human tongue shares a similar organization to that of the murine tongue with all major
intrinsic and extrinsic muscle groups conserved between the two, raising considerable
research interests in studying murine 12N MN development and innervation as a model.

The establishment of a precise 12N myotopic organization is essential to the
formation of functional 12N MN-tongue musculature motor circuits. However, little is
presently known about the molecular mechanisms controlling 12N MN somatotopic map

formation during development.
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Figure 3. 12N somatotopic map (Figure adapted from Chen X, Wang J. W, Salin-
Cantegrel A, Dali R, & Stifani S. (2015). Brain Struct Funct. doi:10.1007/s00429-015-

1160-2). A schematic of compartmental organization of 12N MNs and their axonal

targets. Along the dorsoventral axis, dorsal 12N MNs innervate retrusor muscles of the

tongue while ventral 12N MNs innervate protrusor muscles. The distribution of dorsal
and ventral MN varies along the rostrocaudal axis as the majority of dorsal and ventral
MNs are found in rostral and caudal 12N, respectively (not shown in figure). Along the

mediolateral axis, medial (towards the midline) 12N MNs innervate intrinsic muscles

while lateral 12N MNs innervate extrinsic muscles. CC, central canal.
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[2.5] Runx1, FoxP1, and SCIP: three transcription factors

important for motor neuron development

In somatotopic MN development, a number of transcription factors play important roles
in subtype specification, soma body positioning, and axonal targeting along the three
axes. Here, we shall highlight the roles of three particular transcription factors, Runx1,
FoxP1, and SCIP, describing examples of their roles during the development of MNs

and other neuronal cells.

[2.5.1] Runx family in neuronal development

Previous studies in the developing murine spinal cord and hindbrain revealed
that Runt-related transcription factor 1 (Runx1) is expressed in certain groups of
branchial, visceral and somatic MNs, including MNs of the 12N (Theriault et al., 2004,
Stifani et al., 2008; Chen et al., 2015; Yoshikawa et al., 2015). Unlike early Hox proteins
or Class | and Class Il proteins, Runx1 is not expressed in MN progenitors. Instead, it
was shown to be expressed in post-mitotic MNs acquiring topology and/or establishing
axonal connections (Stifani et al., 2008). Though the specific role of Runx1 in
acquisition of topology and axonal connection of MNs is yet to be explored in depth, we
may refer to demonstrated roles of Runx1 in the peripheral nervous system (PNS) to
infer how Runx1 may contribute to MN development.

In the PNS, Runx1 is a well-known regulator of specific sensory neuronal
subtype identity and axon targeting. Specifically, during DRG development, Runx1 is
preferentially expressed in a subset of nociceptive neurons that are involved in
sensation of pain, itch, and temperature. Initially, during prenatal stages, most
nociceptive DRG sensory neurons express both tyrosine kinase receptor A (TrkA) and
Runx1 (Levanon et al., 2002; Chen et al., 2006; Kramer et al., 2006). However, during
perinatal and postnatal stages, approximately half of the initially TrkA*Runx1* neurons
express either TrkA or Runx1, giving rise to two different subtypes of nociceptors called
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peptidergic (Runx1-negative) and non-peptidergic (Runx1-positive), respectively. During
this divergence, Runx1 is thought to repress the expression of peptidergic-specific
genes such as calcitonin-gene-related-peptide (CGRP), TrkA, and mu-class opioid
receptor (Chen et al., 2006; Kramer et al., 2006; Yoshikawa et al., 2007). In addition to
specifying subtypes, Runx1 also regulates the axon trajectory of DRG sensory neurons.
When Runx1 is inactivated, Runx1+ non-peptidergic neurons send their axons along
targets of peptidergic neurons. Vice versa, ectopic expression of Runx1 in TrkA+
peptidergic neurons causes these neurons to innervate non-peptidergic neuron targets
(Chen et al., 2006; Kramer et al., 2006; Yoshikawa et al., 2007). More specifically,
Runx1 is associated with proper specification of neurons innervating skin epidermis,
hair follicles, and subsets of mechanoreceptors (Chen et al., 2006; Yoshikawa et al.,
2007; Yang et al., 2013; Mogrich, 2014; Lou et al., 2013; Lou et al., 2015).

During the development of proprioceptive neurons, another Runx family member,
Runx3, coordinates segregation of neuronal lineages. Proprioceptive neurons are
derived from transiently existing population of TrkB*/TrkC* precursors. At a later time
period, Runx3 expression begins in TrkC* proprioceptive neurons when TrkC* neurons
no longer express TrkB, a marker of mechanoreceptive neurons. Runx3 deficiency in
mice leads to decrease in number of TrkC* neurons and neurons expressing
Parvalbumin (PV), a marker of proprioceptive neurons. This loss of TrkC* neurons does
not seem to be due to increased cell death, but rather to concomitant increase of TrkB*
neurons (Inoue et al., 2002; Levanon et al., 2002; Kramer et al., 2006; Inoue et al.,
2007; Nakamura et al., 2008; Lallemend et al., 2012). Conversely, ectopic expression of
Runx3 in TrkB* neurons lead to decrease in TrkB* neurons, possibly due to direct
transcriptional regulation by Runx3 of TrkB intronic regulatory elements (Kramer et al.,
2006; Inoue et al., 2007). In addition to its roles in segregation of proprioceptive vs
mechanoreceptive lineages, Runx3 is also involved in development of correct axon
targeting of sensory neurons. For example, Runx3 controls expression levels of
cytoplasmic proteins Rock1 and Rock2 involved in axon extension of early sensory
neurons (Lallemend et al., 2012). Consistently, Runx3 loss-of-function and ectopic gain-
of-function studies in DRG sensory neurons show defects in establishment of proper
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connections (Inoue et al., 2002; Levanon et al., 2002; Chen et al., 2006; Kramer et al.,
2006; Nakamura et al., 2008).

The observation that Runx family members play important roles in specific
sensory neuronal subtype identity and axon targeting suggests that they might play
similar roles in other neuron types. In agreement with this possibility, Runx1 is
expressed in spinal cord MNs during embryonic stages when these cells are acquiring
topology and establishing axonal innervations (Stifani et al., 2008). Thus, one of the
main aims of this Thesis was to address the hypothesis that Runx1 may be expressed,

and play a role, during the development of 12N MNs.

[2.5.2] Transcription factor FoxP1 in motor neuron development

One of the modes of action proposed for Hox proteins during MN development is
that Hox proteins of brachial and lumbar segments are dependent on the forkhead box
transcription factor FoxP1 for the expression of all LMC pool determinants (Dasen et al.,
2008; Rousso et al., 2008; Palmesino et al., 2010; Philippidou and Dasen, 2013; Davis-
dusenbury et al., 2014). FoxP1 is expressed in all LMC MNs and is therefore utilized as
marker of the LMC fate (Figure 2C). During brachial spinal cord development, various
Hox proteins such as Hox6 and Hox10 induce the expression of FoxP1, which in turn
cooperates with Hox proteins to induce LMC-specific developmental programs while
repressing thoracic MN-specific programs (Dasen et al., 2008; Rousso et al., 2008).
Foxp1 loss-of-function experiments showed developmental consequences in LMC
development. Specifically, Foxp1 mouse mutants developed general spinal MN at the
topographic location where the LMC is normally specified. However, these MNs did not
express the typical profiles of LMC MNs and retrograde labelling experiments
suggested that the smaller pools of MNs innervating specific muscle fibers were not
myotopically organized (Dasen et al., 2008; Rousso et al., 2008). A possible explanation
for loss of somatotopic organization may be attributed to cadherin family of adhesion
molecules as they are lost in Foxp1-/- mice (Dasen et al., 2008; Demireva et al., 2011).
Further evidence suggests that scrambling of somatotopic map due loss of Foxp1 may
have affected the specificity of the sensory-motor circuit as prioprioceptive neurons of

the DRG connected to traditional locations within the ventral horn regardless of
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scrambled MN map in Foxp7-/- mice (Surmeli et al., 2011). The importance of FoxP1 in
specifying the LMC fate is further suggested by in vitro embryonic stem cell
differentiation experiments in which forced expression of FoxP1 generated a significant
increase in the proportion of LMC neurons. Additionally, upon transplantation into
developing chick spinal cord, in vitro-generated LMC neurons, under forced expression
of FoxP1, integrated into motor circuits innervating muscles of the limb (Adams et al.,
2015). Given the critical importance of FoxP1 for LMC somatotopic organization and
circuit formation, it is not surprising that certain Hox genes, such as Hoxc9, promote
thoracic developmental programs by either direct or indirect repression of Foxp1 (Jung
et al., 2014).

[2.5.3] Transcription factor SCIP in motor neuron development

Another subtype of MNs that are closely located to FoxP1-expressing LMC MNs
are the MNs of the PMC (Figure 2A). Interestingly, in contrast to limb-level brachial Hox-
dependant MN subtypes that are lost in Foxp7 mutants, PMC neurons increase in
number when Foxp1 is inactivated (Rousso et al., 2008). PMC MNs, located in the
cervical spinal cord, innervate the diaphragm, which is a vital muscle given that it carries
out the maijority of the respiratory function in mammals. Molecularly, PMC MNs are
characterized by expression of the POU-domain transcription factor SCIP, also known
as Pou3f1 or Oct-6 (Figure 2B) (Philippidou et al., 2012). A previous study
demonstrated that hox5 gene expression is necessary for proper PMC development as
hox5 mutants showed disturbed organization, survival, and patterns of target
innervation (Philippidou et al., 2012) Interestingly, SCIP expression was unaltered in
hox5 mutants, raising further questions as to the roles of SCIP in PMC development
(Philippidou et al., 2012). To further characterize the role of SCIP in PMC development,
an in vitro gain-of-function study induced the expression of SCIP alone or in
combination with other PMC development regulators in MNs differentiated from
embryonic stem cells. This study revealed that SCIP is downstream of Notch signaling
and that it acts in combination with Hoxa5 to regulate like-like clustering of PMC-like
neurons in vitro possibly through regulating downstream cadherin effectors such as
Pch10 and Cdh10 (Machado et al., 2014). In the brachial spinal cord, SCIP is also
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expressed in subset of LMC neurons innervating flexor carpi ulnaris muscle (Dasen et
al., 2005). Like Runx family members, POU-domain transcription factors, such as Brn3a
(Pou4f1), also contribute to sensory circuit development. Past studies in sensory
development in the DRG and trigeminal ganglion (TG) have shown that Brn3a/Pou4f1
plays important roles in neuronal specification, differentiation, and axonal targeting (Eng
et al., 2007; Lanier et al., 2009; Dykes et al., 2010; Badea et al., 2012; Zou et al., 2012).
Notably, Pou4f1 regulates sensory neuron specification by positively regulating the
expression of Runx1 and Runx3, as loss of Pou4f1 lead to significant downregulated of
Runx1/3 and consequent downstream Runx effectors such as Trk neurotrophin
receptors and CGRP (Dykes et al., 2010; Zou et al., 2012). The observation that POU-
domain transcription factors such as SCIP and Brn3a play important roles in MN and
sensory neuron subtype identity suggests that they might also play similar roles in 12N
MN development. In agreement with this possibility, SCIP is robustly expressed in the
12N and mice with genetic deletion of SCIP exhibit fatal respiratory defects, possibly
due to perturbations in 12N and PMC respiration-related motor circuits (Birmingham et
al., 1996). Additionally, non-overlapping expression pattern between SCIP and other
known regulators of neuronal subtype development, such as FoxP1, also makes SCIP
an attractive gene for investigation, especially considering POU-domain transcription

factors regulate Runx family members during sensory development.
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[2.6] Rationale and Objectives

The establishment of topographic patterning of MN diversity in the vertebrate spinal
cord has been the subject of numerous investigations. In comparison, studies of the
topographic development of 12N MNs are scarce. Given the biological importance of
12N motor circuit in regulating vital motor processes, understanding how 12N MN
diversity is generated and maintained, and how these neurons perform their functions,
attracts considerable research interests. Based on these considerations, studies
presented in this thesis had two main aims.

First, to characterize the molecular profiles of specific 12N MN subtypes that had
been previously defined anatomically. The aim was to characterize the expression of
specific genes previously used as markers of developing SpMN pools and sensory
neuron subtypes, including genes under Runx1-mediated transcriptional regulation.

Second, to understand the role of specific transcription factors whose expression
marks separate 12N MN populations in the establishment and maintenance of 12N MN
somatotopic map. Specifically, we hypothesized that restricted and possibly mutually-
exclusive expression of certain transcription factors may serve roles in regulating
transcriptional programs unique to separate 12N MN subtypes and delineating 12N

topographic boundaries.
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[2.7] Previous work and rationale

[2.7.1] Runx1 is expressed in ventromedial hypoglossal motor neurons

innervating intrinsic tongue muscles

Runx1 is expressed in restricted populations of somatic MNs in the developing
mouse cervical spinal cord and 12N (Stifani et al. 2008; Yoshikawa et al. 2015). To
characterize the spatiotemporal pattern of Runx1 during 12N development, our lab took
advantage of mice in which the bacterial LacZ gene was knocked into the Runx1 locus
(Runx1tacZz mice), resulting in the expression of a nuclear form of BGalactosidase (3Gal)
under the control of the Runx1 promoter (North et al. 1999). Runx1tacZ mice exhibit a
pattern of BGal expression in the nervous system that faithfully reproduces the
expression of the endogenous Runx1 protein (Murthy et al. 2014, Stifani et al. 2008;
Zagami and Stifani 2010; Zusso et al. 2012).

At embryonic stages E11.5-E12.5, when 12N MNs start to assemble into a
detectable nucleus, Runx1LacZ mouse embryos exhibited robust BGal enzymatic activity
in Phox2b-expressing visceral 10N MNs dorsal to Hb9-expressing 12N MNs (not shown
here but described in Chen et al., 2015). At E14.5, BGal expression became detectable
in two symmetrical groups of cells along the midline expressing the MN markers choline
acetyl transferase, Isl1, and Hb9, indicating that these fGal* cells were 12N somatic
MNs (Chen et al., 2015). BGal expression in the 12N persisted throughout embryonic
development (starting at approximately E13.5) into early adulthood in Runx1tacZ mice.
During all stages, immunofluorescence double-labelling studies showed BGal
expression was an accurate recapitulation of Runx1 protein expression (Chen et al.,
2015).

Along the rostro-caudal axis of 12N, little or no Runx1 expression was found in

the rostral half of 12N (Chen et al., 2015). The majority of 12N cells coexpressing Isl1

38



and BGal occupied a ventromedial position within the caudal 12N of Runx1ta°Z mice
(Chen et al., 2015; summarized in Figure 4). Runx1 continued to be preferentially
expressed in the ventromedial quadrant of caudal 12N throughout embryonic
development. Retrograde axonal labeling studies in which rhodamine conjugated
dextran was injected into the anterior tip of the tongue, which is mostly composed of
intrinsic muscles (Chibuzo and Cummings 1982; Krammer et al. 1979; Smith et al.
2005), showed that most, if not all, ventromedial fGal* 12N cells were retrogradely
labeled in Runx1tacZ embryos, indicating that Runx1* 12N MNs extend axons to intrinsic
lingual muscles (Chen et al., 2015). Together, these findings show that Runx1 is
preferentially expressed in intrinsic tongue muscle-innervating MNs in the ventromedial
region of caudal 12N. These findings, which were mainly the result of work performed
by Dr. Xin Chen, before my arrival to the Stifani lab, represented one of the main

motivations of the studies of this M.Sc Thesis.
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Figure 4. Schematic summary of the characterization of protein expression
patterns in developing mouse embryo hypoglossal nucleus conducted prior to
the start of my studies (Figure adapted from Chen X, Wang J. W, Salin-Cantegrel A,
Dali R, & Stifani S. (2015). Brain Struct Funct. doi:10.1007/s00429-015-1160-2). Left-
hand side: little or no expression of transcription factors Runx1 and FoxP1 is observed

in the rostral part of the mouse 12N during embryonic development. CGRP is robustly
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expressed in the rostral 12N region, Right-hand side: expression of Runx1 and FoxP1 is
mainly observed in the caudal half of 12N, where their combined expression defines
dorsomedial and ventromedial 12N domains (delimited by solid lines). These MN

groups also exhibit specific patterns of CGRP and PV expression.

[2.7.2] Non-overlapping expression of Runx1, calcium binding proteins and

neurotransmitters defines separate hypoglossal motor neuron groups

The restricted pattern of Runx1 expression in ventromedial MNs in caudal 12N
prompted us to further characterize the molecular properties of this particular MN group.
Previous studies have suggested that the neuropeptide calcitonin gene related peptide
(CGRP) is mainly expressed in the rostral part of mammalian 12N (de Souza et al.
2008; Sienkiewicz et al. 2010). We therefore examined whether caudally located
Runx1* 12N MNs might express little or no CGRP, a possibility also consistent with the
demonstration that Runx1 negatively regulates CGRP expression in the PNS (Chen et
al. 2006; Kramer et al. 2006). CGRP was robustly expressed in almost the entire rostral
12N, where Runx1 is not considerably expressed. In caudal 12N of Runx1-22 embryos,
CGRP was preferentially detected in dorsal and ventrolateral cells that were mostly
devoid of BGal expression. The lack of significant overlap of Runx1 and CGRP was
observed from E14.5 to E18.5 (Chen et al., 2015; summarized in Figure 4).

The observation of non-overlapping expression between Runx1 and CGRP
prompted us to test for the expression of other neural molecules that have been
previously shown to be related to CGRP expression. CGRP is coexpressed with the
calcium-binding protein Parvalbumin (PV) in some MNs in the canine spinal cord
(Chang et al. 2008). In E16.5 and E18.5 embryos, PV expression was detectable in
caudal 12N neurons dorsal to ventromedial Gal* MNs (Chen et al., 2015). No
detectable overlap between PV and BGal* was observed, consistent with the previous
demonstration that the activity of the Runx family member Runx3 is negatively
correlated with PV expression in the mouse PNS (Levanon et al. 2002). A close
comparison with CGRP expression revealed that a group CGRP+ cells that are

dorsomedially located co-expressed PV (Figure 5; data obtained by this M.Sc. Thesis
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candidate). Taken together, these observations provide evidence that the combinatorial
expression of Runx1, CGRP, and PV defines separate groups of MNs located in at least
two separate anatomical regions in the developing mouse 12N. They suggest further
that Runx1* ventromedial MNs in the caudal 12N do not use CGRP as a
neurotransmitter and do not use PV as a calcium-buffering protein. These results, which
were mostly the work of Dr. Xin Chen represented another observation that motivated

the studies described in this Thesis.

PV CGRP Hoe.

E17.5

Figure 5. Expression of PV and CGRP in E17.5 mouse embryo hypoglossal
nucleus. Representative double-labeling immunofluorescence analysis of PV and
CGRP expression in 12N of E17.5 embryos. White curved dotted lines roughly
demarcate the perimeter of 12N. Arrows point to examples of double-labeled cells in the
dorsomedial compartment of 12N. CGRP™ cells that do not express PV can be observed

in more lateral positions. Scale bar, 100 ym.

[2.7.3] Expression of Runx1 and transcription factors FoxP1 is correlated with

hypoglossal motor neuron somatotopic organization

To further characterize the molecular profiles of Runx1* and Runx1- 12N MN
groups, we compared Runx1 expression during 12N development to that of the
transcription factor FoxP1. As mentioned above, FoxP1 plays an important role in the
regulation of MN subtype development in the spinal cord (Dasen et al. 2008; Palmesino
et al. 2010; Rousso et al. 2008; Surmeli et al. 2011). Runx1 represses transcription of

the related Foxp family member Foxp3 in hematopoietic cells (Bruno et al. 2009; Kitoh
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et al. 2009; Rudra et al. 2009). Moreover, consensus Runx binding sites are present in
the mouse Foxp1 locus (studies by Ms. Rola Dali; published in Chen et al., 2015).
Consistently, chromatin immunoprecipitation data suggesting binding of RUNX family
proteins to the FOXP1 promoter in human cells is provided by the publicly available
Encyclopedia of DNA Elements (ENCODE) Project (http://genome.ucsc.edu/ENCODE/)
(Dunham et al. 2012) (Chen et al., 2015). These observations suggest that Runx1 may
be involved in the regulation on Foxp7 expression.

We observed that FoxP1 was preferentially expressed in caudal 12N. In contrast
to Runx1, however, at all stages examined FoxP1 immunoreactivity marked mainly
dorsomedial 12N cells that were for the most part separate from the BGal* MNs located
in ventromedial 12N of Runx1-2¢Z embryos. Most, if not all, FoxP1-expressing
dorsomedial neurons in caudal 12N coexpressed PV, suggesting that they also
coexpress CGRP based on the overlap of PV and CGRP in this region, as described
above. A few cells coexpressing FoxP1 and Runx1 were also detected in the most
medial part of the Runx1 expression domain, possibly representing a separate ventral
12N MN (sub)group or corresponding to cells in which a non-overlapping pattern of
Runx1 and FoxP1 expression may occur only transiently during development. Together,
these observations suggest that separate groups of cells expressing either FoxP1 (and
PV) or Runx1 define two distinct populations of dorsomedial or ventromedial MNs in the
caudal part of 12N, respectively (Chen et al., 2015; summarized in Figure 4). These
studies, which were started by Dr. Xin Chen and continued in part by myself, also
provided rationale for my own graduate studies.

In summary, our initial work molecularly characterized two separate previously-
identified anatomical domains of 12N MNs: ventromedial (Runx1*, FoxP1-, PV, CGRP")
and dorsomedial (Runx1-, FoxP1*, PV*, CGRP?*) (Chen et al., 2015). Based on these
observations, the present M.Sc. Thesis work had the following aims:

1) To further characterize the molecular profile of ventromedial and ventrolateral
groups of 12N MNSs.
2) To understand the role of specific transcription factors, including Runx1 and

FoxP1, in the establishment and maintenance of 12N MN somatotopic map.
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Chapter 3: Materials and Methods

Animal procedures

Runx1-2¢ knock-in mice were generated (North et al.1999) and genotyped (Theriault et
al. 2005) as previously described. The recombined locus of Runx1-2°4 mice encodes a
fusion protein of the N-terminal 242 amino acids of Runx1, containing a nuclear
localization sequence, and bacterial BGal. As a result, the BGal containing fusion
protein expressed in Runx1t2¢ mice is localized to the nucleus. Tau-lox-STOP-lox-
Runx1-IRES-NLS-LacZ-pA (TauRu™') knock-in mice were generated and genotyped as
described (Kramer et al. 2006). To achieve conditional ectopic expression of Runx1 in
MNs, TauR'™! mice were crossed with mice expressing Cre recombinase under the
control of the MN Hb9 gene promoter (Hb9¢™ mice) (Yang et al. 2001) to conditionally
express Runx1 and BGal in somatic MNs (Kramer et al. 2006). Runx1tacZ,

TauRu™1 and TauRu™x:Hp9C embryos and pups were analyzed by histology,
immunohistochemistry, and retrograde axonal labeling, as appropriate (n=3 for all
genotypes and embryonic stages tested). For embryonic staging, the day of appearance
of a vaginal plug was considered to be EQ0.5. All animal procedures were conducted in
accordance with the guidelines of the Canadian Council for Animal Care and were
approved by the Animal Care Committee of the Montreal Neurological Institute of

McGill University.

Histology

Runx1-2¢Z embryos were recovered, fixed in 2% PLP (0.075M L-lysine, 0.37M sodium

phosphate, 2% Paraformaldehyde), dehydrated in 30% sucrose, and cryostat sectioned
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at -28 °C as described (Theriault et al. 2005). BGal activity in Runx1-2°¢ embryos was
detected histochemically by rinsing sections from staged embryos three times in
solution A (80 mM Naz2HPO4, 20 mM NaH2PO4, pH 7.4, 2 mM MgClz, 0.2 % IGEPAL,
0.1 % sodium deoxycholate), followed by incubation for approximately 16 h at 37 °C in
solution A containing 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and
1 mg/ml 5-bromo-4-chloro-3-indolyl-b-galactopyranoside (XGal) (Invitrogen, Burlington,
ON, Canada). Sections were then rinsed in phosphate buffered saline (PBS) and

counterstained with eosin.

Immunohistochemistry

Sections from staged Runx1-22, TauRu™! and TauRu™!; Hb9C™ embryos were rinsed in
HEPES-buffered saline (HBS) and then pre-incubated for one hour in blocking solution,
which consisted of 5 % normal donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA), 0.1 % Triton-X-100, and 0.5 mg/ml bovine serum albumin (Sigma-
Aldrich, St. Louis, MO, USA) in HBS. Sections were incubated for approximately 16 h at
4 °C in blocking solution containing the following primary antibodies: rabbit anti-BGal
(1/2000, MP Biomedicals, Santa Ana, CA, USA; #559761), goat anti-fGal (1/1,000,
Biogenesis Ltd., Poole, England, UK; #4600-1409), rabbit anti-Runx1 (1/300, Abcam
Inc, Toronto, ON, Canada; #ab92336), rabbit anti-FoxP1 (1/30,000, Abcam; #ab16645),
rabbit anti-Pax6 (1/500, Covance/BioLegend, San Diego, CA, USA; # PRB-278P), rabbit
anti-CGRP (1/20,000, Peninsula Labs LLC, San Carlos, CA, USA; #T-4032), goat anti-
CGRP (1/1,000, Abcam; #ab36001), rabbit anti-PV (1/5,000, Swant, Bellinzona,
Switzerland; #PV-28), goat anti-PV (1/5,000, Swant; #PVG-214), rabbit anti-Calbindin
(1/1,000, Millipore, Temecula, CA, USA; #AB1778), mouse anti Calbindin (1/500,
Abcam; #ab9481); rabbit anti-calretinin (1/500, Millipore; #AB5054), mouse anti-
calretinin (1/500; Milipore; #MAB1568) rabbit anti-Phox2b (1/700, Theriault et al. 2004),
mouse anti-Isl1 (1/10; clone 39.4D5), mouse anti-Hb9 (1/10; clone 81.5C10)
(Developmental Studies Hybridoma Bank, lowa City, IA, USA), mouse anti-Ki67 (1/200,
BD Biosciences, San Jose, CA, USA; #556003), goat anti-ChAT (1/100, Millipore;
#AB144P), guinea pig anti-SCIP (1/3000) (Dasen et al. 2008; Philippidou et al. 2012).
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Sections were then rinsed in blocking solution, followed by incubation with the
appropriate secondary antibodies for 1 h at room temperature. Secondary antibodies
against primary reagents raised in various species were conjugated to Alexa Fluor 555
or Alexa Fuor 488 (1/500, Invitrogen). Sections were then rinsed twice with blocking
solution and several times with PBS, counterstained with Hoechst 33258 (1/5000,
Sigma-Aldrich) for 5 min, rinsed twice with PBS, mounted with Fluoromount- G
(Southern Biotech, Birmingham, AL, USA), and examined by fluorescence microscopy.
Images were acquired using either a Digital Video Camera mounted on a Zeiss
Axioskop 2 microscope or a Retiga EXi Camera (Qimaging, Surrey, BC, Canada) on a
Zeiss Axioscope Imager.M1 microscope. Images were digitally assigned to the
appropriate red, green or blue channels using Northern Eclipse image acquisition

software (Empix Imaging, Inc., Mississauga, ON, Canada).

Image analysis

The number of Hb9/Isl1-positive 12N MNs expressing specific proteins in TauR"™! and
TauRux1:Hp9Cre |ittermates were counted every fourth coronal sections of 14 ym each
derived from at least three different embryos for each genotype (at least 10 sections per
genotype). Acquired images were analyzed using ImagedJ software (National Institutes
of Health, Bethesda, MD, USA) by counting immune-labeled cells in 12N. The total

number of MNs stained for specific markers was then calculated.

Statistical analysis

Statistical comparisons were made using two-tailed Student’s t test. All statistical tests
were performed with Microsoft Excel software (Microsoft Canada, Mississauga, ON,

Canada). Significance level was set at p=0.05. Where applicable, p vales are indicated

in the appropriate figures.
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Chapter 4: Results

[4.1] Molecular characterization of ventral half

of mouse hypoglossal nucleus

Prior to my arrival to the lab, Dr. Xin Chen showed that specific groups of caudal 12N
MNs can be distinguished by the expression, or lack, of specific transcription factors,
neurotransmitters, and calcium binding proteins (Chen et al., 2015). These findings
suggested that dorsomedial 12N MNs innervating intrinsic retrusors express
transcription factor FoxP1 but not Runx1, whereas the opposite situation exists in
ventromedial 12N MNs innervating intrinsic protrusors. Dr. Chen further characterized
dorsomedial FoxP1+ 12N MNs based on their expression of neurotransmitter CGRP
and calcium-binding protein PV. Based on these observations, the first aim of this
Thesis work was to further identify other molecules that are preferentially expressed in

specific regions of the 12N.

[4.1.1] Calbindin D-28k is expressed in ventrolateral 12N compartment

Based on the demonstration that PV and calretinin have restricted expression
patterns in the developing 12N (Chen et al., 2015), we characterized the expression of
another calcium-binding protein, Calbindin D-28k (Calbindin), in this nucleus. At rostral
12N levels, Calbindin was robustly expressed in dorsal 12N compartments where
neither Runx1 nor PV is significantly expressed (Fig. 6a). At caudal levels, Calbindin
was expressed in ventrolateral 12N MNs located lateral to Runx1* ventromedial 12N
MNs (Fig. 6a). These Calbindin-expressing MNs co-expressed CGRP, showing that
ventrolateral MNs that were previously characterized as CGRP* are also Calbindin*
(Fig. 6b). Presumably, lack of PV, Calretinin, and FoxP1 expression in ventral 12N also
suggests that expression of Calbindin does not overlap with PV, Calretinin, and FoxP1.
These observations suggest that distinct calcium-buffering capacities distinguish Runx1-

expressing 12N MNs from other, anatomically separate, groups of 12N MNs during
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embryonic development. Taken together with previous studies (Chen et al., 2015),
these observations provide evidence that the combinatorial expression of Runx1,

FoxP1, CGRP, PV and Calbindin defines separate groups of MNs located in at least

three separate anatomical regions in the developing mouse 12N. Specifically,

ventromedial Runx1* MNs do not express FoxP1 and do not appear to rely on calcium-

binding proteins PV, Calretinin, and Calbindin for calcium-buffering capacity.

Dorsomedial FoxP1* 12N MNs do not express Runx1 and unlike Runx1* ventromedial

neighbors, express calcium-buffering protein PV and neurotransmitter CGRP. Lastly,
ventrolateral 12N MNs are characterized by their co-expression of calcium-binding

protein Calbindin and neurotransmitter CGRP and by the lack of Runx1, FoxP1, PV,

and Calretinin expression.
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Figure 6. Expression of Runx1, Calbindin and CGRP in mouse embryo
hypoglossal nucleus. a. Representative double-labeling immunofluorescence analysis
of Runx1 and Calbindin expression in serial coronal sections through 12N of E17.5
embryos. Dotted curved white lines roughly demarcate the perimeter of 12N. Dotted
straight yellow lines in bottom panels roughly demarcate the lateral boundary of the
ventral Runx1 expression domain in 12N. Scale bar 100 Im. b. Representative double-
labeling immunofluorescence analysis of CGRP and Calbindin expression in coronal
sections through 12N of E17.5 embryos. Dotted curved white lines roughly demarcate
the perimeter of 12N. Arrows point to group of double-labeled cells in ventrolateral

region. Scale bar 100 pym.

[4.1.2] SCIP expression is correlated with ventral 12N somatotopic organization

Transcription factor SCIP is expressed in selected spinal cord MN populations in
mouse and chick embryos, and SCIP and Runx1 mark non-overlapping MN populations
in the avian brachial spinal cord (Dasen et al., 2005; Machado et al., 2014; Philippidou
et al., 2012). In contrast to the dorsal expression of FoxP1 in 12N, SCIP was expressed
preferentially in ventral 12N (Fig. 7a—d, Fig. 8). In this region, SCIP expression
appeared to precede that of Runx1 because it was already robustly detected at E13.5
(Fig. 8a), when Runx1 expression in 12N is still sparse (Chen et al., 2015). At both
E14.5 and E17.5, SCIP immunoreactivity marked a broad population of ventral 12N
MNs that included both a ventromedial Runx1* group and a ventrolateral Runx1-
population (Fig. 7a—d, Fig. 8b). Similar to the situation observed when comparing Runx1
and FoxP1, little or no overlap of SCIP and FoxP1 was observed in the ventromedial
domain (Fig. 7e—h, Fig. 8c). SCIP immunoreactivity overlapped with Calbindin
expression in the ventrolateral region, but not ventromedially (Fig. 9). These results
suggest that MNs expressing SCIP alone, or SCIP and Runx1 in combination, define

two separate groups of 12N MNs in the lateral or medial part of ventral 12N.
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Taken together, these findings provide evidence suggesting that the
combinatorial expression of Runx1, SCIP and FoxP1, together with the expression of
CGRP, Calbindin and PV, defines at least three separate MN groups in the caudal half
of 12N: (1) ventrolateral (SCIP*/Runx1/FoxP1/CGRP*/Calbindin*/PV-), (2) ventromedial
(SCIP*/Runx1*/FoxP1/CGRP-/Calbindin/PV-) and (3) dorsomedial (FoxP1*/Runx1-
[SCIP-/PV*/CGRP*/Calbindin’) (summarized in Fig. 10) (Chen et al., 2015). These
findings raise the question of what roles such spatially regulated genes might play in the
establishment of 12N MN topology. Considering that transcription factors play pivotal
roles during development by directly regulating gene expression, we next examined the
possible roles of a particular transcription factor, Runx1, in the establishment of 12N

somatotopic map development.
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Figure 7. Combinatorial expression of Runx1, SCIP and FoxP1 defines separate
hypoglossal motor neuron groups during embryonic development. a—h Triple-
labeling immunofluorescence analysis of Runx1, SCIP and Hb9/Isl1 (a-d) or FoxP1,
SCIP and Hb9/Isl1 (e-h) in representative serial coronal sections through 12N of E17.5
mouse embryos. Dotted curved white lines roughly demarcate the perimeter of 12N.
Dotted straight yellow lines in (¢) roughly demarcate the dorsal boundary of SCIP and
Runx1 expression and the lateral boundary of Runx1 expression in 12N. Dotted straight
yellow lines in (g) roughly demarcate the lateral and ventral boundaries of the 12N

FoxP1 expression domain. Scale bars 100 pm.
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Figure. 8. Expression of SCIP, Runx1 and FoxP1 in mouse embryo hypoglossal
nucleus. a Representative double-labeling immunofluorescence analysis of SCIP and
Hb9/Isl1 expression in coronal sections through 12N of E13.5 embryos. Dotted curved
white lines roughly demarcate the perimeter of 12N. Scale bar, 100 um. b
Representative triple-labeling immunofluorescence analysis of Runx1, SCIP and
Hb9/Isl1 expression in serial coronal sections through 12N of E14.5 embryos. Dotted
curved white lines roughly demarcate the perimeter of 12N. Dotted straight yellow lines
in bottom panels roughly demarcate the lateral boundary of Runx1 expression domain
in 12N. ¢ Representative triple-labeling immunofluorescence analysis of FoxP1, SCIP
and Hb9/Isl1 expression in serial coronal sections through 12N of E14.5 embryos.
Dotted curved white lines roughly demarcate the perimeter of 12N. Dotted straight
yellow lines in bottom panels roughly demarcate the dorsal boundary of SCIP

expression in 12N. Scale bar, 100 pym.
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Figure 9. Expression of SCIP and Calbindin in mouse embryo hypoglossal
nucleus. Representative double-labeling immunofluorescence analysis of SCIP and
Calbindin expression in 12N of E17.5 embryos. Dotted curved white lines roughly
demarcate the perimeter of 12N. Arrows point to examples of double-labeled cells in

ventrolateral 12N region. Scale bar, 100 ym.

53



Rostral Caudal

Central
Canal

Fourth
Ventricle

Parvalbumin

CGRP
Calbindin

CGRP

FoxP1

Calbindin

Dorsal

Medial C%D Lateral

Ventral

Dorsal

Medial 4%’ Lateral

Ventral

Midline
Midline

Figure 10. Schematic summary of protein expression patterns in mouse embryo
hypoglossal nucleus. Left-hand side: little or no expression of transcription factors
Runx1, SCIP and FoxP1 is observed in the rostral part of the mouse 12N during
embryonic development. Both CGRP and Calbindin are robustly expressed in the rostral
12N region, where their combinatorial expression defines two broad ventrolateral and
dorsolateral 12N domains (delimited by solid lines). Right-hand side: expression of
Runx1, SCIP and FoxP1 is mainly observed in the caudal half of 12N, where their
combined expression defines dorsomedial, ventromedial, and ventrolateral 12N
domains (delimited by solid lines). These MN groups also exhibit specific patterns of
CGRP, Calbindin and PV expression. Together, these distinct molecular profiles define

separate 12N MN maps along the three body axes.
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[4.2] Runx1 is involved in establishment of

defined hypoglossal motor neuron maps

To determine whether Runx1 might be important for the formation of 12N MN
topographies, we characterized the effect of forcing ectopic Runx1 expression in all
developing 12N MNs. Conditional exogenous expression of Runx1 was achieved by
utilizing previously described ‘Tau-Runx1-LacZ’ knock-in mice (TauR"™! mice) in which
a lox-STOP-lox-Runx1-IRES-nLacZ cassette was integrated into the pan-neuronal Tau
locus to place exogenous Runx1 (and LacZ) expression under the conditional control of
the Tau promoter (Kramer et al. 2006). TauR"™! mice were crossed with Hb9¢"™ mice
expressing Cre recombinase under the control of the Hb9 promoter. As a result of Cre-
mediated recombination event, Runx1 and BGal expression was conditionally driven by
pan-neuronal promoter Tau in somatic MNs. Previous studies have shown that BGal
expression in MNs under the control of the Hb9 (or Is/1) promoter has no effect on MN
development (Arber et al. 1999; Zhang et al. 2013). The effectiveness of this approach
was demonstrated by the expression of Runx1 (together with BGal) in virtually all Hb9-
expressing 12N MNs in TauR™1:Hb9C® embryos, in contrast to the restricted
expression of Runx1 in ventromedial 12N MNs (and absence of BGal) in TauRun™!
control littermates (Fig. 11a,c).

Analysis of coronal sections of 12N ectopically expressing Runx1
(TauRux1:Hp9Cre) showed that exogenous Runx1 was not correlated with any significant
change in total MN numbers at both E14.5 and E17.5, compared to control conditions
(Fig. 11). However, closer examination of 12N morphology in TauRu"x! and
TauRux1:Hp9Cre |ittermates revealed an abnormally elongated 12N in embryos
conditionally expressing Runx1. Moreover, numerous Hb9-positive MNs could be
observed at displaced ventral locations in TauRu"x;Hb9C 12N compared to control
littermates (Fig. 12a). To better characterize this phenotype, the effects of ectopic

Runx1 expression were examined at both rostral and caudal levels of 12N.
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Figure 11. Ectopic Runx1 expression in hypoglossal nucleus at E14.5 and E17.5. a, ¢
Triple-labeling immunofluorescence analysis of Runx1, BGal and Hb9/Isl1 in
representative coronal sections through caudal 12N of E14.5 (a) or E17.5 (¢) TauRunx1
or TauRunx1:Hb9Ce mouse embryos, as indicated. Dotted curved white lines roughly
demarcate the perimeter of 12N. Scale bar, 100 um. b, d Quantification of total MN
numbers in the entire 12N of E14.5 (b) or E17.5 (d) TauRunx? or TauRunx1:Hb9Ce mouse
embryos. Results are shown as mean + SEM (n=10 sections from each of at least 3

embryos per genotype).
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Figure. 12 Effect of ectopic Runx1 expression in developing hypoglossal nucleus. (a)
Left-hand side comparison of 12N morphology (visualized through Hb9 expression) in
representative sagittal sections through the brainstem of E17.5 TauRu"™! or
TauRu1:Hpb9C® mouse embryos. Dotted curved white lines roughly demarcate the
perimeter of 12N. Anterior is to the left and dorsal up. Scale bar 100 Im. Right-hand
side: schematic drawing of a coronal view of 12N. Solid line indicates the approximate
mediolateral level (roughly 80 Im lateral to the midline) of the sagittal sections shown on
the left-hand side of this panel. Dorsal is up. b and ¢ Triple-labeling
immunofluorescence analysis of either CGRP, BGal and Hb9/IsI1 (b) or Calbindin, BGal
and Hb9/Isl1 (¢) in representative coronal sections through the rostral 12N of E17.5
TauRu™! or TauRU™":Hb9C™® mouse embryos. Dotted curved white lines roughly
demarcate the perimeter of 12N. Scale bar 100 um. (d) Quantification of numbers of
MNs expressing Calbindin in the rostral half of 12N of E17.5 TauRu™! or TauRu™1;:Hp9Cre
mouse embryos. Results are shown as mean + standard errors of the mean (SEM) (n =

10 sections from each of at least three embryos per genotype; t test)

Rostrally, where little or no endogenous Runx1 is detected, expression of
exogenous Runx1 in developing MNs led to a significant decrease in the number of
CGRP expressing MNs (Fig. 12b; quantification of these data, which was performed by
Dr. Adele Salin Cantegrel, is shown in Chen et al., 2015). A similar decrease in the
number of Calbindin®* MNs was also observed in the rostral half of 12N of conditional
Runx1 transgenic embryos (Fig. 12c¢,d). These findings suggest that the restricted
expression of Runx1 in caudal 12N MNs may be important, at least in part, to delimit the
territory containing MNs exhibiting traits characteristics of rostral 12N MNs.

In caudal 12N, expression of Runx1 outside of its physiological ventromedial
domain, led to developmental perturbations along both the mediolateral and
dorsoventral axes. Along the ventral mediolateral axis, we observed a significant
decrease in the number of lateral MNs expressing SCIP and Calbindin, suggestive of a
‘medialization’ of the ventral domain (Fig. 13a—d). Along the medial dorsoventral axis,

ectopic Runx1 expression resulted in a considerable decrease in the number of dorsal
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cells expressing FoxP1 and PV, suggesting a ‘ventralization’ of the medial domain (Fig.

13e-h). These phenotypes were observed at both E14.5 and E17.5 (Fig. 13, Fig. 14).
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Figure 13. Effect of ectopic Runx1 expression in caudal hypoglossal nucleus during
embryonic development. a and c¢ Triple-labeling immunofluorescence analysis of either
Calbindin, BGal and Hb9/Isl1 (a) or SCIP, BGal and Hb9/Isl1 (c) in representative
coronal sections through caudal 12N of E17.5 TauRunx? or TauRunx1:Hb9Ce mouse
embryos. Dotted white lines roughly demarcate the perimeter of 12N. b and d
Quantification of numbers of MNs expressing either Calbindin (b) or SCIP (d) in the
caudal part of 12N of TauRunx? or TauRunx1:Hp9Ce mouse embryos. Results are shown
as mean £ SEM (n = 10 sections from each of at least 3 embryos per genotype; t test).
e and g Triple-labeling immunofluorescence analysis of either PV, BGal and Hb9/Isl1 (e)
or FoxP1, BGal and Hb9/Isl1 (g) in representative coronal sections through 12N of
E17.5 TauRunx? or TauRunx1: Hb9C mouse embryos. Dotted white lines roughly
demarcate the perimeter of 12N. Scale bar 100 Im. f and h Quantification of numbers of
MNs expressing either PV (f) or FoxP1 (h) in 12N of E17.5 TauRunx? or TauRurx1;Hp9Cre
mouse embryos. Results are shown as mean £ SEM (n C 10 sections from each of at

least three embryos per genotype; t test)

Taken together, these results provide evidence suggesting that Runx1 acts
during the establishment of 12N somatotopic organization, at least in part, to prevent
the acquisition of ventrolateral and dorsomedial 12N MN molecular profiles in caudal
ventromedial MNs, thereby contributing to the specification of 12N MNs innervating

intrinsic protrusor muscles (summarized in Fig. 15).
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Figure 14. Effect of ectopic Runx1 expression in caudal hypoglossal nucleus at E14.5.

a, ¢ Triple-labeling immunofluorescence analysis of SCIP, Gal and Hb9/Isl1 (a) or

FoxP1, BGal and Hb9/IsI1 (¢) in representative coronal sections through 12N of E14.5

TauRunx? or TauRunx1:Hbh9Ce mouse embryos, as indicated. Dotted white lines roughly
demarcate the perimeter of 12N. b, d Quantification of numbers of MNs expressing

SCIP (b) or FoxP1 (d) in the caudal part of 12N of TauRu" or TauRunx?:Hb9Ce mouse

embryos. Results are shown as mean + SEM (n=10 sections from each of at least 3

embryos per genotype; t test). Scale bar, 100 pm.
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Figure 15. Proposed model of transcriptional regulation of hypoglossal nucleus
myotopic organization. Shown is the combinatorial expression of transcription factors
Runx1, SCIP and FoxP1 (highlighted in bold face type), calcium-binding proteins PV
and Calbindin, and neurotransmitter CGRP in caudal 12N (only one 12N half is
depicted). This combinatorial pattern defines four separate MN groups whose position
corresponds to 12N anatomical quadrants associated with innervation of different
tongue muscle groups. Runx1 is proposed to act in caudal ventromedial 12N MNs to
prevent the acquisition of molecular profiles defining dorsomedial (expression of
FoxP1, PV and CGRP) and ventrolateral (expression of SCIP, CGRP and Calbindin)
12N MNss (black solid lines). Runx1 may also prevent a dorsolateral 12N MN fate(s)
(black dashed line), but testing this possibility further will require the characterization of
a specific dorsolateral expression profile. Runx1 and FoxP1 are proposed to cross-
repress each other’s expression, thereby defining the dorsoventral border of the medial
12N domain (red dashed lines). PV expression may be limited to the dorsomedial
quadrant by being under either positive regulation by FoxP1 or negative regulation by
Runx1 (or both). Runx1 may directly repress the expression of CGRP and/or Calbindin
or may act more generally to promote a specific 12N MN developmental program that is

incompatible with expression of these proteins.
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Chapter 5: Discussion

The 12N motor circuit is a neural network controlling movements of the tongue.
Despite the biological importance of this circuit in control of life-sustaining functions, the
development of the 12N circuit is not well-defined. Proper development of 12N MNs is
an essential component in the 12N circuit assembly as MNs are the final mediators
directly innervating various muscles of the tongue. Much like other MNs found
elsewhere, most exemplified in the spinal cord, 12N MNs exhibit somatotopic map
development. During somatotopic organization, MN cell bodies organize into
developmentally pre-determined coordinates and become specified into different
subtypes, determined by specific muscle innervation choices. Hence, the study of
somatotopic MN map development is an important and necessary element in

understanding how MN subtypes and circuits are established.

Although the ‘12N anatomical atlas’ was recognized decades ago, the molecular
characterization of the anatomical compartments, comprising of distinct MN pools
innervating specific muscles of the tongue, was yet to be studied. Being aware of the
importance of 12N circuit in controlling vital processes such as breathing and
swallowing, we addressed the lack of knowledge of molecular mechanisms controlling
establishment of distinct 12N MN maps. In this study, we first defined the molecular
characteristics that distinguish distinct 12N MN populations along the three body axes.
We then demonstrated that the establishment of separate 12N MN molecular maps
depends at least in part on the restricted expression of transcription factor Runx1 in
ventromedial 12N MNs.

63



[5.1] From an ‘anatomical to a ‘molecular’ 12N atlas.

During 12N development, cell soma of MNs innervating protrusor muscles of the
tongue settle in ventral half of 12N while MNs innervating retrusor muscles settle in the
dorsal half. Within the ventral protrusor-innervating 12N compartment, more medially
found (ventromedial) MNs innervate intrinsic protrusor muscles while more laterally
found (ventrolateral) MNs innervate extrinsic protrusor muscles. In the present study,
we attributed previously unrecognized molecular profiles to these anatomically defined
MN groups. We have shown that most if not all ventral 12N MNs express the
transcription factor SCIP while only the ventromedial MNs innervating intrinsic protrusor
muscles (i.e, verticalis and transversus) co-express SCIP and Runx1. We suggest that
Runx1 and SCIP may be involved in establishment of 12N motor circuit important for
tongue protrusion. In agreement with this possibility, a recent study utilizing Runx1-
deficient mice reported a decrease in 12N MN axon projections to intrinsic verticalis and
transversus tongue muscles compared to control littermates (Yoshikawa et al., 2015).
We also suggest that ventrolateral 12N MNs molecularly characterized by the
expression of SCIP, calbindin, and CGRP may innervate extrinsic protrusor muscles
(i.e, genioglossus) (Fig. 15). In accordance, a recent study showed that retrogradely-
labelled ventrolateral 12N MNs, from injections into the genioglossus, expressed CGRP
(Yoshikawa et al., 2015). These combined observations suggest that transcriptional
programs regulated by SCIP and Runx1 contribute to the establishment of motor circuits

controlling tongue protrusion.

The present investigations have also assigned previously unknown molecular
characteristics to another anatomically identified group of MNs located in the
dorsomedial quadrant of the caudal half of the nucleus. We have shown that
dorsomedial MNs express FoxP1, PV, and CGRP, but neither Runx1 nor SCIP.
Together with previous findings that dorsomedial 12N MNs are retrogradely-labelled
following tracer injection into intrinsic superior and longitudinal lingual muscles we
suggest that dorsomedial 12N MNs expressing FoxP1, PV and CGRP, but not Runx1 or

SCIP, may innervate intrinsic retrusor lingual muscles (McClung and Goldberg, 1999).
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Considering that FoxP1 plays important roles in cell body settling position and axon
targeting in the spinal cord (Dasen et al. 2008; Kania, 2014; Palmesino et al. 2010;
Rousso et al. 2008; Stifani, 2014; Surmeli et al. 2011), it is possible that FoxP1 is
involved in developmental programs involved in the establishment of 12N circuits

responsible for tongue retraction.

[5.2] Biological significance of temporal expression of
Runx1, SCIP, and FoxP1 in 12N

The combinatorial expression of three transcription factors, Runx1, SCIP, and
FoxP1, molecularly identifies different quadrants of the caudal 12N somatotopic map.
The developmental stages when these three transcription factors start being expressed
differ. SCIP appears to be the first to be expressed in 12N MNs. Immunoreactivity to
SCIP was detected in ventral 12N MNs as early as E13.5 when Runx1 and FoxP1 are
scarcely expressed (Fig. 8a). E13.5 is the stage when postmitotic 12N MNs are
believed to be acquiring their topologies and establishing connection with target
muscles in the tongue. In earlier stages between E11.5 and E12.5, Runx1 expression is
detected in neither 12N progenitors nor newly born Hb9* MNs. Instead, Runx1
expression starts being detected at E13.5 and becomes robust by E14.5 (Chen et al.,
2015). Similar to Runx1 expression, FoxP1 expression in 12N begins at approximately
E14.5 when 12N MNs are innervating the muscles of the tongue. These observations
suggest that earlier expression of SCIP at E13.5 may be important for the initial
specification of dorsal vs ventral 12N MN fates, favoring the latter. In addition, later
restricted expression of Runx1 raises the possibility that medial vs lateral specification
of the ventral 12N occurs after dorsal vs ventral specification has occurred. These
suggestions are in potential agreement with the morphology of the hypoglossal nerve
(12n). The 12n initially exits the hindbrain in one tight bundle, but soon bifurcates into
medial and lateral subdivisions. A retrograde labelling study has shown that the dorsal
12N MNs extend axons along the medial subdivision of 12n while ventral 12N MNs
extend along the lateral subdivision of the 12n (McClung and Goldberg, 1999). In
anterior regions of the tongue, both medial and lateral 12n components further branch
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and innervate both intrinsic and extrinsic muscles of the tongue, raising the possibility
that innervation choice between intrinsic vs extrinsic muscle occurs after the choice
between protrusor vs retrusor has occurred (McClung and Goldberg, 1999). Taken
together, we suggest that SCIP may be important during the establishment of the dorso-
ventral axis of 12N and Runx1 may be important for subsequent medio-lateral axis

specification in the ventral compartment.

[5.3] ‘Ventromedial caudalization’ of hypoglossal nucleus

by ectopic Runx1 expression

Runx1 expression in 12N continues in its restricted spatial pattern from E14.5
throughout embryogenesis. To characterize the biological significance of this temporally
and spatially controlled Runx1 expression pattern, we forced exogenous Runx1
expression in the developing 12N under the control of the Hb9 promoter, causing both
premature and constitutive Runx1 expression in this biological system. Ectopic Runx1
results in an abnormal 12N morphology characterized by a caudal elongation of the
nucleus and the presence of ventrally displaced MNs, with a concomitant decrease in
the number of MNs expressing rostral, lateral or dorsal 12N MN markers. These results
suggest that Runx1 may promote a ‘ventromedial caudalization’ of 12N by preventing
the acquisition of lateral and dorsal MN fates along the mediolateral or dorsoventral

axes, respectively.

[5.3.1] ‘Ventralization’ by ectopic Runx1 expression in caudal 12N

Analysis of molecular alterations in 12N of embryos expressing ectopic Runx1
revealed changes in FoxP1 and SCIP expression that offer some insight into
somatotopic MN map formation. One of the consequences of ectopic Runx1 expression
in 12N is the decrease in FoxP1 expression in the dorsomedial region. This observation
raises the possibility that one of the functions of Runx1 during 12N development is to
prevent FoxP1 expression in the ventral sector of the medial region, thereby

establishing separate ventromedial (FoxP1-) and dorsomedial (FoxP1*) 12N MN
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populations. The dorsoventral separation of Runx1 and FoxP1 expression along the
medial domain in turn suggests that the non-overlapping activities of these transcription
factors are involved in the formation of separate motor circuits. On the basis of these
observations, we propose that both Runx1 and FoxP1 may be involved in the formation
of circuits controlling intrinsic tongue muscle innervation, but these factors act
separately to define distinct MN groups involved in the control of either intrinsic
protrusor (Runx1* MNs) or intrinsic retrusor (FoxP1* MNs) muscles (Fig. 9).

Several lines of evidence suggest that Runx1 may repress Foxp1 expression in
ventromedial 12N MNs during development. Evidence of RUNX family protein binding to
the FOXP1 locus in human cells is provided by RUNX chromatin immunoprecipitation
data available in the ENCODE database. Moreover, Runx binding sites are present
within the mouse Foxp1 locus and Runx1 directly represses the expression of the
related Foxp family member Foxp3in T cells (Bruno et al. 2009; Kitoh et al. 2009;
Rudra et al. 2009). Runx1-mediated repression of Foxp1 expression might explain, at
least in part, the loss of dorsomedial PV expression as a result of ectopic Runx1, if
FoxP1 was involved in promoting PV gene expression. It is also possible that Runx1
itself may act to repress PV expression, as suggested by the observation that the Runx
family member Runx3 is negatively correlated with PV expression in the mouse PNS
(Levanon et al. 2002).

The possible involvement of Runx1 in the negative regulation of Foxp1
expression in ventromedial 12N MNs might be mirrored by a converse role for FoxP1 in
repressing Runx1 in dorsomedial MNs. This possibility is suggested by the presence of
putative FoxP protein binding sites in the mouse Runx1 locus (Chen et al., 2015) and by
ENCODE chromatin immunoprecipitation data showing binding of FOXP proteins to the
RUNX1 locus in human cells (Chen et al., 2015). Moreover, previous studies have
shown that FoxP1/2/4 antagonize the activity of the Runx family member Runx2 during
endochondral ossification (Zhao et al. 2015). Thus, it is conceivable that FoxP1 might
act to prevent Runx1 expression in dorsomedial 12N MNs. Together, these
observations suggest that the establishment of non-overlapping Runx1* and FoxP1*
12N MN maps may be achieved by transcriptional crosstalk between these transcription

factors (Fig. 9). To further test the hypothesis of cross-repression of each other’s

67



expression, chromatin immunoprecipitation studies using dissected 12N samples may
could be performed to determine whether Runx1, and/or FoxP1, are localized to the
Foxp1, and/or Runx1, promoter in vivo. Based on the results of these studies,
transcription assays could be conducted to assess Runx1’s ability to directly repress
transcription from the Foxp1 promoter . Reciprocal experiments could be performed to
determine whether FoxP1 can repress transcription from the Runx1 promoter.
Considering other examples of cross-repressive regulation of transcription factors acting
to delineate separate neural cell populations, eg the interactions between Class | and
Class Il transcriptional factors in the ventral neural tube domains (Briscoe et al., 1999;
Briscoe et al., 2000; Jessell, 2000; Vallstedt et al., 2001), it is entirely possible that
Runx1 and FoxP1 cross-repress each other’s expression to delineate the dorsal-ventral

separation of medial 12N.

[5.3.2] ‘Medialization’ by ectopic Runx1 expression in caudal 12N

Another notable consequence of ectopic Runx1 expression during 12N
development is the decrease in the number of SCIP* cells in the ventral region of the
nucleus. SCIP is expressed in ventral 12N MNs both without and with Runx1,
suggesting that Runx1 does not directly regulate SCIP expression and that the loss of
SCIP* cells as a result of ectopic Runx1 expression is the consequence of a
perturbation of ventrolateral 12N MN developmental programs. This possibility is
consistent with the decreased expression of another protein found in ventrolateral 12N
MNs, namely Calbindin. It is entirely possible, however, that Runx1 might be able to
repress SCIP when exogenously expressed during 12N development at stages
preceding its normal onset of expression. This possibility could be due to
developmentally regulated changes in the state of the SCIP promoter that would modify
its responsiveness to Runx1 or other, Runx1-regulated, transcription factors.
Regardless of the precise mechanisms underlying this phenotype, it is important to note
that SCIP expression in the ventral 12N is broader than that of Runx1. Moreover, SCIP
appears to be already robustly expressed in 12N when Runx1 expression starts. These

observations suggest that SCIP may have a more general role in ventral 12N MNs than
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Runx1 and that the latter may act to modulate SCIP activity in the ventromedial 12N MN
subpopulation, possibly through physical interaction and/or regulation of common
genes. In this proposed scenario, both SCIP and Runx1 would be important for the
development of ventral 12N MNs controlling protrusor tongue muscles, with
ventromedial MNs expressing both SCIP and Runx1 participating in the control of
intrinsic protrusor muscles and ventrolateral 12N MNs expressing SCIP alone

controlling extrinsic protrusors (Fig. 9).

[5.3.3] Possibility of Runx1-mediated regulation of calcium-binding proteins and

implications for ALS

The current study has shown that Runx1 expression does not overlap with three
calcium-binding proteins, namely Parvalbumin, Calbinin, and Calretinin in developing
12N MNs. This finding suggests that Runx1 may be either directly or indirectly involved
in the negative regulation of the expression of these calcium-binding proteins in the
developing ventromedial 12N, thereby contributing to specifying different calcium-
buffering capacity for different 12N subpopulations. Although the mechanisms behind
this negative correlation remain to be defined, this study has revealed a correlation
between an apparent low calcium buffering capacity and Runx1 expression in 12N MNs.
This observation acquires a particular interest when considering that MNs with lower
expression of calcium-binding proteins are considered to be more susceptible to
degeneration in ALS (Leal and Gomes, 2015). Specifically, previous studies have
shown that MNs with low expression of calcium-buffering proteins such as Parvalbumin
and Calbindin have higher vulnerability to calcium overload (Alexianu et al., 1994;
Palecek et al., 1999; Jaiswal, 2013). MNs with low calcium buffering capacity have been
postulated to have higher predisposition to intracellular calcium overload commonly
detected in degenerating ALS-affected MNs (Siklos et al., 1996; Grosskreutz et al.,
2010; Kawamata and Manfredi, 2010). In ALS patients, MNs further downregulate
Calretinin and Parvalbumin levels, resulting in calcium overload-mediated degeneration
(Hayashi et al., 2013; Leal and Gomes, 2015). Consistently, in the ALS1 mouse model,

MNs genetically modified to overexpress calcium-buffering proteins exhibit delayed
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symptoms of neurodegeneration (Beers et al., 2001). The possibility of Runx1
involvement in down-regulation of calcium buffering capacity suggested in this study of
developing 12N MNs holds implications in modeling ALS-vulnerable MNs in vitro.
Targeting Runx1 to achieve low calcium-binding protein levels during the derivation of
MNs from pluripotent stem/progenitor cells, including induced pluripotent stem cells,
might be a strategy to model ALS-vulnerable MNs in vitro. Alternatively, derivation of
MNs with upregulated levls of calcium-binding proteins might be useful for studying the
mechanisms by which calcium-binding proteins serve neuroprotective roles in MNs.

In summary, the present studies suggest that a combinatorial 12N transcription
factor atlas, based in part on the complementary expression of Runx1, SCIP and
FoxP1, is translated during 12N MN development into separate 12N MN maps
correlating with the establishment of distinct motor circuits controlling tongue protrusion

or retraction.
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