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ABSTRACT OF THE DISSERTATION

Developing High Purity Embryonic Stem Cell-Derived V2a Interneurons for In Vitro
Investigation and Transplantation Following Spinal Cord Injury

By Nisha Iyer
Doctor of Philosophy in Biomedical Engineering
Washington University in St. Louis, 2016

Professors Shelly Sakiyama-Elbert & James E. Huettner, Co-Chairs

Functional recovery following spinal cord injury has been attributed to plasticity in local
interneuron populations, which are able to create novel circuits that bypass the inhibitory lesion
to activate pre-existing motor pathways. Cell replacement strategies and growth factor delivery
platforms often attempt to enhance these natural mechanisms of regeneration. The work of this
thesis sought to overcome the major obstacle to manipulating specific interneurons for therapy:
an inability to obtain large, enriched interneuron subpopulations for drug screening and
transplantation. We focused on the generation of V2a interneurons, which normally coordinate a
wide range of locomotor tasks in both the spinal cord and respiratory centers of the hindbrain.
They are an ipsilaterally projecting excitatory glutamatergic inteneuron population that is defined
by expression of the homeodomain protein Chx10 during development. Using CRISPR/Cas9-
mediated homologous recombineering, we generated a transgenic mouse embryonic stem cell
(ESC) line that enabled us to positively select for Chx10™ ESC-derived V2a interneurons (ESC-

V2as) by treating differentiated cells with puromycin. ESC-V2a cultures remained free of

Xiv



proliferative cells, matured into normal glutamatergic neurons, and were capable of forming
synapses onto motor neurons in adherent monolayer culture. For further in vitro investigation
and transplantation studies, we cultured ESC-V2as and progenitor populations as spherical
aggregates to generate a cellular microenvironment more closely related to that in vivo. We used
this platform to test whether V2a IN axon growth could be stimulated in a dose-dependent
manner by glial-derived neurotrophic factor (GDNF), brain derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and platelet-derived neurotrophic factor (PDGF) and/or by co-culture
with ESC-derived progenitor motor neurons (ESC-pMNs). Although ESC-V2as did not variably
respond to the growth factors applied when cultured in isolation, co-culture with ESC-pMNs
improved ESC-V2a neurite extension, survival, maturation, and electrophysiological activity.
Application of optimized concentrations of GDNF and PDGF, which act specifically on ESC-
pMNs but not ESC-V2a INs, enhanced these positive effects. Finally, we sought to determine the
feasibility and efficacy of transplanting neural progenitor cells (NPCs) or ESC-pMNs enriched
with ESC-V2as in a respiratory model of spinal cord injury. Despite the historic difficulty in
transplanting post-mitotic neuronal populations, ESC-V2as were able to survive and migrate
from injury site when co-transplanted with progenitors, and in the case of V2a/NPC groups,
resulted in improved recovery of diaphragm activity compared to control groups. Taken together,
this thesis establishes in vitro and in vivo methodologies to investigate possible mechanisms of
V2a interneuron rewiring following spinal cord injury and a platform to optimize combinatorial

treatment strategies moving forward.
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Chapter 1

Introduction

1.1 Overview

Strategies to improve functional recovery after spinal cord injury (SCI) have been varied,
encompassing gross training methods including rehabilitation, electrical stimulation, and
hypoxia, as well as targeted interventions for local regeneration that seek to mitigate the
inhibitory environment, to provide growth-promoting factors and substrates, and to replenish lost
cell populations. Our lab has focused primarily on this latter set of strategies, working to bolster
or enhance natural methods of plasticity about the injury site; in rare cases of spontaneous
recovery, local neurons spared in the white matter around the lesion sprout collaterals that bypass
the inhibitory scar and form functional relay circuits. The long-term goal of this research is to
understand mechanisms of plasticity in the spinal cord after injury. Identifying cell types,
biological factors, and pharmacological agents that are involved in these mechanisms will aid in
the development of clinical interventions to improve patient outcomes.

Because of their role in central pattern generation (CPG), excitatory glutamatergic ventral
interneurons (INs) are candidate populations to investigate for roles in functional rewiring
events. There are two significant issues that hinder our ability to assess whether these

populations are involved in regeneration after SCI: first, while the distinct developmental



transcription factor profiles that define ventral INs are increasingly well defined, a lack of mature
identification markers has made study of endogenous populations in adults difficult. Second, any
single subpopulation of ventral IN represents small fraction of cells in the spinal cord,
complicating isolation for in vitro study or transplantation. Work in the Sakiyama-Elbert lab has
sought to circumvent these issues by developing protocols to differentiate specific ventral IN
populations from embryonic stem cells (ESCs). By genetically engineering transgenic ESC lines,
large, homogenous populations of these INs can be used to evaluate therapeutic targets and for
cell replacement strategies.

This thesis specifically focuses on creating a platform to study V2a INs, an ipsilaterally
projecting, excitatory glutamatergic population of INs known to be actively involved in CPG
networks in the lumbar and cervical spinal cord and respiratory centers of the hindbrain. The first
aim of this work is to generate and characterize a selectable V2a-specific ESC line. The second
aim is to develop a novel in vitro assay to study V2a INs in isolation or when co-cultured in
order to determine whether the application of regenerative growth factors differentially improves
their ability to mature and form functional synapses. The third aim is to assess the feasibility and
efficacy of transplanting post-mitotic ESC-derived V2a INs into a respiratory model of SCI in
rats. Together, these aims progress in vitro and in vivo methodologies to determine the role of
V2a INs in regeneration after SCI.

In this chapter, I hope to convey the broad and interdisciplinary foundation of the thesis
research herein, which has its basis in the confluence of regenerative medicine, developmental
neurobiology, and stem cell engineering. The sections that follow describe the motivation for this

work, the role of V2a INs and their potential for plasticity, how stem cells may be employed to



generate specific, clinically relevant INs for transplantation, and proposals for genetic strategies

that could be used to demonstrate the potential of V2a INs to improve recovery after SCI.

1.2 Interneuron Plasticity after Spinal Cord Injury

The consequences of spinal cord injury (SCI) extend beyond the initial trauma, disrupting
a variety of normal sensorimotor behaviors and having far reaching psychological and economic
impacts to patients and healthcare systems. SCI disables more than 270,000 people in the United
States with 12,500 new cases annually and estimated lifetime medical costs exceeding several
million dollars per individual depending on the severity of functional loss (National Spinal Cord
Injury Statistical Center 2014; DeVivo et al. 2011; Singh ef al. 2014). SCI patients have lower
life expectancies, lower employment rates, and lower chances for successful marriage compared
to uninjured peers, trends which have not changed significantly in the last 40 years and which
transcend international borders (National Spinal Cord Injury Statistical Center 2014; Singh et al.
2014).

Each traumatic SCI is unique and often occurs alongside multiple systemic injuries. This
complicates both immediate and long-term management, thus making a one-treatment-fits-all
strategy difficult. The primary mechanical trauma results in the immediate compression and
disruption of axons and vasculature, triggering a secondary cascade of events including ischemia
and excitotoxic chemical release, which exacerbate local cell death and significantly expand the
injury site (Tator and Fehlings 1991). The rapid necrosis results in a cystic cavity that is

infiltrated by inflammatory cells, microglia, fibroblasts and reactive astrocytes. These form a



dense, fibrous glial scar that expresses a multitude of inhibitory chemical cues and serves as a
physical and chemical barrier that prevents regeneration across the lesion (Donnelly and
Popovich 2008; Fawcett and Asher 1999; Schwab and Bartholdi 1996; Silver and Miller 2004).
Wallerian degeneration, chronic demyelination, and muscle atrophy persist months or even years
after the injury, limiting the potential for functional recovery over time (Totoiu and Keirstead
2005).

While spinal circuits were previously thought to be rigid with limited regenerative
capacity after injury, research in the past few decades has uncovered remodeling in spared tissue
that can result in spontaneous functional recovery. Regeneration of descending tracts from the
brain is not necessarily or solely responsible for regained function; plasticity has been observed
at various hierarchal levels in the central nervous system (CNS), including the cerebral cortex,
limbic structures, corticospinal tracts (CST), propriospinal neurons (PNs), motor neurons (MNs)
and segmental interneurons (INs) (Courtine ef al. 2009; Isa and Nishimura 2014). Detour circuits
formed by CST fibers, PNs, and local IN networks have been attributed to renewed innervation
of intact central pattern generators (CPGs) (Filli and Schwab 2015; Flynn et al. 2011). Indeed,
cell populations around the lesion are well placed to receive and respond to the host of pro-
regenerative molecular cues that are upregulated after injury. These include molecules that are
also expressed during development and signal intrinsic axon regeneration pathways as well as
direct connectivity and synaptogenesis (Hollis 2015).

Spinal INs have been implicated in functional gains after SCI, but little is known about
the cues or developmental origins of the INs involved in local rewiring events, in part because of

the difficulty identifying specific contributions of different INs in vivo. Classically defined as



neurons whose cell bodies and projections are limited to the spinal cord, spinal INs are located in
abundance throughout the length of the spinal cord and have diverse genetic, functional, and
morphological properties that are continually being determined. The question is then, which IN
populations are most important to target for regeneration? This section reviews the role of local
INs in spontaneous recovery after SCI and proposes that specific ventral IN populations ought to

be investigated for therapeutic use.

1.2.1 Rewiring Mechanisms for Spontaneous Recovery after SCI

Two seminal studies implicate INs in remodeling after SCI, and suggest two different
rewiring mechanisms resulting in functional recovery (Figure 1.1). The first by Bareyre et al.
was motivated by a desire to define the anatomical basis by which functional recovery occurs in
the event of an incomplete SCI (Bareyre et al. 2004). Using a rat thoracic dorsal hemisection
model, they found that severed CST axons sprout collaterals into spared gray matter rostral to the
injury site, and that these collaterals project onto cervical INs within 3 weeks of the injury.
Despite a reduction in the overall density of fibers 12 weeks post-injury, the remaining
collaterals were those that had synapsed onto long INs with axons capable of arborizing onto
MNss in the lumbar enlargement. Behavioral and electrophysiological tests confirmed that gain of
function was caused by these new connections coupled with remodeling in the cortex (Bareyre et
al. 2004). This study specifically implicates long INs that “bridge” the lesion site through spared
tissue; while CST fibers also contact short INs at 3 weeks post-injury, these connections are
significantly reduced by 12 weeks post-injury.

The alternative mechanism is a “relay” where short INs are responsible for recovery in
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the absence of long distance regeneration. To demonstrate this phenomenon, Courtine ef al. used
an elegant temporally and spatially staggered lateral hemisection model, which severs all
descending long tract axons by removing half of the projections at T12, and then later at T7. The
mice were able to regain weight-bearing locomotor function within 10 weeks of each injury,
which was not observed when the spinal cord was either fully transected or when the injuries
occurred simultaneously. Using N-methyl-D-aspartate (NMDA) to ablate the local INs between
the injuries caused a loss of functional recovery, which implies that local INs reorganize with
time to form functional detour circuits around the lesion site (Courtine ef al. 2008). This relay
mechanism is often the basis for cell transplantation strategies involving neuronal populations;
by replenishing appropriate populations at the lesion site, endogenous neurons may form
functional relays with transplanted cells, thus reducing the distance required for regeneration. It
is of note that the window of opportunity for this strategy may be limited by the survival of
pertinent endogenous populations post-injury. A study by Conta et al. found that even though
thoracic IN axons are severely damaged after a thoracic contusion injury, their cell bodies remain
intact for up to 2 weeks (Conta and Stelzner 2004).

In a clinical setting, the bridging and relay mechanisms are not necessarily mutually
exclusive; it is likely that, depending on the injury, sprouting collaterals and INs remodel
according to the most stable arrangement. A goal of combinatorial therapies is to both encourage
regeneration and remodeling across the lesions, as well as to provide substrate and/or cell
populations that can mediate the formation of relay circuits. As it is unlikely that all spinal
populations are equally involved in locomotor plasticity, an important consideration in the design

of cell transplantation approaches is the type of cell to target. The two studies discussed above,



as well as subsequent studies, suggest that neurons of the lumbar spinal cord, which is the
location of the mammalian walking CPG, are good IN populations to begin to investigate

(Bareyre et al. 2004; Courtine et al. 2009; Courtine et al. 2008; Harkema 2008b; Lang et al.

2012).
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Figure 1.1: Schematic showing the reorganization of IN circuits after temporally separated
hemisections results in recovery of motor function as performed by Courtine et. al. in 2008.
Lateral hemisections were performed at T12, with T7 injuries occurring either simultaneously or
separated by 10 weeks. Significant functional recovery was only observed when INs located
between the injury sites had time to remodel; excitotoxic ablation of local populations by NMDA
abolished functional gains (Courtine ef al. 2008). Figure adapted from (Flynn et al. 2011).

1.2.2 Ventral Interneurons in Locomotor Coordination

In the uninjured spinal cord, spinal INs network to form CPGs that provide input to MNs,



ultimately driving a multitude of rhythmic locomotor behaviors including breathing, left-right
alternation, flexor extensor coordination, and other task-dependent patterned motions (Arber
2012; Goulding 2009; Kiehn 2006; Kiehn et al. 2010; Stepien and Arber 2008). For many
decades, CPG INs were defined by their neurotransmitter profiles (glutamatergic, GABAergic,
glycinergic, serotonergic or cholinergic) paired with anatomical characteristics determined by
tracing studies (laminae and segmental distributions, projections, and/or morphology). The
emergence of better genetic tools, including lineage tracing and conditional knock-out animal
models, has since allowed for the determination of functionally distinct IN populations that can

be identified using developmental transcription factor expression profiles (Arber 2012).
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Figure 1.2: Schematic showing the transcription factors expressed in the ventral half of the
developing neural tube. The ventral-to-dorsal gradient of Shh and RA and relative positions of
progenitor domains are shown on the left. Transcription factors expressed by interneuron
domains (pl-p3) and pMN domains are shown in the middle. Transcription factors of mature,
committed interneurons and MNs are on the far right (Adapted from (Brown ef al. 2014b))

Many of the INs that make up CPG networks develop from the ventral neural tube during
embryogenesis, and remain in the ventral horn of the adult spinal cord intermingled with MNs

that project into the periphery. These ventral populations are derived from 5 cardinal progenitor
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populations (p0, pl, p2, pMN, p3) that arise in response to various neurochemical gradients,
most prominently retinoic acid (RA) from the somites and sonic hedgehog (Shh) from the floor
plate (Briscoe and Ericson 2001) (Figure 1.2). There is a significant degree of subsequent
diversification in mature neuronal populations; perhaps only a dozen genetically and functionally
distinct IN populations have been characterized, with a high likelthood of additional
subpopulation specification. Consequently, there are many holes in our understanding how spinal
INs organize to generate rhythmic locomotion. Figures 1.2 and 1.3 summarize many of the
known ventral progenitor and mature IN populations with corresponding transcription factor

profiles, neurotransmitters, projections, and contributions to locomotor function.
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Figure 1.3: Diagram describing the current understanding of ventral interneurons involved
in spinal locomotion. This includes definitive expression markers, neurotransmitters, projections
and functions of VO INs (Griener et al. 2015; Lanuza et al. 2004; Moran-Rivard et al. 2001,
Pierani et al. 2001; Talpalar et al. 2013; Zagoraiou et al. 2009), V1 INs (Alvarez et al. 2005;
Benito-Gonzalez and Alvarez 2012; Britz et al. 2015; Eccles et al. 1954; Gosgnach et al. 2006;
Renshaw 1946; Siembab et al. 2010; Zhang et al. 2014), V2 INs (Al-Mosawie et al. 2007; Azim
et al. 2014; Britz et al. 2015; Crone et al. 2008; Crone et al. 2012; Crone et al. 2009; Dougherty
and Kiehn 2010b; Dougherty et al. 2013; Okigawa et al. 2014; Panayi et al. 2010; Peng et al.
2007; Zhang et al. 2014) and V3 INs (Borowska ef al. 2013; Briscoe et al. 1999; Zhang et al.
2008).



1.2.3 SCI Repair Strategies using Ventral Interneurons

Given the outsize role that ventral INs play in locomotor coordination, they represent
candidate populations to target for interventions after SCI. Indeed, there is some evidence to
suggest that ventral INs differentially improve locomotor recovery after transplantation
compared to dorsal populations. In a relatively small study comparing respiratory recovery after
the transplantation of either dorsal or ventral spinal tissue from fetal rats into a C2 hemisection
model, animals with dorsal transplants exhibited a blunted phrenic response to respiratory
challenge and, in some cases, failed to spontaneously recover ipsilateral phrenic MN activity as
is typically the case for fetal-derived cell therapies. Animals treated with the ventral transplants
also showed increased phrenic burst frequencies during hypoxia or hypocapnia compared to
those with dorsal transplants, even though at baseline the burst frequency was demonstrably
lower than in recovered animals treated with dorsal transplants (White ez a/. 2010). Other than
this report, there has been little directed work investigating the role that ventral INs play in
recovery after SCI.

There are several explanations as to the dearth of research in this area. As previously
discussed, while the existence of CPGs was first demonstrated in the early 1960s (Wilson 1961),
the identification unique IN populations has only accelerated in the last decade in the wake of
better genetic tools and animal models (Goulding 2009). IN research has also primarily been
undertaken by developmental neurobiologists; with the burgeoning interest in the formation of
local IN relays as identified by Courtine et. al. in 2008, the SCI field is only now beginning to

question how different IN populations may impact recovery. Even so, many of the published
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transgenic mouse lines are temperamental or remain in private hands, and there is a scarcity of
reliable antibodies with which to test for the presence of various INs in wild-type tissue, whether
from the host spinal cord or grafted transplant. Stem cell transplants resulting in functional
recovery after SCI differentiate into a wide variety of neurons, some of which are certain to be
spinal IN populations, though they have been primarily identified by neurotransmitter expression
as opposed to specific transcription factor profiles (Kobayashi et al. 2012; Nori et al. 2011). In
the current environment, transplanting specific IN populations requires cell sorting of lineage-
traced embryonic spinal cords, which is unreasonable given the financial and technical
limitations of sorting post-mitotic tissue, of which only a small fraction comprises any single IN
population.

The work in this thesis is part of an expansive effort by the Sakiyama-Elbert lab to use novel
stem cell technologies and in vitro platforms as tools to overcome the limitations of IN research
in the context of SCI as it stands today. The lab has concentrated specifically on excitatory
populations, VOc, V2a, and V3 INs, which are directly involved in MN activity and,
theoretically, ought to undergo significant plasticity for functional recovery. This thesis focuses

specifically on the development of V2a INs as a therapeutic population.

1.3 V2a Interneurons

V2a INs constitute one of the most well characterized ventral IN populations, with a
significant quantity of literature devoted to studying their development and contribution to

locomotor coordination. This is in part because of the unusual number and reliability of animal
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models and antibodies that have been developed by several groups, include the Sharma, Kiehn,
and Jessell labs. Classically defined as INs that express Chx10, they are located along the entire
rostrocaudal axis of the spinal cord and have varied functional roles that depend on their specific
location. This section documents the specific roles that V2a INs occupy in the normal spinal cord

and evidence that suggests that they undergo remodeling after injury.

1.3.1 V2a INs in Development

Complimentary gradients of Shh from the notochord and RA from the somites are required
for the patterning of the ventral spinal cord, specifically resulting in spatiotemporal changes in
seven necessary and sufficient homeobox genes: Pax7, Dbx1, Dbx2, Pax6, Nkx2.2, Nkx6.1 and
Irx3. (Briscoe ef al. 2000). Early during development, Shh represses Pax7 expression in ventral
progenitor cells, which subsequently express Pax6 and Nkx2.2, two homeodomain proteins
involved in the interpretation of the Shh gradient to specify cell fate. While initially Pax6 is
expressed at all dorsoventral positions, Shh represses Pax6 in cells adjacent to the floor plate,
initiating Nkx2.2 expression (Ericson ef al. 1997a; Ericson et al. 1997b). V2 INs are generated
from Pax6 progenitors, but knockout of Pax6 halves the V2 IN population as compared to the
complete deletion of V1 INs. Transcription factor gradients that flank the p2 progenitor domain
also impact V2 determination: the ventral limit of Dbx2 and dorsal limit of Nkx6.1 on the p1/p2
boundary and the ventral limit of Irx3 on the p2/pMN boundary. Misexpression studies
demonstrate that coexpression of Nkx6.1 and Irx3 specifies p2 progenitors that give rise to V2

INs (Briscoe et al. 2000; Muhr ef al. 2001).
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The two main classes of V2 INs, V2a INs and V2b INs, arise from a common pool of Foxn4-
expressing p2 progenitor cells. Foxn4 is a forkhead transcription factor that induces and
modulates the mosaic expression of Neurog basic helix-loop-helix (b HLH), Mash1 (Ascll) and
delta-like 4 (Dl114), resulting in dual signaling cascades that cause V2a/V2b diversification(Del
Barrio ef al. 2007; Misra et al. 2014; Okigawa et al. 2014; Peng et al. 2007). Foxn4 and Ascll
bind and activate D114 expression, but Neurog inhibits this activity, resulting in asymmetric DII4
expression depending on the relative level of transcription factors available. D114 activates
Notchl and triggers a program involving BMP/TGF-f signaling to stimulate Gata2, Scl (Tall),
and Gata3 expression, culminating in the V2b population (Del Barrio ef al. 2007; Li et al. 2005a;
Misra et al. 2014; Muroyama et al. 2005). Complimentary progenitors that do not have activated
Notchl, but are D1I4" and Lhx3" adopt the V2a fate with Chx10 expression (Del Barrio et al.
2007; Tanabe et al. 1998Db).

For much of the past two decades, the genetic program for V2a INs was thought to be
controlled by Lhx3, which also has a significant role in the development of MNs, located just
ventral to the p2 domain (Peng ef al. 2007; Sharma et al. 1998; Thaler et al. 2002). In the
absence of other transcription factors, most notably MNR2, Hb9, and/or Isl1, there is ectopic
expression V2a INs; misexpression of Lhx3 is also sufficient to induce the differentiation of
Chx10" V2a INs (Tanabe et al. 1998b; Thaler et al. 1999). Recent evidence suggests that Chx 10,
which has been used to identify V2a INs, but hadn’t been linked to roles in cell fate
specification, is directly responsible for mediating the activity of Lhx3 to induce V2a IN fate
(Clovis et al. 2016). Clovis et. al. demonstrate that by silencing Chx10 in vivo, Lhx3 failed to

generate alternate V2a markers (Sox14, Shox2, Vglut2). Notably, over-expression of Chx10
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alone is capable of driving V2a IN differentiation ectopically in the dorsal spinal cord and at the
expense of MNs both in vivo and in vitro. Thus, while Lhx3 is required to induce endogenous
Chx10 expression, Chx10 alone specifies V2a fate by repressing non-V2a genes, including MN
genes. The latter is achieved by competitively binding to response elements that are typically
activated by the Lhx3-Isl1 complex required for MN specification (Clovis et al. 2016; Lee et al.
2012). Beyond its role as a transcriptional repressor, it is possible that Chx10 or its downstream

transcription factors act as activators to upregulate other V2a IN genes (Clovis et al. 2016).

1.3.2 Organization of V2a INs

Over 80% of V2a INs are glutamatergic, expressing Vglut2, and though a small
percentage may be glycinergic (1-5%), no GABAergic V2a INs have been identified (Al-
Mosawie et al. 2007; Lundfald ef al. 2007). V2a INs comprise approximately 30% of all ventral
Vglut2+ neurons located in laminae VII, VIII, and X, thought to be the core region of the CPG
(Crone et al. 2008; Kiehn and Kjaerulff 1998). Projection patterns for V2a INs in the spinal cord
can be diverse, but most project locally to CPG and MN regions of the spinal cord. However,
while some mammalian V2a INs may synapse onto MNs (Al-Mosawie ef al. 2007; Dougherty
and Kiehn 2010a), it is likely that they primarily project onto multiple classes of commissural
interneurons (CINs), including VO CINs that are Dbx1'/Evx1- (Crone et al. 2008; Dougherty et
al. 2013). Cervical V2a INs also make up a significant proportion of excitatory propriospinal INs
that bridge the lateral reticular nucleus with motor regions of the spinal cord, therefore receiving
both supraspinal and sensory input (Azim et al. 2014). In the hindbrain, V2a INs are only located
within the medial reticular formation, and project into the ventrolateral medulla onto neurons of
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the pre-Botzinger complex (Bouvier et al. 2015; Bretzner and Brownstone 2013; Crone ef al.
2012). V2a INs are a heterogeneous population both morphologically and genetically—they vary
in size and span (Al-Mosawie et al. 2007), and at least one genetically identifiable
subpopulation, a Chx10"/Shox2" subset, has distinct behavioral roles (Dougherty et al. 2013).
Other correlations between morphology, genetic identity, and locomotor function have yet to be
made.

V2a INs are an exclusively ipsilaterally projecting population that shift from being both
rostrally and caudally projecting at E13.5 to primarily caudally projecting later in development.
The distribution of V2a INs varies throughout the developing E12.5 mouse spinal cord. V2b INs
intermingle with a comparatively sparse V2a IN population in a wide central column at cervical
levels. At thoracic levels, V2a and V2b INs become less intermingled, with V2b INs becoming
more dorsally restricted while V2a INs remain in a narrower central column. V2a INs are more
numerous and widely distributed along the dorsoventral axis at lumbar levels. There is somewhat
of a differential rostrocaudal distribution of subsets of V2a INs, identified by the combinatorial
presence of HNF-6, OC-2, OC-3, MafA, cMaf, Pou3F1, Prdm8, and/or Bhlhb5 (Francius ef al.
2013). Although V2a INs have been found to settle primarily in laminae VII and project through
the ventral cord in adult animals (Lundfald ez al. 2007; Romer et al. 2016), little work has been
done to determine whether there are significant changes in the rostrocaudal distribution of V2a
INs in adults compared to the developing embryo in part due to difficulties tagging these
populations.

Projection patterns, the population heterogeneity and several functional outputs are

conserved in mice and zebrafish, where V2a INs are marked by the Chx10 homolog alx.
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However, several key properties are as yet dissimilar. In zebrafish, the majority of V2a INs are
last order-glutamatergic INs that synapse directly onto MNs, compared to a significant minority
in rodents (Al-Mosawie ef al. 2007; Kimura et al. 2006). V2a INs in zebrafish form
monosynaptic connections onto MNs, and there are distinct microcircuit modules within V2a IN
subclasses capable of activating slow, intermediate, or fast MNs depending on the type of
locomotor activity engaged (Ampatzis ef al. 2014; Kimura et al. 2006; Kimura ef al. 2013;
Kimura et al. 2008). A recent study demonstrated that V2a INs and MNs form functional
ensembles through gap junctions, which allow MNs to actively, contribute to retrograde
locomotor circuit recruitment (Song et al. 2016). Conversely, in mammals V2a INs project
primarily onto other INs of the CPG and V2a IN coupling is sparse (Dougherty and Kiehn
2010a; Dougherty and Kiehn 2010b). Functionally distinct subsets of V2a INs have also been
correlated to differences in birthdate in the developing zebrafish spinal cord, though these studies
have not yielded unique genetic markers (Kimura ef al. 2006) and have not been observed in
rodents. While some of these findings may be replicated in mammals, it is apparent that the role
of V2a INs is not fully conserved between species, probably due to the significant differences

between the swimming and walking CPG circuits (Dougherty and Kiehn 2010b).

1.3.3 Role of V2a INs in the Mammalian Central Pattern Generator

Studies examining the specific functional roles of V2a INs in mammals have relied
primarily on neonatal genetic ablation studies in fictive locomotion explant assays or ex vivo
electrophysiological recordings from labeled slice cultures (Crone et al. 2008; Crone et al. 2012;
Crone et al. 2009; Dougherty and Kiehn 2010a; Dougherty and Kiehn 2010b; Dougherty et al.
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2013; Zhong et al. 2010; Zhong et al. 2011). Like most ventral INs, V2a INs are required for
respiratory function and Chx10-DTA mice die within a day of birth when bred on the commonly
used C57BL/6 genetic background (Crone ef al. 2008). By crossbreeding to the ICR background,
a small proportion of heterozygous Chx10-DTA animals survive until adulthood for behavioral
testing (Crone et al. 2009; Husch et al. 2015). Recent studies by the Jessell and Crone labs have
taken advantage of virally-induced conditional ablations or chemogenetically-induced activation
in adult Chx10-Cre animals (Azim et al. 2014; Romer ef al. 2016). More sophisticated genetic
models have also been developed by the Goulding lab to examine the role of VO and V2b
inhibitory INs, which may be translated to V2a INs in the future (Britz ef al. 2015).

V2a IN activity in the lumbar spinal cord has been well characterized compared to
activity elsewhere, likely because it is the location of the mammalian walking CPG. Genetic
ablation of Chx10" V2a INs disrupts speed-dependent left-right locomotor coordination and
increases variability in locomotor burst activity (Crone et al. 2008; Crone et al. 2009). These
irregularities in locomotor burst fidelity are caused in part by the Shox2" V2a subpopulation
(Dougherty et al. 2013). Flexor-extensor coordination, which is primarily influenced by
inhibitory INs, remains unaffected by V2a ablation (Britz et al. 2015; Crone ef al. 2008; Zhang
et al. 2014). In adult moving animals, the lack of V2a INs is evidenced by apparent gait changes
in response to speed—a trotting gait transitions to galloping as speed is increased, with an
alteration in left-right limb coordination but not in forelimb-hindlimb coordination; these
observations are consistent with drug-induced fictive locomotor recordings (Crone et al. 2009).
Whole-cell patch recordings of the lumbar spinal cord reveal that V2a INs receive rhythmic

excitatory input and have a wide variety of firing patterns, including tonic, delay, phasic,
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chattering, and single-spike firing, that are rhythmogenic in response to drugs or ventral root-
recorded motor activity (Dougherty and Kiehn 2010a; Zhong ef al. 2010). Rhythmic firing or
membrane fluctuations in Chx10" cells also occur in response to induced flexor or extensor
activity, as well as in response to serotonin (Dietz et al. 2012; Dougherty and Kiehn 2010a;
Zhong et al. 2011). Distinct populations of V2a INs can be differentiated depending on these
membrane and firing properties, and may play separate roles in the frequency-dependent
activation of V2a INs, which occurs by compound recruitment of subthreshold INs (Zhong et al.
2010; Zhong et al. 2011). It is of note that adult V2a INs undergo significant postnatal
development in their intrinsic electrophysiological properties and firing patterns; comparing
neonates to mature P43 mice, the Harris-Warrick group found age-dependent increases in
excitability as well as the emergence of serotonin-dependent membrane potential bistability
(Husch et al. 2015). These observations demonstrate the limitations of neonatal fictive locomotor
assays

V2a INs in the cervical spinal cord and hindbrain contribute to different locomotor
pathways from those in the lumbar cord. More than 30% of V2a INs in the cervical spinal cord
comprise of excitatory propriospinal INs, which project caudally to MNs responsible for
forelimb activation as well as rostrally to the lateral reticular nucleus. These propriospinal V2a
INs span from C1 to T1, and when selectively ablated or photostimulated, they perturb the
fidelity of task-related skilled reaching behaviors, but not grasping (Azim et al. 2014). They are
also central to an internal copy pathway, which allows for rapid modulation of motor output by
helping to match premotor commands to internal reports. Propriospinal V2a INs recruit neurons

of the lateral reticular nucleus, which likely project to deep cerebellar nuclei that in turn recruit
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reticulospinal neurons, MNs, and additional propriospinal neurons, forming an internal feedback
loop (Azim et al. 2014).

V2a INs of the hindbrain are primarily recruited into breathing circuits; they project
directly from the medial reticulus to the pre-Bétzinger complex, which is responsible respiratory
rthythm generation. Ablation of Chx10" cells in neonates causes irregular breathing at a reduced
frequency; as these mice mature, breathing becomes more regular, though the frequency remains
reduced (Crone et al. 2012). Interestingly, the genetic background of the mutant plays a
significant role in the extent of the breathing phenotype and therefore the viability of offspring
(Crone et al. 2008; Crone et al. 2012; Crone et al. 2009). Slice preparations show that the
absence of V2a INs in the medulla compromises the central respiratory rhythm generator, but
activity can be rescued by bath application of compounds that increase breathing frequency
(Crone et al. 2012). When selectively activated using designer drugs, some combination of
cervical spinal and reticulospinal V2a INs are sufficient to drive inspiratory accessory respiratory
muscle (ARM) activity in adults, which could have implications for respiratory compensation
and degeneration in disease and trauma (Romer et al. 2016). V2a INs also constitute a significant
proportion of glutamatergic reticulospinal pathways, and they have been shown to both mediate
descending locomotor commands, as well as “stop” commands that may control episodic
locomotion (Bouvier et al. 2015; Bretzner and Brownstone 2013).

These studies demonstrate that V2a INs contribute to distinct microcircuits throughout
the spinal cord that are able to encode specific locomotor behaviors, which in many cases
function independent of cerebellar input. However, V2a INs in of themselves are not rhythm

generators, nor does their absence in the CPG eradicate a locomotor behavior that cannot in some
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way be compensated for by other INs. Genetically discrete subpopulations have yet to be linked
to functional roles that are differentially distributed along the rostrocaudal axis. Despite these
shortcomings as an ideal therapeutic population, entrenched as they are in multiple locomotor

pathways, V2a INs remain one of the best gateways into affecting spinal plasticity after injury.

1.3.4 V2a INs in Spinal Cord Injury

Following incomplete SCI in rodents, spontaneous recovery of locomotion may be
achieved through rewiring of newly sprouted descending tracts with local IN populations
(Bareyre et al. 2004; Courtine ef al. 2008; Filli and Schwab 2015; Isa and Nishimura 2014). A
few recent studies suggest that endogenous and transplanted V2a INs may play a role in these
rewiring events. The Harris-Warrick group directly investigated the effect of SCI on intrinsic
V2a qualities, demonstrating that neuromodulation caused by serotonin changes significantly in
V2a INs after SCI using Chx10-eGFP transgenic mice (Husch ez al. 2012). Specifically, there is
a 100 to1000-fold increase in the serotonin sensitivity, but no change in membrane excitability,
which contrasts with the hyperexcitability observed in MNs (Husch et al. 2012; Murray et al.
2010). It is probable that this type of selective plasticity occurs in other IN populations as well,
and could influence how these neurons learn to interpret and propagate new signals to pre-
existing CPG circuits. Another study showed that a single injection of docosahexaenoic acid
after SCI promotes sprouting in uninjured corticospinal and serotonergic fibers, which make
contacts on caudal V2a INs in both a rat cervical hemisection model as well as in a mouse
pyramidotomy model of SCI. Functional recovery could be correlated to the quantity of fiber

contacts onto Chx10" V2a INs, which was significantly increased with their treatment (Liu et al.
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2015). While this study was biased in its exclusive examination of V2a INs and MNs and does
not show that V2a INs are specifically responsible for the observed behavioral gains, it
demonstrates that regenerating fibers do engage with intact V2a IN circuits. In zebrafish, large
numbers of V2 INs are actually generated near the SCI lesion site, possibly by ependymal cells
derived from the p2 domain during development; this is in contrast to comparatively low
production of more dorsal populations (Kuscha et al. 2012). As previously discussed, many
disparities have been observed between V2a INs in mammals and zebrafish, but the concept of
differential IN differentiation from ependymal cells certainly has merit in light of other studies
showing that ventral IN populations are a more efficacious transplantable population (White et
al. 2010). A study by the Lane lab showed that after transplantation of fetal spinal cord tissue
into a rat C2-C3 cervical contusion model of SCI, Chx10" V2a INs were detectable after several
weeks in animals that had recovered breathing function. Transplantation of cultured NSCs into
the same model did not yield detectable V2a INs nor the same functional recovery (unpublished
correspondence,(Zholudeva ef al. 2015)). Again, while the presence of V2a INs are simply
correlative to behavioral gains, not causative, these experiments lend credence to the idea that
cardinal IN populations involved in CPG circuitry likely play a role in remodeling after SCI. A
more recent unpublished study by the Lane lab has shown more direct evidence. Using
transgenic Chx10-Cre animals, they demonstrate that while V2a INs do not normally participate
in the phrenic motor pathways, after SCI, transynaptic tracing of phrenic pools marks these

populations, which implies recruitment into newly reorganized circuits.
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Figure 1.4: Transplantation of stem cell-derived spinal populations into the SCI lesion has
multiple benefits. Neural stem cells (NSCs) can differentiate into mature neuronal and glial
populations to replace lost or damaged cells. These populations can serve as relay circuits
between intact tissue across the lesion, and thus promote functional improvements as determined
by electrophysiological and behavioral means. Stem cell-derived oligodendrocytes and astrocytes
can remyelinate damaged axons and provide scaffolding for regenerating axons, as well provide
trophic support through the secretion of growth factors.

1.4 Stem Cell Therapies for Spinal Cord Injury

Although early surgical interventions for SCI focus on reducing the amount of damage
done by secondary processes and stabilizing the spinal cord, most treatments emphasize
neuroprotection, neuroregeneration, and rehabilitation. Cell-based therapies have gained
popularity as a research focus because they can provide multiple benefits, including

replenishment of lost cell types, scaffolding for axon regeneration, and the delivery of immuno-
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