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ABSTRACT

Central pattern generators (CPGs) are neuronal circuits that are responsible for the
generation of rhythmic behaviours such as locomotion. It has been suggested that a
population of spinal interneurons (INs), known as Hb9 INs, are possible rhythm
generators of the locomotor CPG. Whether these glutamatergic INs (expressing vesicular
glutamate transporter vGluT2) are indeed involved in generating the rhythm of
locomotion remains unknown. To address this question, we used genetic strategies to
silence the output of Hb9 INs. Hb9::CreER ' animals were crossed for two generations
with vGluT21°¥1°x animals. Injection of tamoxifen generated animals that lack vGluT2 in
the terminals of Hb9 expressing cells (Hb9 -VGIuT2°FF). There were no significant
differences observed in treadmill locomotion of Hb9-VGIuT2°F animals compared to
heterozygotes and wild-type littermates. To further assess their possible role, the
distribution of glutamatergic boutons of Hb9 INs was analyzed in Hb9::CreER'?;
Rosa26-synaptophysin-Td-tomato 1) 356 model. The boutons of Hb9 INs were distributed in the
rostrocaudal axis of the spinal cord, and selectively in medial lamina VIII, lamina IX and
ventral lamina X of upper lumbar segments. While their role appears to be limited in
locomotor activity, the locations of Hb9 IN boutons may provide insight into the role of

these interneurons.

A similar, non-published abstract was submitted to the spinal cord injury meeting (2015), for an
accompanying poster presentation.
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CHAPTER 1 INTRODUCTION

1.1 GENERATION OF LOCOMOTOR PATTERN

Locomotion, described as an active shift of body in space, is a basic behaviour
that is essential for the survival of living organisms. Locomotor behaviour comes in a
variety of forms such as undulation, swimming and walking. The more complex is the
animal, the more complex its locomotor behaviour. The core details of the central circuits
that generate locomotor rhythm in mammals are still not known. Nevertheless, in the
early1900s, Brown (1911) suggested that all the neurons responsible for generating and
maintaining the locomotor rhythm in vertebrates reside within the spinal cord.
Decerbrated animals with all peripheral sensory inputs removed were still capable of
maintaining the locomotor pattern. Later, scientists were able to record locomotor output
from an isolated spinal cord preparation by adding neurotransmitter agonists (5-HT,
NMDA and Dopamine) or by electric stimulation of the spinal cord (or brain stem) and
recording the output activity discharged in the ventral roots that correspond to flexor and
extensor MN pools (Whelan et al., 2000; Hinckley et al., 2005; Kwan et al., 2009;
Brownstone et al., 2011). Furthermore, researchers found that the locomotor speed can be
regulated within the spinal cord (Cazalets et al., 1998; Gosgnach et al., 2006), which
means that in addition to the ability of generating locomotor pattern that is rhythmic in
nature, the spinal cord exhibits different modalities that allow flexibility in modulating
the locomotor output autonomously and without the influence of external components
(i.e. supraspinal and sensory feedback). The ability of the spinal cord to generate

rhythmic locomotor pattern is an evolutionarily conserved phenomenon that is observed

1



in lower vertebrates, such as in the generation of swimming pattern based on the flexion
and extension of trunk muscles in lamprey and Xenopus tadpole (Buchanan, 1982;
Roberts et al., 1998), as well as in the more complicated mammalian locomotor pattern
which is based on alternative flexion and extension between right and left limb muscles
(Brown, 1911; Carr et al., 1995; Dai et al., 2005; Kwan et al., 2009). The work presented
in this thesis aims to identify the cellular basis of rhythmicity which is important in order

to understand the complex mammalian locomotor behaviour.

1.2 SPINAL LOCOMOTOR NETWORKS

1.2.1 Central pattern generators (CPGs)

The central nervous system contains neuronal circuits that are arranged in such a way
to serve various functions vital to the needs of the organism. These circuits were
phylogenetically modified over the course of evolution to meet the demand of more
complicated behaviours and functions required for the survival of higher organisms.
However, the more evolved the animal, the more complex is the understanding of the
construction of its neural networks. Circuits that can independently generate an output
pattern which is repeated over a period of time without sensory feedback are called
central pattern generators (CPGs; Hughes and Wiersma, 1960; Wilson 1961). CPGs are
capable of manipulating the locomotor activity through initiating rhythmic activity and
shaping the pattern delivered to motoneurons (MNs) that subsequently project to target
muscles during the swing and stance phases of the locomotor cycle (Kiehn and Butt,

2003). Several models have been proposed to represent the mammalian CPGs; For
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example, the half center model suggested that interneurons responsible for stimulating
flexion and extension throughout a limb reciprocally inhibit each other, but intrinsic
activation was not acknowledged in that model (Brown, 1912; Lundberg et al., 1981,
Stuart and Hultborn, 2008). In another model, researchers proposed that interneurons are
organized in units, called unit burst generators, which are interconnected to coordinate
flexion and extension of muscles that control the movement of a specific joint, and are
further connected with unit burst generators that control the activity of muscles around
other joints (Edgerton et al., 1976). A recent study (Hagglund et al., 2013) used
optogenetic techniques to specifically stimulate neurons in an isolated spinal cord. Their
results demonstrated that the locomotor pattern can be recorded in left and right
hemicords independently, as well as in different MN pools within the same hemicord,
suggesting that each CPG consists of its own rhythm generating kernel as well as pattern
forming cells. However, a coordinated and intact locomotor output requires
interconnection of these modules via excitatory, inhibitory and modulatory mechanisms

(Grillner and Jessell, 2009; Nishimaru and Kakizaki, 2009; Hagglund et al., 2013).

Interneurons (INs) that constitute the CPGs are interconnected through chemical
synapses and/or electronic coupling (Brownstone and Wilson, 2008; Su et al., 2012;
Sasaki et al 2013; Sieling et al., 2014). Although the anatomy of and interconnection
between the neurons that constitute the CPG were identified in invertebrates and lower
vertebrates (Grillner ef al., 1995; Lansner et al., 1998; Roberts et al., 1998; Sasaki et al.,

2013), the details of the mammalian CPG are yet to be identified.



1.2.2 Rhythm generation and pattern formation

Until this date, there is still much to unravel about the rhythm generating and
pattern forming cells in the mammalian locomotor CPG. In invertebrates and lower
vertebrates, it has been shown that rhythm generation and pattern formation can be
initiated in the same cell type (Lansner ef al., 1998; Roberts et al., 1998), which is not the
case in mammalian CPG that require different rhythm generating and pattern forming
cells (Brownstone and Wilson, 2008). Scientists suggested hypothetical models to allow
easier understanding of the underlying components of the rhythm generating and pattern
forming layers and how they are connected. In one of these models (McCrea and Rybak,
2008), INs that are active during locomotion were divided into two functional levels;
rhythm generating (level 1) and pattern forming (level 2) INs. The difference between the
two levels as the name implies is that rhythm generating cells are responsible for
generating the rhythm and for setting a defined frequency for network oscillation,
whereas pattern forming INs which are activated downstream of rhythm generating INs,
control the duration and amplitude of MN activation, in other words, the locomotor

pattern (McCrea and Rybak, 2008; Brownstone and Wilson, 2008).

In a recent study, Griener et al. (2013) illustrated that there are morphological
differences between rhythm generating and pattern forming cells. In addition to
confirming that rhythm generating INs are medially located compared to pattern forming
INs (Kiehn and Kjaerulff, 1998), they showed that rhythm generating cells possessed
relatively shorter axons that extended medially and caudally while pattern forming cells
possessed longer axons that projected laterally and toward the MN pools. Rhythm

generating cells were also shown to be located in the thoracolumbar segments of the

4



spinal cord (Cowley and Schmidt, 1997), whereas this observation was not critical for
pattern forming cells. Thus, it is generally accepted that the mammalian CPG, unlike
invertebrates or lower vertebrates, consist of rhythm generating INs and pattern forming

INs.

1.3 CLASSIFICATION OF SPINAL INS

The mammalian spinal cord contains a variety of neurons and interneurons that
differ anatomically, morphologically, and electrophysiologically. During embryonic
development, cellular diversification occurs along the rostrocaudal as well as the
dorsoventral axis of the neural tube under the effect of several factors, to generate several
types of neurons, each possessing a unique set of properties and characteristics (Tanabe
and Jessell, 1996). In the spinal cord, premitotic cells known as progenitor domains are
aligned throughout the dorsoventral axis along the wall of the neural tube (Jessell, 2000;
Pierani et al., 2001). The position of the progenitor domains is critical in determining the
postmitotic fate that they establish later in development; for example, dorsally located
INs develop from dorsal progenitor domains, and ventrally located INs (and MNs)

develop from ventral progenitor domains.

Paying close attention to the ventral half of the neural tube, previous studies have
shown that a factor named sonic hedgehog (SHH) is responsible for the differentiation of
ventral progenitor domains early in the developmental stage (Johnson and Tabin, 1995;
Marigo and Tabin, 1996; Tanabe and Jessell, 1996). SHH is produced by the notochord

and allows the formation of floor plate cells in the ventral most part of the spinal cord.



Together, the notochord and floor plate cells produce SHH that acts on the progenitor
cells via its graded concentration (i.e. the more ventral, the more SHH signal the cell
receives) to initiate the expression of upstream homeodomain (HD) proteins. As the
concentration of SHH will depend on the position of the progenitor cells, diversification
of INs will occur at an early stage of development (Jessell, 2000; Pierani et al., 2001).
According to their position and type of HD protein they possess, ventral progenitor
domains are identified as p0, p1, p2, pMN and p3 that later develop into distinct types of
post-mitotic ventral INs (V0, V1, V2 and V3) as well as MNs (Alaynick et al., 2011;
Jessell, 2000). Post-mitotic ventral INs are further divided into subtypes, with each
interneuronal subtype possessing unique HD protein expression profile, intrinsic
properties as well as neurotransmitter phenotype. For example, downstream HD protein
Dbx1 is critical in the formation of VO INs which are further subdivided into excitatory
VO0e, inhibitory VOi, cholinergic VOc, and medial glutamatergic VOg INs (Lanuza et al.,
2004; Zagoraiou, 2009; Arber, 2012), each interneuronal subtype possess a unique set of
HD proteins in addition to Dbx1. Similarly, Lhx3/6 HD proteins are responsible for the
differentiation of V2 INs which are further subdivided into excitatory V2a, inhibitory
V2b, and V2c¢ INs (Briscoe et al., 2000; Pierani et al., 2001; Panayi et al., 2010; Arber,
2012). Moreover, the Hb9 HD protein is expressed in pMNs and is critical in the
formation of MNs (Harrison et al., 1994; Saha et al., 1997; Arber et al., 1999; Thaler et
al., 1999). Its absence during embryonic development leads to the formation of a
chimeric neuron that expresses morphological properties of MNs yet shows molecular

properties of V2 INs (Arber et al., 1999; Thaler et al., 1999). Thus, HD protein



expression provides diversity in spinal IN populations, and the inter-connections between

different types of ventral INs forms the basis of spinal networks (i.e. CPGs).

One subset of ventral cells that was later discovered and expresses the HD protein
Hb9 is referred to as Hb9 INs (Wilson et al., 2005; Hinckley et al., 2005). While the
progenitor origin of Hb9 INs has not been identified, it is known that they are a small
subset of excitatory INs located ventral to the central canal throughout the cervical to
upper lumbar spinal cord segments. The progenitor origin of these INs and how they are
formed during embryonic development is still unknown and their discovery raised
questions ranging from how they developed to what role they play in the spinal cord

(Wilson et al., 2005; Hinckley et al., 2005; Brownstone and Wilson, 2008).

1.4 PROPERTIES OF RHYTHMICALLY ACTIVE INS THAT
CONTRIBUTE TO LOCOMOTOR OUTPUT

1.4.1 Characteristics of INs that contribute to locomotor output

Over the past century, multiple studies have suggested that a set of characteristics
is required for an IN to be eligible for rhythm generation or pattern formation
(Brownstone and Wilson, 2008). Most of these characteristics are conserved in organisms
that undergo locomotion. Each IN in the CPG exhibits a unique set of anatomical,
synaptic and intrinsic characteristics. The characteristics of some defined INs involved in
pattern formation have been identified. For example, both V0Oe and VO0i INs have roles in

right-left alternation and their absence led to hopping behaviour in experimental animals



(Talpalar et al., 2013). Inhibitory V1 interneurons were found to have a prominent effect
on the speed of locomotion (Gosgnach et al., 2006), and V2a INs were shown to be
required for alternation of left-right limb at high speeds only (Crone et al., 2009; Ausborn
et al., 2012). Also, elimination of V3 INs disrupts the regularity of the rhythm and the
balance between the right and left halves of the spinal cord during locomotion (Zhang et

al., 2008). The mechanisms by which these INs affect the spinal CPGs are not known.

One outstanding question is how locomotor rhythm is generated. In addition to
showing firing activity during locomotion, anatomical studies have suggested that INs
involved in rthythm generation are located in the ventromedial region of the lower
thoracic-upper lumbar spinal cord (Kiehn and Kjaerulff, 1998; Cowley and Schmidt,
1997). Since stimulation of the locomotor rhythm requires inputs from supraspinal, and
sensory afferent sources, it was suggested that rhythm-generating cells receive chemical
inputs from these sources (Conway et al., 1987; Ohta and Grillner; 1989; MacLean et al.,
1998). In addition, thythm generating cells are suggested to possess an excitatory
phenotype and to form recurrent synaptic connections in order to initiate mutual
excitation (Lundberg, 1981; Feldman and Del Negro, 2006). Recently, researchers
showed that silencing glutamatergic transmission in the spinal cord abolished rhythmicity
of the locomotor output, whereas silencing inhibitory transmission did not (Hagglund et
al., 2010; Hagglund ef al., 2013). Another characteristic of rhythm generating INs, as
discussed above, is that their axons may not form monosynaptic connections with MNs
(Burke et al., 2001; Kiehn, 2006). Moreover, electrophysiological studies showed that
rhythm generating INs possess intrinsic properties that make them capable of generating

the rhythm; endogenous (conditional) bursting, spike frequency adaptation, plateau



potentials and post-inhibitory rebound were all suggested to be necessary for rhythm
generation (Perkel and Mulloney, 1974; Russell and Hartline, 1978; El-Manira et al.,
1994; Brownstone and Wilson, 2008). Although some INs involved in locomotor pattern

formation have been identified, INs that generate the rhythm are still unknown.

1.4.2 Characteristics of Hb9 INs

Hb9 INs are a group of glutamatergic INs that were first reported a decade ago in
the Hb9::eGFP mouse model (Wilson et al., 2005; Hinckley et al., 2005). They are
small in size (8-10 pm somatic diameter) and have correspondingly low whole cell
capacitance (10 = 1.5 pF) and high input resistance (9903.2 + 226.9 MQ; Wilson et al.,
2005). A disadvantage of using the Hb9::eGFP mouse model was that it showed ectopic
expression of GFP including in a group of Hb9 negative cells called type 2 interneurons
(Wilson et al., 2005; Hinckley et al., 2005). In this mouse, Hb9 INs were characterized
by their location, morphology and electrophysiological properties. Hb9 INs fulfill many
of the characteristics that were suggested for rhythm generation; for example, they are
active in fictive locomotion and are located in the ventromedial region of the
thoracolumbar segments. They also receive supraspinal, and primary afferent inputs
(Wilson et al., 2005; Hinckley et al., 2005; Brownstone and Wilson, 2008; Kwan ef al.,
2009). Although processes of Hb9 INs projected to regions between the LMC and
MMC in the ventral horn and were suggested to form contacts with somata and
proximal dendrites of MNs (Hinckley et al., 2005), it is possible that these projections
synapse on ventrally projecting Hb9 IN dendrites to initiate mutual excitation, on distal
dendrites of ventral horn MNs and/or on unidentified neurons in the ventral horn region.

9



Moreover, electrophysiological recording from Hb9 INs in a non-locomoting
preparation showed prominent post-inhibitory rebound (PIR) that form doublet spikes
mediated by T-type calcium channel (CaV3; Wilson et al., 2005; Masino et al., 2012).
In some Hb9 INs, voltage independent oscillations were observed (Wilson et al., 2005)
that suggested they are electronically coupled (Hinckley and Ziskind-Conhaim, 2006;
Wilson et al., 2007; Ziskind-Conhaim et al., 2008). Electronic coupling is another
important characteristic for rhythm generation as shown in simpler animal models
(Saint-Amant and Drapeau, 2001; Li et al., 2009; Sasaki et al., 2013). Thus, Hb9 INs

have many of the characteristics of thythm generating neurons.

A previous study questioned the hypothesis that Hb9 INs are involved in
locomotion (Kwan ef al., 2009). These investigators showed that the onset of activity in
Hb9 INs occurred after the onset of activity in ipsilateral ventral roots when inducing
fictive locomotion in an isolated spinal cord. Thus, they suggested that Hb9 INs are not
the sole pacemakers of locomotor rhythm. However, their thythmic nature and firing in
phase with ventral root output suggested that they may have a role in the rhythm
generation circuit, even if they are not the sole pacemakers that initiate the rhythm.
These observations together showed that Hb9 INs are capable of generating oscillations

without receiving synaptic inputs and suggests a possible role in thythm generation.

1.5 PRE-SYMPATHETIC INS

Sympathetic preganglionic neurons (SPNs) are innervated by supraspinal inputs

as well as neurons that reside within the spinal cord. Bath application of 5-HT, NMDA
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and dopamine to an isolated spinal cord preparation, showed rhythmic activity in the
SPNs output (Madden & Morrison, 2006; Marina et al. 2006). The sympathetic spinal
networks, similar to locomotor networks, consist of INs that fire in phase
(sympathoexcitatory) or out of phase (sympathoinhibitory) with the sympathetic output
pattern (McCall et al. 1977; Chau et al. 2000; Miller et al. 2001; Tang et al. 2003).
These spinal pre-sympathetic INs connect to SPNs in the intermediomedial (IMM) and
intermediolateral (IML) columns and function to manipulate and regulate sympathetic
outflow (Deuchars, 2007). Evidence for the presence of intrinsic components within the
spinal cord that are capable of synchronising both sympathetic and locomotor outputs
was presented by Chizh ef al. (1998). In their study, they used in vitro spinal cord
preparations to record locomotor and autonomic outflows simultaneously and showed
obvious synchronization between the two outputs in the absence of supraspinal
influence. In another study, researchers showed a group of neurons in the
pontomedullary reticular formation that send direct axonal collaterals to gastrocnemius
MNss as well as to SPNs (Kerman ef al., 2003). This indicates the possibility of a single

component to couple the two rhythmic outputs.

An important region in the spinal cord that contains pre-sympathetic INs is the
central autonomic area located around the central canal near the IMM column (Deuchars,
2005). Hb9 INs are located near the central canal in a location similar to the putative pre-
sympathetic INs (Wilson et al., 2005; Deuchars et al., 2005; Deuchars, 2007). The
position of Hb9 INs from a sympathetic point of view, in addition to their hypothesized
role in locomotion as discussed earlier, makes them possible candidates in the neural

circuit responsible for synchronizing the autonomic and motor outputs.
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1.6 THESIS OBJECTIVES

The main purpose of this thesis was to characterize the role of glutamatergic
transmission by Hb9 INs in locomotion, and to map their projections throughout the
spinal cord. In doing so, we first tested the reliability of a newly introduced mouse model
Hb9::CreER™ to conditionally express and mutate selective genes in Hb9 expressing
neurons (Chapter 2). We then tested the effect of silencing glutamatergic transmission by
Hb9 INs on locomotor behaviour (Chapter 3). We also identified the projections and
synapses of Hb9 INs terminals (Chapter 4). Collectively, our results suggest that
glutamatergic transmission by Hb9 INs is not critical for treadmill locomotion. The
distribution of their terminals throughout the spinal cord provides a map which provides a

basis to direct further studies into the function of Hb9 INs.
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CHAPTER 2 THE HB9::CREER"™ MOUSE MODEL

2.1 SUMMARY

Hb9 expressing interneurons (INs) are a small subset of spinal INs that reside in
the ventromedial region near the central canal. Although Hb9 INs were suggested to play
a role in rhythm generation, further investigation of their role was limited due to the
inability to manipulate these neurons specifically. We therefore used inducible mouse
genetic techniques (Hb9::CreER™) to conditionally manipulate target genes. We first
aimed to express fluorescent proteins to label Hb9 expressing neurons in order to validate
the strategy. Next, we used this strategy to conditionally knock out vesicular glutamate
transporter 2 (vGluT2), the gene responsible for glutamatergic transmission by Hb9 INs.
By crossing Hb9::CreER™ mice with appropriate transgenic mouse strains, we
demonstrated excellent CreER mediated recombination in Hb9 expressing neurons. We
conclude that this Hb9::CreER™ mouse model is reliable for studying Hb9 expressing

neurons.

2.2 INTRODUCTION

The HB9 homeobox gene encodes the nuclear homeodomain protein Hb9 which
is expressed in motoneurons (MNs), spinal preganglionic neurons (SPNs) and a small
subset of glutamatergic spinal INs ventral to the central canal (Arber et al., 1999; Thaler
et al., 1999; Wilson et al., 2005; Hinckley et al., 2005). Hb9 was shown to be essential

for the consolidation of MN identity, migration of axons of MNs, and topological

13



organization of MN columns during embryonic stages (Arber et al., 1999; Thaler et al.,
1999). The identification of Hb9 expression in INs led to a number of investigations, but
the role of these Hb9 INs remained ambiguous (reviewed in Brownstone and Wilson,
2008). Due to their location in locomotor rhythmogenic regions of the spinal cord, their
glutamatergic phenotype, and their electrophysiological properties, a number of studies
have suggested that Hb9 INs may play a role in locomotor rhythm generation (Wilson et
al., 2005; Hinckley et al., 2005; Hinckley et al., 2006; Wilson et al., 2007; Han et al.,
2007; Brownstone and Wilson, 2008; Ziskind-Conhaim et al., 2008; Kwan et al., 2009;
Anderson et al., 2012; Masino et al., 2012). However, because Hb9 is expressed in MNSs,
and because there is “ectopic” expression of green fluorescent protein (GFP) in
transgenic Hb9::eGFP animals used in previous studies, it has not been possible to
selectively visualise or manipulate these neurons to test their necessity or sufficiency for

locomotion.

Cre/lox site specific recombination is a technique that is used to selectively
manipulate specific genes in the cells of transgenic animals (Sauer and Hendrson, 1989).
The process of Cre mediated recombination consists of two elements: a protein called Cre
recombinase and specific sites on the DNA called loxP sites. Cre mediates the excision of
the DNA sequence flanked by two loxP sites (Austin ef al., 1981; Hoess et al., 1982;
Hoess et al., 1984). To induce expression of a certain gene in transgenic mouse models, a
transcriptional stop codon is flanked by loxP sites preceding the gene of interest and is
excised only in the cells that express Cre. This leads to expression of the gene of interest
in the cells of interest (Lakso ef al., 1992). Similarly, Cre mediated recombination can be

used to knock out or mutate a certain gene in a specific cell type by flanking sequences of
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the gene between the loxP sites (Gu ef al., 1994). Nevertheless, the Cre/loxP
recombination strategy has its limitations, for example when targeting genes that are
activated during development. In some conditions, excising specific genes during
development leads to death of the animal, and in other conditions leads to compensatory

mechanisms (Betz et al., 1996).

In seeking to circumvent these issues of developmental excision, researchers
introduced a Cre recombinase that could be induced via administration of an estrogen
receptor (ER) antagonist (Metzger et al., 1995; Feil et al., 1996; Indra et al., 1999). This
CreER fusion protein provided a method to temporally and conditionally control the
expression and/or knock out of the gene(s) of interest. The ability to temporally control
the activation of Cre led to a substantial reduction in adverse effects observed when Cre
is developmentally expressed (Betz et al., 1996), thus allowing for anatomical,

behavioural and physiological studies of various genetically identified cells.

In this study, we aimed to validate Cre mediated recombination in a newly
introduced Hb9::CreER ™ mouse model by examining both CreER mediated expression
of fluorescent proteins and CreER mediated knockout of vGluT2 from Hb9 expressing

cells. Results showed successful recombination in Hb9::CreER™ mouse model.
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2.3 METHODS

2.3.1 Animals

To assess the recombination in the Hb9::CreER > mouse model, kindly provided
by Kevin Kanning and Christopher Henderson at Columbia University, Hb9::CreER?
mice were crossed for two generations with mice possessing the knock-in genes
vGluT21¥1x (Hnasko et al., 2010) and Rosa26 5 Td-omato™* R o5a26 5YFP* o1 both (Figure
2.1.). In additional experiments, Hb9::CreER™ mice were crossed with Rosa26Td tomato/*
and Hb9 *Z* mice. Two different lines of Hb9::CreER™ mice were used initially and
were found to be similar. We therefore focused on one of the lines (“line 8”), using it for
the experiments described herein. We also crossed Hb9“™" with Rosa26Td tomato/+ ¢
compare conditional versus non-conditional expression of reporters. All animals were of
C57BL/6J background and were used in the experiments regardless of sex. Experimental
procedures were approved by the University Committee on Laboratory Animals and were

in accordance with the Canadian Council on Animal Care guidelines.

2.3.2 Preparation and administration of Tamoxifen

To prepare a stock of 20 mg/ml, 100 mg Tamoxifen (T5648-1G) was warmed in
400 pl of 100% ethanol at 37° C for 5 minutes followed by dilution in 5 ml sunflower oil
(w530285). The solution was incubated at 37° C > 1 hour; vigorous shaking was required
during incubation to dissolve Tamoxifen. Aliquots of 1-2 ml of Tamoxifen solution were

stored at -20° C and warmed up to 37° C prior to injection. Mice were injected between
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postnatal day 5 and 7 (P5-7) with a dose of 0.1- 0.2 ml of Tamoxifen solution. Injection
was performed subcutaneously into the dorsal fat pad on the back of the neck using a 30G
needle. It was notable that the actual absorbed dose of Tamoxifen was variable and less
than the dose injected due to post injection leakage at the injection site. Pups were
transferred to a clean cage during the injection session (approximately 30 minutes) and
were injected by separate needles to avoid inter-individual infection. They were left in the
cage for few minutes to allow leakage of excess Tamoxifen through the injection site

before returning to their home cage to recover and be nursed.

2.3.3 Perfusion and tissue preparation

2.3.3.1 Perfusion

Before perfusion, mice were injected intraperitoneally (IP) with approximately
0.1 ml of anaesthetic solution (3 ml Ketamine HCI, 1.88 ml Xylocaine, and 5.12 ml saline
per 10 ml solution). The effect of anaesthesia was confirmed by the disappearance of
hind feet reflexes. The heart was then exposed by cutting along both sides of the ribs to
allow insertion of a butterfly needle in the apex of the left ventricle, and a small incision
was made in the right atrium to ensure that the administered solutions would flow
through the entire cardiovascular system. First, Ringer’s solution (containing 0.5 %
Xylocaine) was administrated to clear the blood. Success of this procedure was
determined by visual cues such as change in color of the liver from dark red to yellowish
brown, and leaking of ringer’s solution from the tail vein. This was followed by
administration of approximately 200 ml of a 4% paraformaldehyde PFA solution in 0.2M
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PB. Following perfusion, the spinal cords were extracted, cleaned from meninges, post-
fixed in PFA at 4°C overnight, and then transferred to a 30 % sucrose solution for 24-48

hours before sectioning.

2.3.3.2 Sectioning

Spinal cords blocks were frozen in agarose gel and mounted on a vibratome
cutting stage using super glue and 4% agar block for support. 50-60 pm floating sections
were collected in a rostral to caudal order in 0.1 M PB solution at 2° C, and stored in glass
vials specified for the position from which the sections were collected. Sections were
processed for immunohistochemistry on the same day or stored in glycerol at -20°C for

later use.

2.3.4 Immunohistochemistry

Floating sections were washed in PBS for 10 minutes and incubated in 50%
ethanol to enhance antibody penetration. After 30 minutes of ethanol incubation, sections
were washed with double salt PBS (dsPBS) 3 x 10 minutes and transferred to blocking
solution containing 10% donkey serum in 0.3 M Triton X and PBS solution (PBST) for
30 minutes at RT to block non-specific staining. Tissues were quickly transferred to a
solution containing the primary antibodies of interest, 1% donkey serum, and PBST, and
incubated for 48-72 hours at 4° C. After incubation, sections were washed in dsPBS 3 x

10 minutes, transferred to secondary antibody solution, and incubated overnight at 4°C.
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Secondary antibodies were diluted in a solution containing 1% donkey serum and PBST.
Finally sections were washed in PBS 1 x 10 minutes and mounted using Vectashield
mounting medium (Vector laboratories, Burlingame, CA) on a microscope slide using a

fine tip brush. Details of antibodies and their concentrations are presented in Table 2.1.

2.3.5 In situ hybridization

Tissues were processed for combined fluorescent in situ hybridization and
immunohistochemistry as previously described (Wilson ef al., 2005; Bui et al., 2013).
The primer for antisense digoxigenin (DIG) riboprobe for vGluT2 was provided by the
Jessell lab (Columbia University, USA), and the probe was kindly prepared by the
Fawcett lab (Dalhousie University, NS, Canada). Briefly, sections were fixed in 4% PFA
for 10 minutes at RT followed by washing in PBS 3 x 3 minutes and incubation in
Proteinase K solution for 5 minutes. Sections were acetylated for 10 minutes in an acetic
anhydride buffer and transferred to a hybridization solution at RT overnight. Sections
were then heated in a diluted hybridization solution for 5 minutes at 80°C and quickly
transferred to ice before being incubated in a 72°C oven overnight. On day three, sections
were incubated in 0.2x saline sodium citrate buffer (SSC) at 72°C 2 x 30 minutes
followed by equilibrating the sections in 0.2x SSC for 5 minutes at RT. Sections are
incubated in tris NaCl blocking (TNB) buffer for 1 hour at RT and overnight in a solution
containing donkey serum, riboprobe for vGluT2: sheep anti-DIG-POD (1:100) and
primary antibody rabbit anti-GFP (1:100) at 4°C. On day four, sections were blocked in a

1% blocking reagent solution (10 mg/ml) for 30 minutes followed by incubation in
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streptavidin HRP solution for 30 minutes, then tyramide solution for 10 minutes at RT.
Sections were incubated in secondary antibody solution (Table 2.1.) for 3 hours in PBS

before examining.

2.3.6 Image acquisition

Confocal images were acquired with Zeiss LSM 710 - Laser Scanning Confocal
Microscope, which includes Argon, HeNe and red diode lasers. Images were captured
either in 2D as a snapshot, or in 3D as a z-stack up to approximately 30 um in thickness.
Interval between consecutive optical sections was 0.8-1.88um. Pinhole size was set at 1

airy unit for all channels.

2.3.7 Image analysis

Images were analysed with the supplied software (Zen 2012 SP1-black edition-64
bit, Zeiss), ImageJ 1.490 to generate maximum intensity projection (MIP) image of the
3D z-stack, and IMARIS 8.0.1 software (Bitplane, Oxford Instruments, CT, USA) to
detect the colocalization of labeling proteins in the cells. We created artificial spots that
represent the expression of the specific labeling proteins being studied. To detect the
colocalization of the two labeling proteins in the cells, a distance threshold between the
spot centers was set, such that if the centers of any two spots are located within the
threshold distance, the two spots were considered colocalized. To identify the regions

where the different neurons are expressed in the spinal cord, we generated a reference
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figure (Figure 2.2Bii) that represents the topological organization of the laminae and
other landmarks in the spinal cord. The reference figure was generated based on Allen
institute spinal cord map (Website: ©2012 Allen Institute for Brain Science. Allen Spinal
Cord Atlas [Internet]. Available from: http://mousespinal.brain-map.org/) and Todd et al.

(2003).

2.4 RESULTS

2.4.1 Cre mediated recombination in Hb9“"* "mouse model

In order to manipulate gene expression or excision in Hb9 neurons, we studied
Cre versus CreER mediated recombination to express the fluorescent protein Td-tomato.
In Hb9“™" mice, there was non-specific expression of Td-tomato in numerous Hb9
negative cells throughout laminae I-X of the upper lumbar segment as well as in Hb9
positive cells (Figure 2.24-B; n=2). In comparison, Hb9::CreER "> mice showed
expression of Td-tomato which appeared to be limited to MNs in lamina X, SPNs in
laminae VI-VII and Hb9 INs in lamina X and medial lamina VIII (Figure 2.2C). These
results indicate the importance of controlling the time at which Cre is expressed in Hb9

neurons.
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2.4.2 Specificity of CreER mediated recombination in Hb9
expressing cells of Hb9::CreER™ mouse model

Since HbY is expressed in MNs throughout the spinal cord segments, we first
examined CreER recombination in MN pools of Hb9::CreER™?; Rosa26 -Td-tomato’* o
Rosa26 5YFP* mice. We compared the CreER dependent expression of fluorescent
proteins and the expression of choline acetyltransferase (ChAT), the enzyme responsible
for synthesis of the MN neurotransmitter acetylcholine, and observed co-labelling of
Hb9::CreER™ reporter proteins and ChAT in the MN pools (Figure 2.3). We found that
98.6 % (71/72) of Td-tomato positive MNs in the ventral horn (n=3 sections/animal)
expressed ChAT, and 95.9 % (71/75) of ChAT positive MNs expressed Td-tomato
(Figure 2.34; n=1 animal). Similarly, YFP was expressed in ChAT positive MNs (Figure
2.3B). As this is a surrogate marker for Hb9, we proceeded to quantify the expression of
CreER dependent fluorescent proteins in Hb9 expressing neurons by crossing
Hb9::CreER™; Rosa26 $-Td-tomator* with Hb9'2%* animals, in which lacZ with a nuclear
localising sequence is expressed in Hb9 expressing neurons. That led to the expression of
two tracer proteins in Hb9 expressing cells: the fluorescent protein Td-tomato (via CreER
recombination) and B-gal which reliably label Hb9 expressing cells (via the lacZ
knockin). We found that 95 % (205/216) of the neurons that expressed Td tomato,
expressed the nuclear protein f-gal (Figure 2.44; n=3 animals). Colocalization was
observed in Hb9 expressing INs located in medial laminae VIII and X (Figure 2.4B),
MNs located in lamina IX (Figure 2.4C) and SPNs of intermediolateral as well as
intermediomedial cell columns in laminae VI-VII (Figure 2.4 D). The inability to observe

B-gal experession in the remaining 5% of Td-tomato positive neurons may be due to the
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absence of the nuclei in the image taken, while counting only the apex of the Td-tomato
positive cell body. Thus, it was clear that this genetic strategy led to effective

recombination in Hb9 expressing neurons.

2.4.3 Conditional knockout of vGluT2 in Hb9::CreER™ mouse
model

We next aimed to use the Hb9::CreER ™ mice to drive excision of vGluT2 in Hb9
INs. We therefore crossed Hb9::CreER™ with vGluT21¥x and Rosa26 5 YP* mice. In
comparison to surrounding non-Hb9 glutamatergic neurons, combined fluorescent in situ
hybridization and immunohistochemistry revealed pronounced reduction of vGluT2
mRNA in Hb9 expressing INs (Figure 2.5, n=3). This expression contrasts with our
previously published study (Wilson et al., 2005) that showed strong expression of

vGIluT2 mRNA in control Hb9 INs.

2.5 DISCUSSION

In this study, we demonstrate successful CreER mediated recombination in the
Hb9::CreER™ mouse model. We revealed that, following CreER activation at P5-7, there
was successful recombination in 96 % of ChAT positive MNs. Successful recombination
was also seen in Hb9 INs and SPNs by colocalization of the tracer proteins Td-tomato
and B-gal. This recombination was specific to Hb9 expressing cells, as opposed to that

seen in Hb9“™* mice, which demonstrated recombination in many Hb9 negative spinal

23



interneurons. Furthermore, the specificity of recombination provides a route by which
Hb9 INs can be genetically manipulated, which will be useful in studying how spinal

microcircuits produce motor behaviour.

Hb9 INs were first defined in transgenic Hb9::eGFP mice (Wilson et al., 2005;
Hinckley et al., 2005), in which eGFP is expressed in a-motoneurons, Hb9 INs, a group
of Hb9 negative INs called type 2 INs in close proximity to Hb9 INs, and other Hb9
negative INs in the ventral spinal cord. In Hb9::eGFP mice, Hb9 INs can be identified in
slice preparations by their location, morphology, and electrophysiological properties
(Wilson et al., 2005; Hinckley et al., 2005; Kwan et al., 2009). The use of Hb9::CreER™
mice provides definitive identification of Hb9 INs in this region, without the need to rely
on first recording the putative neuron’s properties. That is, the use of these mice results

in a significant improvement in the ability to identify Hb9 expressing cells.

Moreover, successful mutation of the vGluT2 gene in the transgenic offspring of

fs-YFP/+
and vGluT21o¥1X was observed. VGluT2 mRNA was

Hb9::CreER™, Rosa 26
abolished or clearly reduced in the majority of the Hb9 INs examined. The reason for the
observation of traces of vGluT2 mRNA in Hb9 INs may be due to two reasons: 1) defects
in the staining process of combined fluorescent in situ hybridization-
immunohistochemistry, such as pronounced increase in the background noise signal,
and/or 2) the antisense riboprobe used in in situ hybridization which targets exon 1 of the
vGluT2 gene, whereas the loxP sites flank exon 2 (Hnasko ef al., 2010). This is a similar
result to that shown in Isl117"; vGluT2¥ox (d139FF) mice, in which glutamatergic

transmission from dI3 neurons was eliminated and the gripping behaviour of animals was

disrupted (Bui et al., 2013). The successful recombination shown above, the elimination
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or reduction of vGluT2 mRNA in Hb9 INs in comparison to neighbouring vGluT2
positive neurons and control Hb9 INs (Wilson et al., 2005), and the successful previous
use of these vGluT21¥1°* animals in which there were significant differences in
behaviour (Hnasko et al., 2010; Scherrer et al., 2010; Bui ef al., 2013), all point to the
utility of Hb9::CreER™ mediated excision of vGluT2 to produce Hb9 -VGIuT2°F mice,

in which glutamatergic transmission by Hb9 INs would be curtailed.

In summary, these findings demonstrate that Hb9::CreER™ mice are reliable for

identifying and manipulating Hb9 expressing neurons.
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Table 2.1. List of antibodies and their sources
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Figure 2.1. CreER mediated recombination in Hb9::CreER™ mouse model. Inactive
CreER is located in the cytoplasm. Once activated by Tamoxifen binding, CreER is
translocated to the nucleus and mediates recombination of the DNA sequences flanked
between the loxP sites to activate or excise target genes. Diagram is based on Sauer,

1998.
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Figure 2.1. CreER mediated recombination in Hb9::CreER™ mouse model
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Figure 2.2. Comparison between non-conditional and conditional Cre recombination in
Hb9 expressing cells. Non-specific expression of Td-tomato throughout the upper lumbar
segment in Hb9“™*"mouse model (A). Regions of cells expressing Td-tomato as a result
of Cre mediated recombination are enlarged (Bi), and the designation of the laminar
regions in the upper lumbar segment is outlined in (Bii). On the other hand, conditional
expression of Td-tomato in Hb9::CreER™ mouse model, (C) is confined to Hb9
expressing cells; SPNs in lamina VI-VII, MNs in lamina [X, and Hb9 INs in laminae VIII
and X (arrows). CC: central canal, IML: intermedilateral column, MMC: medial
motoneuron column and LMC: lateral motoneuron column. Dashed oval represents

central canal. Scale bars: 50 um for A and C and 30 um for Bi.
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Figure 2.2. Comparison between non-conditional and conditional Cre recombination in

Hb9 expressing cells.
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Figure 2.3. Conditional expression of fluorescent protein in ChAT positive MNs. CreER
derived expression of Td-tomato (A) and YFP (B), is observed in ChAT expressing MNs
of the MMC and LMC. It is also noticeable that although recombination was successful
in the majority of ChAT expressing MNss, the intensity of Td-tomato or YFP was not
uniform in all MNs. This may have resulted from different expression levels of Cre
recombinase, different cytoplasmic volumes, or different turnover rates of the reporter
proteins, for example. Refer to Figure 2.2Bii for the designation of MMC and LMC.

Dashed oval represents the central canal. Scale bar: 50 um for A and B.
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Figure 2.3. Conditional expression of fluorescent protein in ChAT positive MNs.
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Figure 2.4.Conditional expression of fluorescent protein in Hb9 expressing cells. (A)
Lower magnification of spinal cord section shows co-labelling of CreER derived
expression of Td-tomato and Hb9 derived expression of B-gal in Hb9::CreER™?; Rosa26™
Td-tomato/+, HH9lacZ* moyse. Double expression of tracer proteins is seen in: (B) Hb9 INs in
medial lamina VIII and lamina X, (C) MNs in lamina IX and (D) SPNs of the IML as
well as IMM columns in laminae VI-VIIL. Refer to Figure 2.2Bii for the designation of
laminae. Dashed oval represent central canal; vertical line represents midline of the spinal

cord section ventral to the central canal. Scale bar: 100 um for A, 20 um for B, 40 um C-

D.
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Figure 2.4. Conditional expression of fluorescent protein in Hb9 expressing neurons.
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Figure 2.5. Conditional mutation of vGluT2 mRNA in Hb9 expressing INs. Combined
fluorescent in situ hybridization-immunohistochemistry of Hb9 INs after CreER
mediated mutation of vGluT2 in two animals (A) and (B). VGIuT2 mRNA is eliminated
or clearly reduced in the majority of Hb9 INs (arrowheads) compared to neighbouring
glutamatergic neurons in laminae VIII and X. Hb9 INs that have vGluT2 mRNA are
marked in asterisks. Refer to Figure 2.2Bii for the designation of laminae. Dashed oval
represents the central canal; line represents midline of the spinal cord section ventral to

the central canal. Scale bar: 50 um for A and 20 pm for B.
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Figure 2.5. Conditional mutation of vGluT2 mRNA in Hb9 expressing INs.
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CHAPTER 3 EFFECTS OF SILENCING CHEMICAL
TRANSMISSION BY HB9 INS ON LOCOMOTION

3.1 SUMMARY

Hb9 interneurons (INs) are a small group of glutamatergic cells located in the
spinal cord ventral to the central canal from cervical to upper lumbar segments. In lower
thoracic-upper lumbar segments, Hb9 INs are located in medial lamina VIII and lamina
X. Their morphological, anatomical, and electrophysiological properties have led to the
suggestion that they are involved in generating the rhythm of locomotion. To study this,
we eliminated glutamatergic transmission by Hb9 INs using inducible mouse genetics;
vesicular glutamate transporter 2 (vGluT2) expressed in Hb9 INs was excised by crossing
Hb9::CreER™ with vGluT21¥f°% mice, and treating the offspring with the ER antagonist,
Tamoxifen. In these conditional knockout mice at various postnatal stages, we studied
treadmill locomotion at walking, and slow and fast running speeds. Analysis of various
gait parameters including cycle duration, swing time, stance time, and their variability
revealed that there were no significant differences between knockouts, heterozygotes, or
wild-type littermate mice at any of the ages examined. We conclude that glutamatergic

transmission by Hb9 INs is not required for treadmill locomotion.

3.2 INTRODUCTION

Neurons responsible for generating mammalian locomotor rhythm have not been
positively identified. However, the kernel responsible for generating the locomotor
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rhythm and the circuits required to maintain the rhythmic pattern are located within the
spinal cord (Brown, 1911). These circuits are called central pattern generators (CPGs;
Grillner and Zangger, 1975). The structure of spinal locomotor CPGs is not known yet,
but there is evidence that there are a number of circuits that can generate rhythm
independently, though interconnections between these circuits are required to maintain
rhythmic motor output (Grillner et al., 1991; Cohen et al., 1992; Hagglund et al., 2013).
While INs responsible for locomotor rhythmogenesis have not been identified, properties
that provide the capacity to generate rhythm have been outlined (Brownstone and Wilson,

2008).

Hb9 INs possess anatomical properties that make them candidates for locomotor
rhythm generation. One important property is their location in ventro-medial laminae in
the lower thoracic and upper lumbar segments (Wilson ef al., 2005; Hinckley et al., 2005;
Kiehn, 2006). They also exhibit intrinsic electrophysiological properties that support
rhythm generation, such as post-inhibitory rebound and conditional bursting in the
absence of synaptic inputs (Wilson et al., 2005; Hinckley et al., 2005; Tazerert et al.,
2008; Ziskind-Conhaim et al 2008; Masino et al., 2012). Moreover, stable and consistent
rhythmic bursts of action potential were observed when recording from Hb9 INs in
response to chemical stimuli that initiate fictive locomotion and in response to increasing
excitability by blocking potassium channels (Taccola and Nistri, 2004; Wilson et al.,
2005; Wilson et al., 2007). In addition, Hb9 INs are glutamatergic and receive
supraspinal and sensory afferent inputs (Wilson et al., 2005; Hickley et al., 2005;
Hinckley et al., 2010). All these characteristics may be required for rhythmogenesis

(Brownstone and Wilson, 2008; Ziskind-Conhaim ef al., 2010). Nevertheless, using an in
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vitro preparation to simultaneously record rhythmic discharges from ventral roots and
Ca?" signals from Hb9 INs, it was observed that the onset of thythmic discharge recorded
from ipsilateral ventral roots occurred before the onset of activity in Hb9 INs located in
adjacent segmental levels (Kwan et al., 2009). This finding suggested a limited, if any,
role of Hb9 INs as sole pacemakers for locomotor rhythm generation. Nevertheless,
pacemaking properties of Hb9 INs and their stable and consistent rhythms suggest that
they may affect the variability of the locomotor rhythm by manipulating the timing of
firing in the locomotor network. Tests on the sufficiency or necessity of these neurons in

locomotion have not been done.

In this study, we tested the hypothesis that chemical transmission by Hb9 INs
contributes to locomotor rhythm generation. Using genetic techniques to knock out
vGIuT2 from Hb9 INs, we examined various gait parameters as well as intra-individual
variability in step cycle duration of Hb9 -VGIuT2°F mice. Results showed no significant
differences between Hb9 -VGIuT2°tF, heterozygote, and wild-type littermate mice,
suggesting that chemical transmission by Hb9 INs is not necessary for locomotor rhythm

generation or pattern formation.

3.3 METHODS

3.3.1 Animals

Hb9::CreER ™ were crossed with vGluT2¥°% and Rosa265Y™** mice (Figure

3.1.). Administration of Tamoxifen to the offspring resulted in activation of Cre
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recombinase in cells expressing the homeobox gene HB9 (see Chapter 2), which excises
the DNA between the loxP sites flanking exon 2 of the vGluT2 gene (Hnasko ef al.,
2010), hence, preventing vGluT2 expression (i.e. conditional deletion). It also acts on
floxed transcriptional stop sites in the Rosa 26 gene leading to expression of YFP (i.e.
conditional expression; Sauer, 1998). All mice were of C57BL/6J background and were
used in the experiments regardless of sex. Three age groups studied; Postnatal days P21-
23 (or group P20s; weight: 7.71 + 1.90 g; n=14), postnatal days P35-38 (or group P30s;
weight: 15.92 + 1.71 g; n=23) and postnatal weeks 11-12 (or group W10s; weight: 21.09
+ 1.56 g; n=14).All experimental procedures were approved by the University Committee
on Laboratory Animals and were in accordance with the Canadian Council on Animal

Care guidelines.

3.3.2 Preparation and administration of Tamoxifen

To prepare a stock of 20 mg/ml, 100 mg Tamoxifen (T5648-1G) was warmed in
400 pl of 100% ethanol at 37° C for 5 minutes followed by dilution in 5 ml sunflower oil
(w530285). The solution was incubated at 37° C > 1 hour; vigorous shaking was required
during incubation to dissolve Tamoxifen. Aliquots of 1-2 ml of Tamoxifen solution were
stored at -20° C and warmed up to 37° C prior to injection. Mice were injected between
postnatal day 5 and 7 (P5-7) with a dose of 0.1- 0.2 ml of Tamoxifen solution. Injection
was performed subcutaneously into the dorsal fat pad on the back of the neck using a 30
G needle. It was notable that the actual absorbed dose of Tamoxifen was variable and less

than the dose injected due to post injection leakage at the injection site. Pups were

40



transferred to a clean cage during the injection session (approximately 30 minutes) and
were injected by separate needles to avoid inter-individual infection. They were left in the
cage for few minutes to allow leakage of excess Tamoxifen through the injection site

before returning to their home cage to recover and be nursed.

3.3.3 Treadmill experiments

Locomotor behaviour was studied on a treadmill (Cleversys, Inc.) equipped with a
transparent belt and a high speed camera (Basler). Mice were placed in a 161.1 cm?
chamber (Figure 3.24) and gait was recorded with the supplied software (BCam Capture
Version 2.00, Cleversys, Inc.). The treadmill belt and chamber were cleaned with
Peroxigard before each daily session, and between training mice from different cages.
Locomotor behaviour was examined at belt speeds of 10, 15, and 20 cm/s (cps) for age
group P20s, speeds of 15, 20, 27, and 30 cps for age groups P30s and speeds of 15, 20,
and 30 cps for age group W10s. In some cases, faster speeds were attempted, but mice
could not maintain locomotion at those speeds (e.g. 40 cps and 50 cps). The speeds were
chosen to represent low, medium and high speeds respectively (Beare et al., 2009). In age
group P30s, 27 cps and 30 cps showed similar results, so the data at 30 cps were selected
to represent the high speed. Video recording started after the belt speed was accelerated
to the speed of interest. Recording duration was 20 seconds per trial. We created two
methods to encourage the mouse to move in the front half of the treadmill chamber. The
first was through olfactory stimulation by placing Enviro-dry from the mouse home cage

behind the front wall of the chamber, and the second was through auditory stimulation by
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tapping the lid of the treadmill chamber. Mice were allowed to rest for 1-2 minutes
between each trial. In some cases, they were studied on a second day to confirm

observations.

3.3.4 Analysis of gait

Gait parameters (Table 2) were analyzed using TreadScan Version 3.00
(Cleversys, Inc.). An artificial foot model was created by drawing a polygon over the foot
of interest at different frames and saving the RGB ratios that represent each foot. To
exclude the instances when the mouse did not keep up with speed (e.g. when rearing or
grooming), we included only frames during which the mouse was at the front portion of
the treadmill chamber. Analysis parameters included the stance time, swing time, and
stride length for each step (Figure 3.2B). The reliability of each step was confirmed
manually before proceeding to further analysis in order to delete false positive and accept

false negative steps. All raw data were exported to an EXCEL file for further analysis.

3.3.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. Differences between
the three experimental groups were evaluated using one-way analysis of variance
(ANOVA). Bonferroni test was used for post hoc analysis. We used Degrees of freedom

(DF) = 2. Probabilities (P) < 0.05 were considered significant.
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3.4 RESULTS

3.4.1 Effect of silencing chemical synapses by Hb9 INs on
variability of step cycle duration

To study the variability in locomotor cycle duration after silencing chemical
transmission by Hb9 INs, we measured the time intervals between rear foot strikes, and
constructed frequency plots of cycle duration. This demonstrated that, regardless of
experimental group, as treadmill speed increased, the variability in cycle duration
decreased, and the cycle duration became more consistent (Figure 3.3). To examine the
difference between experimental groups, the coefficient of variation (C.V. = SD/Mean) of
the cycle duration was calculated for each mouse, and results were compared at each

speed for each age group. No significant differences were observed (Figure 3.4).

Since cycle duration is composed of two phases, stance and swing, phase
variability in the hind limb was also studied, and also found to be similar across all
groups (Figure 3.5). In comparing the mean and SD of cycle duration, stance time, and
swing time between the experimental groups, no group differences were found at any of
the speeds (Figure 3.6), suggesting that the absence of chemical transmission by Hb9 INs

did not affect locomotor rhythmicity.
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3.4.2 Effect of silencing chemical synapses by Hb9 INs on hind limb
gait parameters

In order to study the role of chemical transmission by Hb9 INs on hind limb
locomotion, various gait parameters were examined (Table 2). These parameters have
been shown to be affected in other genetically modified mouse models (Gosgnach et al.,
2006; Crone et al., 2009; Ausborn et al., 2012; Talpalar et al., 2013). To consider intra-
individual as well as inter-individual variability within one experimental group, C.V. was
calculated for instantaneous running speed and showed no significant difference between
the experimental groups examined (Figure 3.64). Average values of coupling between
hind foot and ipsilateral front foot (homolateral coupling) and coupling between
contralateral hind feet (homologous coupling) showed no significant differences between

the experimental groups (Figure 3.6 B-C).

The number of total step cycles divided by total duration of locomotion (i.e. stride
frequency) was not different between the experimental groups at low, medium, or high
speeds (Figure 3.74). Rear track width (i.e. distance between the two hind feet during
locomotion), as well as the distance travelled by foot per step cycle (i.e. stride length)
was similar in all experimental groups at low, medium, and high belt speeds (Figure
3.7B-C). Analysis of mean and S.D. values for all gait parameters were also conducted
and showed no significant difference between the experimental groups at any of the
speeds examined. These results suggested that chemical transmission by Hb9 INs is not

necessary for maintaining the locomotor pattern.
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3.5 DISCUSSION

In this study, we used mouse genetic techniques to silence glutatamatergic
transmission by Hb9 INs in post-natal animals. Our goal was to investigate whether Hb9
INs have an important role in locomotor activity. We have demonstrated that silencing

chemical transmission in Hb9 INs had no appreciable effects on locomotion.

We postulated that the conditional bursting properties of Hb9 INs could represent
a pacemaker type function of spinal locomotor networks. By silencing Hb9 INs, the
reduction of a pacemaker function may lead to greater variability in the locomotor cycle
duration. In all mice, there was an inversely proportional relationship between variability
of step cycle duration and treadmill belt speed which may have arisen as a result of a
reduced chance of locomotor discontinuity when exploring and/or grooming at higher
speeds compared to lower speeds. However, when eliminating glutamatergic
transmission by these neurons, there was no change in this variability in conditional

knock-out mice compared to littermate controls.

We also investigated whether silencing of glutamatergic transmission by Hb9 INs
affected other gait parameters, but found there was no effect on stride frequency, rear
track width, or stride length. This is in contrast to previous studies of other spinal INs that
showed their roles in shaping the pattern of locomotor output by manipulating the
locomotion speed such as inhibitory V1 INs (Gosgnach et al., 2006), or by co-ordinating
right-left alternation of the limbs such as V2a and V3 INs (Zhang et al., 2008; Crone et

al., 2009; Ausborn et al., 2012; Talpalar et al., 2013). Thus, we were unable to
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demonstrate that glutamatergic transmission by Hb9 INs is necessary for normal

locomotor output.

The lack of observable effect does not mean that Hb9 INs are not involved in
locomotor rhythm generation (Wilson et al., 2005; Hinckley et al., 2005; Wilson et al.,
2007; Tazerert et al., 2008; Brownstone and Wilson, 2008; Kwan et al., 2009; Ziskind-
Conhaim et al., 2010; Masino et al., 2012). Firstly, we activated Cre recombinase at a
young age (postnatal days 5-7), at a time when locomotor CPGs for mice are still
developing (lizuka et al., 1997; Wilson et al., 2007). Their locomotor activity was studied
some weeks later at an age when mice can bear weight and walk (Jiang ef al., 1999).
These results raise the possibility that neuroplastic mechanisms in these developing
animals have compensated for the loss of vGluT2 in Hb9 INs, thus masking any effect on
locomotor CPGs. In vitro recording of fictive locomotion from isolated spinal cords of
young Hb9 -VGIuT2° pups would provide an answer to this question. This preparation
also has the advantage that sensory and descending inputs are eliminated, allowing study

of the central circuitry in isolation.

The genetic strategy we used does not completely eliminate Hb9 IN activity. In
addition to glutamatergic transmission, Hb9 INs are electrically coupled to other neurons
(Hinckley and Ziskind-Conhaim, 2006; Wilson ef al., 2007). It is conceivable that this
electric coupling is critical for rhythm generation. Rhythm generating cells in previously
studied animal models were shown to be electrically coupled and to generate rhythm
upon synchronous firing (Traub, 1995; Rekling ef al., 2000; Sasaki et al., 2013).
Moreover, a recent study showed that the regularity of rhythmic behaviour observed in

Aplysia’s buccal motor pattern is mediated by electrical rather than chemical
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transmission between rhythm generating cells in feeding CPGs (Sieling ef al., 2014).
Silencing electrical transmission by Hb9 INs could be done using a similar strategy as in
this thesis, by crossing Hb9::CreER™ with Cx361°¥1°* mice. That is, the intrinsic regular
rhythmic nature of Hb9 INs may be critical for locomotor rhythmogenesis through
electrical connectivity with neighbouring cells that are involved in locomotion, rather

than via chemical transmission.

In conclusion, these results indicate that silencing glutamatergic transmission by
Hb9 INs has no observable effect on locomotor rhythm generation or locomotor pattern

formation in juvenile and adult mice.
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Table 3.1. Gait parameters measured

Gait parameter

Definition

Stride time Locomotor cycle duration
Stance time Duration of the stance phase
Swing time Duration of the swing phase

Stride frequency

Number of step cycles per total duration of locomotion

Rear track width

Distance between the two hind feet during locomotion

Stride length

Distance travelled by hind limb per single locomotor cycle duration

Instantaneous running speed

Distance travelled by hind limb per second

Homolateral coupling

Right-left alternation

Homologous coupling

Right-left alternation
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Figure 3.1. Breeding strategy to generate Hb9 -VGIuT2°™ mice. Genetically modified
mice were crossed for two generations to generate Hb9 -VGIuT2°F mice. To produce the
first generation, Hb9::CreER™ was crossed with a mouse strain possessing the knock-in
genes vGIuT28¥1X and Rosa26 ' to produce vGluT21¥* Rosa26 *'* and Hb9::CreER ™
offspring, which was then crossed with vGluT21¥1°* and Rosa26 & YF* mouse to
generate a second generation of 4 genotyping possibilities: triple transgenic Hb9 -

VGIuT2°F, triple transgenic heterozygote and double transgenic wild-types.
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Figure 3.1. Breeding strategy to generate Hb9-VGluT2°FF mice
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Figure 3.2. Treadmill training and recording of gait. (A) Experimental setup of the
treadmill, with imaging from below the transparent belt. (B) Animal’s steps are detected
for all feet and processed for analysis. Each line represents the duration of the foot
touching the belt (stance). The gaps between consecutive lines represents the duration
when the foot is away from the belt (swing). FR: front right, FL: front left, RR: rear right

and RL: rear left. X axis: recording duration (ms).
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Figure 3.2. Treadmill training and recording of gait.
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Figure 3.3. Frequency polygons of locomotor cycle duration. Frequency polygons
outline the variability of the cycle duration per animal for age groups (A) P20s and (B)
P30s. Each curve represents the behaviour of one animal. The frequency of a single event
(i.e. cycle duration) is shown in percentage. Peaks represent the cycle duration at which
maximum number of steps occurred. WT: wild-types, HZ: heterozygotes and Hb9-

VG20OFF: Hb9 -VGIuT2°tF,
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Figure 3.3. Frequency polygons of locomotor cycle duration
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Figure 3.4.Variability of locomotor cycle duration in different age groups. No significant
difference was observed between the experimental groups for variability of locomotor
cycle duration measured in C.V. in age groups (A) P20s, (B) P30s and (C) W10s at
walking, trotting and running speeds. WT: wild-type, HZ: heterozygotes and Hb9-
VG20FF: Hb9 -VGIuT2°F, Each single value represents the intra-individual variability

of one animal. P> 0.05.

55



A)

B)

Q)

C.V. of step cycle duration at P30s C.V. of step cycle duration at P20s

C.V. of step cycle duration at W10s

Low speed Medium speed
0.4 0.3 s
A
0.3 ——
VA 0.2 N
ak
0.2 —pp— a? %
at 0.1
[X]
0.0 0.0 . T
& & & <& &
£ &
o
*
Low speed Medium speed
0.25. 0.25
i
- i
0.20 - 0.20- A
A - £
015 —— % 015] e =
[0 Aaat % N
0.0 . a 0.10: . i
A
0.05. 0.05
0.0 p 0.00. . T
< & o & Iy
& ©
&
Low speed Medium speed
0.25 03
. .
0.20 n
0.15 h) a:— 0.2 —j_—t
0.10 E- E N %
0.1 .
0.05 *
0. T T T
A < o
< A £ &
‘\C’# ‘&o’#

Figure 3.4. Variability of locomotor cycle duration in different age groups
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Figure 3.5. Variability of swing and stance durations. No significant difference was
observed between the experimental groups for (A) swing phase and (B) stance phase
measured in C.V. at walking, trotting and running speeds. WT: wild-type, HZ:
heterozygotes and Hb9-VG2OFF: Hb9 -VGIuT2°FF, Each single value represents the

intra-individual variability of one animal. P> 0.05
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Figure 3.5. Variability of swing and stance durations
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Figure 3.6. Comparing mean and SD values of cycle duration and its components.
Average values of step cycle duration were compared between the experimental groups
regardless of intra-individual variability (A), and variability measured in S.D. (B) showed
no significant difference at all speeds examined. (C) Average values of stance and swing
durations per treadmill speed is plotted against mean values of step cycle duration at the
same speeds (X axis). Average and SD values of stance duration and swing duration
showed no significant difference between the experimental groups. WT: wild-type, HZ:

heterozygotes and Hb9-VG2OFF: Hb9 -VGIuT2°FF, P> 0.05.
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Figure 3.7. Analysis of locomotor speed and right-left alternation. (A) Variability in
locomotor speed is presented as the variability in the distance travelled by hind foot per
unit time of step cycle event (i.e. instantaneous running speed), and measured in C.V.
Right- left alternation is presented as (B) coupling between ipsilateral front and hind feet
(i.e. homolateral coupling) and (C) coupling between the two hind feet (i.e. homologous
coupling) during locomotor cycle. There were no significant differences between the
experimental groups at all speeds examined. WT: wild-type, HZ: heterozygotes and Hb9-

VG20FF: Hb9-VGIuT2°FF, P>0.05.
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Figure 3.7. Analysis of locomotor speed and right-left alternation
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Figure 3.8. Analysis of gait parameters. No significant difference was observed between
the experimental groups for (A) total number of step cycles per duration of locomotor
activity displayed as stride frequency, (B) distance between hind feet during locomotion
displayed as C.V. of rear track width or (C) variability of stride length at all speeds
examined. WT: wild-type, HZ: heterozygotes and Hb9-VG20FF: Hb9 -VGIluT2°FF,

P>0.05.
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Figure 3.8. Analysis of gait parameters
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CHAPTER 4 IDENTIFICATION OF HB9 IN
PROJECTIONS IN THE SPINAL CORD

4.1 SUMMARY

Motor output is controlled by networks of interconnected cells, many of which are
interneurons (INs) that reside within the confines of the spinal cord. Small sized INs that
express the homeodomain protein Hb9, termed “Hb9 INs,” have pacemaker properties
and have been suggested to contribute to locomotor rhythm generation. To get a thorough
understanding of what these INs do, it is important to know the cells in the spinal cord
with which they communicate. Using a combination of genetic, anatomical and imaging
techniques, we identified the regions where Hb9 INs project as well as some of the cells
in the spinal network that receive glutamatergic synapses from Hb9 INs. Clusters of Hb9
IN boutons were observed throughout the spinal cord, concentrated in medial lamina
VIII, lamina IX, and lamina X. Appositions of boutons with few motoneurons (MNs) as
well as Hb9 INs were observed. We also examined appositions with sympathetic
preganglionic neurons (SPNs) but found few. These data provide a map to further study
the projections of Hb9 INs, and suggest that Hb9 INs may be important in modulating the

motor output of specific MN subpopulations.

4.2 INTRODUCTION

Behaviour is produced by neural circuits, which in the spinal cord are comprised

of numerous populations of INs that can drive diverse functional outputs ranging from
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simple reflex actions to more complicated behaviours such as running and swimming.
Among the numerous populations of INs in the spinal cord is a group of small INs (8-10
pum somata diameter) that express the homeodomain protein Hb9 (Hb9 INs, Wilson ef al.,

2005; Hinckley et al., 2005). The role of these neurons in motor behaviour is not known.

The demonstration of pacemaker properties in these neurons led to the suggestion
that they are involved in producing the rhythm of locomotor activity. It is now clear that
Hb9 INs are not the sole pacemakers of locomotion (Kwan et al., 2009; Chapter 3). But
whether they play a role in the timing function of locomotion is not clear (Wilson et al.,

2005; Hinckley et al., 2005; Kwan et al., 2009; Masino et al., 2012; Chapter 3).

Key questions remain about the functional anatomy of Hb9 INs. It has been
demonstrated that these neurons are glutamatergic, expressing the vesicular glutamate
transporter vGluT2, and are located throughout cervical to upper lumbar segments. In 30
pum cross sections, they were found in clusters of two or three INs per cluster in medial
lamina VIII and lamina X (Wilson et al., 2005; Hinckley et al., 2005). Evidence from a
previous study indicated that in the upper lumbar segments, axons of Hb9 INs project
ventrally toward dendrites located between the lateral motor column (LMC) and medial
motor column (MMC; Hinckley et al., 2005). The occurrence of Hb9 IN-MN contacts
was rare, in addition, other studies failed to demonstrate connections with motoneurons
(Wilson et al., 2005). As reviewed by Brownstone and Wilson (2008), the issue of
whether they are premotor or not remains unresolved. Terminals of Hb9 INs were also
observed on the somata and proximal dendrites of neighbouring Hb9 INs (Wilson et al.,
2005; Hinckley et al., 2005), but projections to other spinal neurons have not been
studied.

66



One difficulty in studying the projections of Hb9 INs has been in their
identification. In Hb9::eGFP mice, GFP expression is observed in many interneurons that
do not express Hb9 (Wilson et al., 2005, Hinckley et al., 2005; Hinckley and Ziskind-
Conhaim, 2006; Wilson et al., 2007; Kwan et al., 2009). While they can be identified
anatomically in Hb9-lacZ knock-in animals (Wilson et al., 2005; Wilson et al., 2007;
Kwan et al., 2009), the ability to definitively trace the axons of Hb9 INs in these animals
is limited. In addition, while they can be defined by electrophysiological properties
(Wilson et al., 2005; Hinckley et al., 2005; Masino et al., 2012), tracing intracellularly
filled axons of neurons in reduced preparations has been difficult and has not led to a
definitive answer about their projections. Thus, new models are needed to answer this

question.

In this study, we therefore turned to an inducible Cre recombinase mouse model,
using Hb9::CreER™ mice. We crossed these with Rosa26synaptophysin-Td tomato/t jee that
express the synaptic vesicle glycoprotein synaptophysin fused with the fluorescent
protein Td-tomato after excision of the transcriptional stop sequence flanked by loxP sites
in neurons expressing Cre recombinase. Thus, boutons arising from Hb9 INs can be
visualised after Tamoxifen administration. The Td-tomato positive boutons could be
definitively identified as originating in Hb9 INs because of their co-expression of
vGluT2. We demonstrated the spinal cord regions where Hb9 IN axons terminate and
examined appositions with other neuronal types. Results showed clusters of Hb9 IN
boutons throughout the rostro-caudal extent of the spinal cord, even in the lower lumbar
and sacral segments that are devoid of Hb9 INs. In upper lumbar segments, bouton

clusters were most abundant in medial lamina VIII, lamina IX, and lamina X. The
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projection of Hb9 INs to ventromedial locations of the upper lumbar segments may

suggest possible roles of Hb9 INs in the spinal circuits.

4.3 METHODS

431 Animals

Hb9::CreER™ mice were crossed with mice possessing the knock-in gene
Rosa26-synaptophysin Td tomato* ( A§34Ty) purchased from Jackson laboratory (Maine).
Administration of Tamoxifen to the offspring resulted in CreER activation in cells
expressing the homeobox gene HB9 (Chapter 2). Cre recombinase acts to excise the
transcriptional stop sequence in the Rosa26 gene leading to the expression of the fusion
protein synaptophysin-Td tomato, concentrated in the terminals of Hb9 expressing cells
(i.e. conditional expression; reviewed by Sauer, 1998). All mice were of C57BL/6J
background and were used in the experiments regardless of sex. Spinal cords were
extracted from animals at postnatal days 25-27 to look at the distribution of boutons.
Experimental procedures were approved by the University Committee on Laboratory

Animals and were in accordance with the Canadian Council on Animal Care guidelines.

4.3.2 Preparation and administration of Tamoxifen

To prepare a stock of 20 mg/ml, 100 mg Tamoxifen (T5648-1G) was warmed in

400 pl of 100% ethanol at 37° C for 5 minutes followed by dilution in 5 ml sunflower oil
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(w530285). The solution was incubated at 37°C > 1 hour; vigorous shaking was required
during incubation to dissolve Tamoxifen. Aliquots of 1-2 ml of Tamoxifen solution were
stored at -20° C and warmed up to 37° C prior to injection. Mice were injected between
postnatal day 5 and 7 (P5-7) with a dose of 0.1- 0.2 ml of Tamoxifen solution. Injection
was performed subcutaneously into the dorsal fat pad on the back of the neck using a 30
G needle. It was notable that the actual absorbed dose of Tamoxifen was variable and less
than the dose injected due to post injection leakage at the injection site. Pups were
transferred to a clean cage during the injection session (approximately 30 minutes) and
were injected by separate needles to avoid inter-individual infection. They were left in the
cage for few minutes to allow leakage of excess Tamoxifen through the injection site

before returning to their home cage to recover and be nursed.

4.3.3 Perfusion and tissue preparation

4.3.3.1 Perfusion

Before perfusion, mice were injected intraperitoneally (IP) with approximately
0.1 ml of anaesthetic solution (3 ml Ketamine HCI, 1.88 ml Xylocaine, and 5.12 ml saline
per 10 ml solution). The effect of anaesthesia was confirmed by the disappearance of
hind feet reflexes. The heart was then exposed by cutting along both sides of the ribs to
allow insertion of a butterfly needle in the apex of the left ventricle, and a small incision
was made in the right atrium to ensure that the administrated solutions would flow
through the entire cardiovascular system. First, Ringer’s solution (containing 0.5 %

Xylocaine) was administrated to clear the blood. Success of this step was determined by
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visual cues such as change in the color of the liver from dark red to yellowish brown, and
leaking of ringer’s solution from the tail vein. This was followed by administration of
approximately 200 ml of a 4% paraformaldehyde (PFA) solution in 0.2M PB. Following
perfusion, the spinal cords were extracted, cleaned from meninges, and post fixed in PFA
at 4°C overnight, then transferred to a 30 % sucrose solution for 24-48 hours before

sectioning.

4.3.3.2 Sectioning

Two different methods were used:

1) Spinal cords blocks were frozen in agarose gel and mounted on the vibratome
cutting stage using super glue and 4% agar block for support. 50-60 pm floating sections
were collected in a rostral to caudal order in 0.1 M PB solution at 2° C and stored in glass
vials specified for the position from which the sections were collected. Sections were
processed for immunohistochemistry on the same day or stored in glycerol at -20°C for

later use.

2) Spinal cords were quick frozen in optimal cutting temperature compound
(OCT) and stored in -80°C before sectioning with cryostat at 50 um. Sections were
collected individually and flattened on microscope slides, then allowed to air dry for 20
minutes. Slides were processed for immunohistochemistry on the same day or kept at

-20°C for later use.
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4.3.4 Immunohistochemistry

Two different methods were used:

1) Floating sections were washed in PBS for 10 minutes before incubation in 50%
ethanol to enhance antibody (Ab) penetration. After 30 minutes of ethanol incubation,
sections were washed with double salt PBS (dsPBS) 3 x 10 minutes and transferred to
blocking solution containing 10% donkey serum in 0.3 M Triton X and PBS solution
(PBST) for 30 minutes at RT to block any non-specific staining. Tissues were quickly
transferred to primary antibody solution and incubated for 48-72 hours at 4° C. The
primary antibodies used in this study were diluted in a solution containing 1% donkey
serum and PBST (Primary Abs: mouse anti -vGIuT2 at 1:1000 and rabbit anti-dsRed at
1:2000 for all experiments except identification of boutons apposing SPNs. Guinea pig
anti -vGluT?2 at 1:1000, rabbit anti-dsRed at 1:500, goat anti-ChAT at 1:50 and mouse
anti nNOS at 1:100 for identification of boutons apposing SPNs). After incubation in
primary antibody solution, sections were washed in dsPBS 3 x 10 minutes and transferred
to secondary antibody solution to be incubated overnight at 4°C. Secondary antibodies
were diluted in a solution containing 1% donkey serum and PBST (Secondary Abs:
Alexa 488 anti-mouse IgG at 1:400 and Alexa 546 anti-rabbit IgG at 1:400 for all
experiments except identification of boutons apposing SPNs. Alexa 488 anti-guinea pig
IgG 1:500, Rhodamine red X anti-Rabbit IgG 1:100, DL 405 anti-goat IgG 1:500 and
Cy5 anti-mouse IgG 1:500 for identification of boutons apposing SPNs). Finally sections
were washed in PBS 1 x 10 minutes and mounted on a microscope slide using a fine tip
brush. Sections were mounted using Vectashield mounting medium (Vector laboratories,

Burlingame, CA) to enhance fluorescence and minimize fading.
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2) Frozen sections were warmed for 5 minutes in RT to remove excess OCT.
Sections were segregated using PAP pen and were blocked in immunofluorescence buffer
(IF) blocking solution for 1 hour at RT followed by incubation in primary antibody
solution diluted in IF blocking solution overnight at 4° C. After incubation, sections were
washed in IF blocking solution 3 x 5 minutes at RT before incubation in secondary
antibody solution diluted in IF blocking solution for 1 hour at RT. Finally, sections were
washed 3 x 5 minutes with PBS and mounted with Vectashield mounting medium

(Vector laboratories, Burlingame, CA) to enhance fluorescence and reduce fading.

4.3.5 Image acquisition

Confocal images (40x, 63x and 100x) were acquired with a Zeiss LSM 710 -
Laser Scanning Confocal Microscope that includes Argon, HeNe and red diode lasers.
Images were captured either as 2D snapshots or 3D z-stacks up to approximately 30 pum
in thickness. To confirm the validity of the boutons detected in the XY axes, an interval
of 0.4-0.6 pm was set between the optical sections in the z stack in order to accurately
detect each bouton in more than one optical section in the Z axis (Fogarty et al., 2013).
Tiling was used to simultaneously obtain a higher resolution and a larger area of the
section of interest. To stitch the tiles together, 5% overlap area was set between
neighbouring tiles. The fluorescent intensity of the overlapping area changed from one
tile to the next due to photo-bleaching. For this reason, the correlation coefficient of
fluorescent intensity was set to 0.7-0.95. Although the tiles were successfully stitched,

reduced signal was observable along the overlapping region due to repetitive scanning.
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4.3.6 Image analysis

4.3.6.1 Detection of Hb9 IN boutons and neuronal surfaces

To identify the regions where axons terminate, z-stack confocal images were
processed in IMARIS 7.6.5 software (Bitplane, Oxford Instruments, CT, USA). Colour
parameters (i.e. brightness, contrast, and gamma) were adjusted for each fluorescent
channel to facilitate differentiation between fluorescent puncta to be included in the
analysis and identification of false positive objects. The spot function was used to convert
the fluorescent puncta into artificial spots that could then be processed for further
analysis (Fogarty et al., 2013). For both Hb9-Syn-Td tom positive and vGluT2 positive
boutons, the diameter of the puncta was 1 pm in the X and Y axes and 2 pum in the Z axis
due to point spread function. The fluorescent intensity threshold required to convert a
bouton to a spot was set manually. The newly created spots in the two channels were
processed for colocalization analysis (threshold for the distance between the spots centers
< 0.6 um), and new color channels were created to represent the colocalized boutons. FIJI
was then used to create two maximum intensity projection (MIP) images; one from the
original confocal image and the other from the colocalized boutons (i.e. spots) of the
same image. The original confocal image was used as a guide to manually draw the
landmarks of the spinal cord cross section (e.g. laminae, central canal and Clarke’s
column) using Adobe image illustrator CS5.1. These landmarks were used to identify the
regions of the colocalized boutons and were identified using Allen institute spinal cord
map (Website: ©2012 Allen Institute for Brain Science. Allen Spinal Cord Atlas

[Internet]. Available from: http://mousespinal.brain-map.org/) and Todd et al. (2003). To
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detect boutons that synapse on the soma and proximal dendrites of specific neurons, an
artificial surface based on the fluorescent signal was created in IMARIS to mimic the

actual neuronal surface.

4.3.6.2 Bouton density mapping

All upper lumbar sections examined were from L1 due to the importance of this
segment in the initiation of locomotor rhythm (Kiehn and Kjaerulff, 1998; Brownstone
and Wilson, 2008). Image J 1.49b was used to align laminae of multiple sections to the
corresponding laminae in a template L1 image. The resulting image was adjusted in
Adobe Photoshop CS5 to create a 2D image that represented the sum distribution of
boutons in multiple L1 cross sections (Figure 4.1). The resulting image was processed in
IMARIS to evaluate the positions of the boutons in XY coordinates and to produce a data
sheet of the XY values which was used to generate density distribution map of the bouton
clusters using the two dimensional kernel density estimation (kde2d) function and

RColorBrewer function in R 3.1.1 software (Venables and Ripley, 2002).

4.3.6.3 Quantitative analysis of boutons

In this study we quantified the number of boutons in lamina IX (MMC versus
LMC), and the number of boutons in lamina X (dorsal and ventral to the central canal).

To visualize individual Hb9 IN boutons, we chose 100X objective magnification to
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capture confocal images in z stacks as described above. Boutons were converted into
artificial spots in IMARIS 7.6.5 software (Bitplane, Oxford Instruments, CT, USA), and
processed in FIJI to obtain a 2D MIP image of the boutons detected in the 3D z-stack
(Figure 4.5.) The region of interest was edited in Adobe Photoshop, and then processed
in IMARIS to obtain a numerical value for each bouton (i.e. spots) in the XY axes. By
knowing the position of the boutons relative to region of interest, we were able to
segregate between the boutons that were detected, for example, dorsal to the central canal
and those detected ventral to the central canal. We were able to estimate the number of
boutons per 1000 um? by counting the number of boutons per total volume using the

following equation:
Number of boutons per 10° um’= (Total number of boutons/ Total volume in pm?) X 10°

To quantify the number of boutons in the MMC versus the LMC, we manually created a
surface that represented the total area of the MMC and LMC using IMARIS. By counting
the number of boutons per total area, we were able to differentiate between the densities

of boutons in the MMC versus LMC.

4.4 RESULTS

4.4.1 Assessment of spinal cord regions where Hb9 IN axons
terminate

Knowing where in the spinal cord Hb9 INs axons terminate is necessary to
provide a first approximation of which cells Hb9 INs communicate with, which may
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suggest what their function might be. The expression of vGluT2 and Td-tomato in Hb9
IN boutons allowed us to visualize the boutons throughout the rostrocaudal axis of the
spinal cord in the cervical, thoracic, lower lumbar and sacral segments (Figure 4.2.)
suggesting that Hb9 INs project caudally and inter-segmentally. Focusing on upper
lumbar segment L1, density distribution maps of bouton clusters are displayed for three
animals (Figure 4.3.; n=3 sections/animal). Summation of the bouton clusters distribution
in the three animals by lumping the sections from L1 (Figure 4.1.) was then used as a
reference to examine the regions of interest in more details (Figure 4.4.). The density
distribution map showed clusters of Hb9 IN boutons mainly in the ventral half of the L1
segment. Dense clusters (i.e. hot spots) were observed in lamina X ventral to the central

canal, and the medial motoneuron column (MMC) of lamina I[X.

4.4.2 Assessment of the number of boutons in regions of interest

To confirm the distribution of boutons in hot spots compared to neighbouring
regions, we counted the number of Hb9 IN boutons in lamina X of L1 segment, where
hot spots were observed in the region ventral to the central canal (Figure 4.5.). Intra-
individual variability in three animals showed an average number of 0.290 + 0.102, 0.317
+0.099 and 0.148 + 0.014 boutons per 1000 um? in the region dorsal to the central canal
compared to 0.533 £ 0.205, 0.459 + 0.113 and 0.254 £ 0.034 boutons per 1000 um? in the
region ventral to the central canal (Figure 4.6. ; n=3 sections/animal). Despite that animal
3 had lower numbers compared to animal 1 and animal 2 (likely due to variability in

sectioning and immunohistochemistry procedures), ratios of dorsal to ventral bouton
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counts were similar: 1:1.79, 1:1.42 and 1:1.73 for animal 1, 2 and 3 respectively. In
addition, higher counts of boutons were observed in MMC compared to LMC (Table
4.1). Thus, relatively higher count of boutons in hot spots compared to neighbouring

regions confirmed the results revealed by density distribution maps.

4.4.3 Identification of cells that receive synapses from Hb9 INs

We next focused on whether Hb9 INs send their projections to MNs. The
expression of the fusion protein synaptophysin-Td-tomato in Hb9 expressing somata as
well as boutons allowed the study of Hb9 IN terminals contacting somata and proximal
dendrites of MNs. Appositions were observed in MMC and in LMC (Figure 4.74).
Although Hb9 IN-MN appositions were not frequent, their occurrence was relatively
higher in MMC compared to LMC (Figure 4.7B). In lamina IX, Hb9 IN boutons not
apposing the soma or proximal dendrites of MNs were more frequent than boutons

apposing the soma and proximal dendrites in both LMC and MMC (Figure 4.74-B).

Given the abundance of Hb9 INs boutons in lamina X, we next investigated
whether Hb9 INs terminals contacted Hb9 INs and SPNs of the intermediomedial (IMM)
column. We found Hb9 IN boutons in apposition to soma and proximal dendrites of Hb9
INs (Figure 4.8.), but observed few contacts on SPNs of the IMM column in upper

lumbar (Figure 4.94-B), and lower cervical (Figure 4.9C) spinal cord segments.
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4.5 DISCUSSION

The primary goal of this study was to determine the spinal cord regions to which
Hb9 INs project. We demonstrated that although Hb9 INs are confined to spinal cord
segments above L3 (Wilson et al., 2005; Hinckley et al., 2005), their axons project to all
spinal cord segments, including lower lumbar and sacral segments. We also demonstrated
clusters of Hb9 IN boutons in the upper lumbar segments specifically in medial lamina
VIII, lamina IX and ventral lamina X. Thus, identifying the distribution of Hb9 IN
boutons provided us with a first approximation of which neurons in the spinal cord Hb9

INs might be communicating.

Although it has previously been demonstrated that axons of Hb9 INs may project
locally (Hinckley ef al., 2005), the presence of clusters of Hb9 IN boutons in the lower
lumbar and sacral segments demonstrates that these INs extend their axons caudally, and
to segments distant to their soma. We focused on the projection of Hb9 INs boutons in
the upper lumbar segments (specifically L1 segment) due to the importance of these
segments in the initiation, generation, and modulation of hind limb locomotor output
(Cowley and Schmidt, 1997; Kiehn and Kjaerulff, 1998; Cazalets ef al., 1998 Marcoux
and Rossignol, 2000). Axon terminals were detected in various regions of the L1
segment, but preferentially clustered in medial lamina VIII, lamina IX, and ventral
lamina X. The abundance of Hb9 IN terminals in the ventral region of L1 segments

suggests their involvement in motor circuits such as locomotor CPGs.
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In motoneuron pools, our results show that there is greater clustering of Hb9 IN
boutons in the MMC compared to the LMC. Moreover, in collaboration with Andrew
Todd (Glasgow, Scotland), electron microscopy confirmed that Hb9 IN excitatory
synapses were observed on the soma and proximal dendrites of MNs located in the
MMC. Nonetheless, these synapses were rare in terms of their quantity per single MN
(soma and proximal dendrites) as well as the overall number of MNs that receive them
(AJ Todd, personal communication). These findings are consistent with Hinckley ef al.
(2005), who showed apposition of an Hb9 IN terminal on a proximal dendrite of a MN.

The effect of Hb9 INs projection to MNs is yet to be known.

Models of mammalian locomotor central pattern generators (CPGs) often
consider two “layers”: a rhythm generating layer and a pattern forming layer (Rybak et
al., 2006). This suggests that thythm generating INs need not form monosynaptic
contacts on MNs but rather on pattern forming cells, which use the original rhythmic
discharge to pattern appropriate signals to MNs (Rybak et al., 2006; Brownstone and
Wilson, 2008; Griener et al., 2013). Whether the rarity of synapses on the somata and
proximal dendrites of MNs indicates that Hb9 INs belong to the rhythm generation layer

is not yet clear.

The clusters of boutons in lamina IX that do not appear to form synapses with
MN somata and proximal dendrites might be synapsing on the distal dendrites of MNs or
other, unidentified premotor INs. Another possibility is that since the dendrites of Hb9
INs extends more than 200 um in the dorsal as well as the ventral direction (Hinckley ef
al., 2005), Hb9 INs might be synapsing on their own ventrally projecting dendrites to

Initiate recurrent excitation. Moreover, Hb9 IN boutons in lamina X were found to form
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synapses on somata and proximal dendrites of Hb9 INs, suggesting recurrent synaptic
excitation between Hb9 INs. These results agree with previous findings that showed
contacts of Hb9 INs on neighbouring Hb9 IN somata using the Hb9::eGFP mouse model

(Wilson et al., 2005; Hinckley et al., 2005).

We also investigated Hb9 IN synapses with SPNs in the IMM column. We
observed very few clear contacts of Hb9 IN boutons on somata or proximal dendrites of
SPNs in lower cervical and upper lumbar segments. The location of Hb9 INs in or near
the central autonomic area region (Wilson et al., 2005), not far from pre-sympathetic INs
(Deuchars et al., 2005), suggested possible involvement with the autonomic system. But
the rarity of direct projections of Hb9 INs to SPNs does not support this hypothesis.
Although Hb9 INs are unlikely to provide direct input to SPNs, the abundance of their
boutons in the central autonomic area does not exclude that they project to pre-

sympathetic INs in this area.

In summary, identifying the regions where Hb9 INs terminate provided a map to

examine the specific cell types with which Hb9 INs communicate. Knowing the target

neurons of Hb9 INs will provide further insight into their function.
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Table 4.1. Number of Hb9 IN boutons per 500 pm? in MMC and LMC of L1 segment

ID Section # MMC LMC MMC:LMC Ratio
Animal 1 1 0.041 0.038 1.08:1
2 0.06 0.063 0.95:1
Animal 2 1 0.039 0.011 3.55:1
0.043 0.051 0.84:1
3 0.059 0.015 3.93:1
Animal 3 1 0.011 0.008 1.38:1
2 0.023 0.018 1.28:1
Avg values for animal 1 0.05 0.05 1:1
Avg values for animal 2 0.047 0.026 1.81:1
Avg values for animal 3 0.017 0.013 1.31:1
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Figure 4.1 Basic steps for identifying Hb9 IN boutons in spinal cord. (A) Converting
fluorescent boutons (vGIuT2 in green and synaptophysin-Td-tomato in red) to artificial
spots in IMARIS (steps 1-2), followed by converting the image from 3D to 2D MIP
image in FIJI (step 3) to facilitate drawing the contours of the spinal cord segment using
Adobe illustrator (step 4). Step 5 is aligning multiple sections of the same segment from
one animal or multiple animals, one lamina at a time, using image J. And finally (step 6)
using Adobe Photoshop to combine all the regions together with reference to a template
image of the spinal cord segment of interest. (B) Topological organization of the laminae
in the upper lumbar spinal cord cross section. CC: central canal, IML: intermediolateral

cell column, MMC: medial motoneuron column, and LMC: lateral motoneuron column.
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Figure 4.1. Basic steps for identifying Hb9 INs boutons in the spinal cord
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Figure 4.2. Projection of Hb9 INs throughout the rostrocaudal axis of the spinal cord.
Hb9 INs projections represented by the colocalization of Td-tomato (red) and vGluT2
(green) are observed in (A) cervical, (B) thoracic, (C) lumbar and (D) Sacral segments of

the spinal cord and shown as yellow puncta (right). Scale bars: 50 pm
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Figure 4.2. Projection of Hb9 INs throughout the rostrocaudal axis of the spinal cord
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Figure 4.3 Density distribution maps of bouton clusters in spinal cord segment L1 of
three animals. Kde2d performed on Hb9 IN boutons in L1 segment by lumping multiple
sections from L1 segment (n=3 sections). Hot spots (high bouton density) are localized in
MMC of lamina IX and ventral lamina X in animal 1 (A), medial lamina VII, medial
lamina VIII, MMC of lamina IX and ventral lamina X in animal 2 (B), and medial lamina
VIII, MMC and LMC of lamina IX in animal 3 (C). Numbers on the color bar represent
average bouton density per pm? in an approximately 30pum thick section. Refer to Figure

4.1B for the designation of laminae.
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Figure 4.3. Density distribution maps of bouton clusters in spinal cord segment L1 of three

animals
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Figure 4.4. Distribution of Hb9 IN bouton clusters in spinal cord segment L1. Lumping
density distribution maps of multiple animals resulted in a density distribution map that
defines the regions where Hb9 IN boutons are most likely to occur in L1 segment of all
animals. The highest chances to find Hb9 IN boutons are in the hot spots. Hot spots are
located in MMC and lamina X and with a less density in medial lamina VIII and LMC.
Numbers on the color bar represent average bouton density per um? in an approximately

30um thick section. Refer to Figure 4.1B for the designation of laminae.
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Figure 4.4. Distribution of Hb9 IN bouton clusters in spinal cord segment L1
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Figure 4.5. Basic steps for quantifying Hb9 INs boutons in spinal cord. (A) 3D
fluorescent boutons (expressing vGluT2 in green and synaptophysin-Td-tomato in red)
are converted to artificial spots in IMARIS, followed by conversion to a 2D MIP image
in FIJI (step 2). The 2D MIP image was then processed again in IMARIS to obtain a co-
ordinate value for each bouton (step 3), by knowing the value in the Y axis that
corresponds to the central canal (CC) midline, boutons were readily segregated into those
that are dorsal to the CC vs those that are ventral to the CC. By counting the total number
of boutons per total volume of the region dorsal to the CC (Step 4), for example, we were
able to obtain the number of boutons per 1 pm?>. Multiplying this value by 1000 allowed
us to obtain a normalized value for the number of boutons per 1000 um?. Value of the Z

component of the total volume is known from the z stack thickness. Blue oval represents

CC.
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Figure 4.6. Basic steps for quantifying Hb9 INs boutons in spinal cord.
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Figure 4.6. Bouton count in hotspots versus neighbouring regions. Average and SD of
the number of Hb9 IN boutons per 1000 pm? in the region dorsal to the central canal
(gray) compared to the region ventral to the central canal (blue) of lamina X in 3 different
animals. Animal 1 and 2: floating sections, animal 3: cryostat sections. Refer to Figure

4.1B for the designation of laminae.
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Figure 4.7. Bouton count in hotspots versus neighbouring regions
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Figure 4.7. Projection of Hb9 INs to somata and proximal dendrites of MNs in the upper
lumbar segments. (A) Maximum intensity projection image of the ventral most region of
approximately 10 um thick upper lumbar segment section showing MNs (expressing
synaptophysin-Td-tomato) that received contacts from Hb9 INs projections (expressing
synaptophysin-Td-tomato and vGluT2), and a fraction of MNs that did not receive any
Hb9 IN contacts. Hb9 IN boutons shown as yellow puncta are distributed in laminae VIII
and [X (MMC and LMC). Hb9 INs projections on MNs surfaces are within yellow. One
MMC MN receives extensive Hb9 IN contacts (green box) and is magnified in (B).
Boutons (arrowheads) contact soma and proximal dendrite of the same neuron at different
optical sections in the Z axis (Bi) and (Bii). Refer to Figure 4.1B for the designation of

laminae. Scale bar: 10 um for A and B.
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Figure 4.8. Projection of Hb9 INs to somata and proximal dendrites of MNs in the

upper lumbar segments
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Figure 4.8. Projection of Hb9 INs to somata and proximal dendrites of Hb9 INs in the
upper lumbar segments. (A) Maximum intensity projection image of approximately 10
um thick section of the region near the central canal (lamina X) displays the surfaces of
two Hb9 INs (expressing synaptophysin-Td-tomato) and Hb9 IN boutons (expressing
synaptophysin-Td-tomato and vGluT2) as yellow puncta. Hb9 IN boutons projecting to
Hb9 INs surfaces are within yellow. Hb9 IN boutons (arrowheads) contacting the surface
of the Hb9 IN on the left hand side (Bi), and the surface of the Hb9 IN on the right hand
side (Bii). Refer to Figure 4.1B for the designation of laminae. Scale bar: 5 um for A and

B.
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Figure 4.9. Projection of Hb9 INs to somata and proximal dendrites of Hb9 INs in

the upper lumbar segments
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Figure 4.9. Appositions of Hb9 INs on somata and proximal dendrites of SPNs in the
upper lumbar and lower cervical segments. Artificial surfaces (in Magenta) and spots in
(green and red) were created to represent the SPNs and Hb9 INs boutons respectively and
facilitate their detection. Appositions of Hb9 INs (expressing synaptophysin-Td-tomato
in red and vGluT?2 in green) on somata and proximal dendrites of SPNs (expressing
nNOS in white and ChAT in blue) were rare. For example, in the upper lumbar segments
(A) and (B), only one apposition of Hb9 INs was observed per SPN soma on few SPNs
(arrowheads). No appositions were observed on SPNs of the central autonomic area in the
lower cervical segment (C). Refer to Figure 4.1B for the designation of laminae. Dashed

oval represent central canal. Scale bars: 10 um for A, 5 pm for B and 20 pm for C.
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Figure 4.10. Appositions of Hb9 INs on somata and proximal dendrites of SPNs in the upper

lumbar and lower cervical segments
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CHAPTER 5 DISCUSSION

5.1 SUMMARY

The objective of this thesis was to study the effect of glutamatergic transmission
by Hb9 INs on locomotor behaviour and to anatomically identify the regions where they
project in the spinal cord. In Chapter 2, we introduced a new mouse model in which
expression of CreER™ is specific to Hb9 expressing cells, and proved successful
recombination upon conditional activation of CreER. In Chapter 3, we tested the effect of
conditional silencing of chemical transmission by Hb9 INs on treadmill locomotion. We
tested locomotor variability and various gait parameters but did not observe significant
differences between Hb9-VGIuT2°F, heterozygote, and wild-type littermate mice.
Finally, in Chapter 4, we introduced a map of axonal projections of Hb9 INs and found
that they terminate throughout the rostrocaudal axis of the spinal cord. We focused on the
projections that terminate in the upper lumbar segments due to the importance of these
segments in initiating locomotor rhythm and in modulating the locomotor pattern of hind
limbs. We observed high density clustering of Hb9 IN boutons in medial lamina VIII,
lamina IX and ventral lamina X. Looking at specific populations of neurons located in
the regions of clustering, we found appositions on soma and proximal dendrites of Hb9
INs as well as on selective MNs in the MMC. We found rare appositions with SPNs in

upper lumbar and lower cervical segments.

Collectively, these results validate the efficacy of the Hb9::CreER™ mouse model

in manipulating the expression and excision of target genes specifically in Hb9 INs.

ZOFF

Examining locomotor behaviour of Hb9-VGIuT mice suggested that glutamatergic
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transmission by Hb9 INs is not critical in generating the rthythm or in modulating the
pattern of locomotion at low, moderate or high locomotor speeds. Nonetheless, synaptic
contacts formed by Hb9 INs on selective MN pools in the MMC suggests that they might
be involved in the motor output to specific axial muscle groups. In addition, our results
and others (Wilson et al., 2005; Hinckley ef al., 2005) that show appositions with somata
and proximal dendrites of Hb9 INs suggest the occurrence of recurrent excitation in Hb9
INs. We will discuss the relevance of this thesis work to the field of motor control and
explore future directions towards understanding the spinal control of locomotor

behaviour.

5.2 GENERAL DISCUSSION

The use of the newly introduced Hb9::CreER ™ mouse model in this study allowed
expression/excision of selective genes in Hb9 INs (Chapter 2). We were able to
specifically target Hb9 expressing cells, which has proven difficult in the Hb9::eGFP
mice used in previous studies due to ectopic expression of GFP in Hb9 negative cells
(Wilson et al., 2005; Hinckley et al., 2005; Kwan et al., 2009). Furthermore, we
demonstrated that the use of Hb9“™mice did not restrict expression of reporter proteins
to Hb9 expressing neurons (Chapter 2). Thus, identification of Hb9 INs in those mouse
models required additional steps, such as confirmation of morphology and
electrophysiological properties (Wilson et al., 2005; Hinckley et al., 2005; Kwan et al.,

2009).
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By crossing Hb9::CreER™ with vGluT2%8¥1* mice, we generated an inducible
mouse model that lacks vGluT2 in Hb9 INs (Hb9-VGIluT2°FF). This allowed us to study
the effects of silencing glutamatergic transmission by Hb9 INs on locomotor behaviour
(Chapter 3). No significant difference was observed in treadmill locomotor variability or
in locomotor pattern when compared to heterozygotes and wild-type littermates at low,
moderate and high speeds, suggesting that the absence of glutamatergic transmission by
Hb9 INs did not affect the rhythmic nature of treadmill locomotor pattern at any of the
speeds examined. Previous studies have shown that Hb9 INs fulfill many anatomical and
electrophysiological characteristics required for rhythm generators (Wilson ef al., 2005;
Hinckley et al., 2005; Brownstone and Wilson, 2008; Kwan et al., 2009; Masino et al.,
2012). But Kwan et al. (2009), showed that the onset of firing in ventral roots preceded
that of the Hb9 INs, suggesting they are not the sole pacemakers of locomotion. We
sought to determine whether they play any role in locomotor rhythmogenesis, and thus
first sought to eliminate their chemical transmission. As this had no discernible effect on
locomotion, we suggest that they do not play a significant role. However, it is possible
that they play a role through non-glutamatergic transmission, such as through electrical
synapses (Hinckley and Ziskind-Conhaim et al., 2006; Wilson et al., 2007). It is also
possible that there was compensation between the times of activating CreER at postnatal
days 5-7, and the time during which locomotor experiments took place at postnatal days
23-37, although no obvious effect was noted during this interval on their behaviour in
cages. Another possibility is that glutamatergic transmission by Hb9 INs control the
locomotor output of types of locomotion different from those tested, such as those that

require the activation of different muscle groups, such as axial muscles (Schilling, 2011;
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Horner and Jayne, 2014; Bagnall et al., 2014). To get a further understanding of possible
roles of Hb9 INs, we sought to study their projections throughout the spinal cord and to

identify neuronal subpopulations that are postsynaptic to Hb9 INs (Chapter 4).

By crossing of Hb9::CreER™ mice with Rosa26™-synaptophysin-Td tomato* ' vy, e
generated mice that express Td-tomato specifically in the boutons of Hb9 expressing
cells. We then studied the projections of Hb9 INs by looking at Td-tomato
positive/vGIuT2 positive terminals to create a map by which we can gain insight into the
role of glutamatergic transmission by Hb9 INs (Chapter 4). Observing high density
clusters in ventral lamina X, medial lamina VIII and medial lamina IX of upper lumbar
segments indicated that Hb9 INs synapse on neuronal subpopulations located in these
regions. We studied appositions on MNs, Hb9 INs and SPNs of the IMM column.
Interestingly, preliminary data indicate that only some MNs in the MMC were
postsynaptic to Hb9 INs as confirmed using electron microscopy in collaboration with the
Todd lab (Glasgow, Scotland). The fact that these synapses are few and selective to
specific MN subpopulations, questions the significance of these synapses on overall

locomotor behaviour.

We also found appositions with the soma and proximal dendrites of Hb9 INs
which extends previous findings that investigated GFP/vGIluT2 colocalization using the

Hb9::eGFP mouse model (Wilson et al., 2005; Hinckley et al., 2005). This result

suggests that Hb9 INs form recurrent synapses to initiate mutual or self-excitation.

Lastly, we examined appositions with SPNs in the IMM of upper lumbar as well

as lower cervical segments, but found few. The projection of Hb9 INs to the central

103



autonomic area as well as their presence in this area (Wilson et al., 2005; Deuchars,
2007), suggested that Hb9 INs could be pre-sympathetic INs. However, we found that
there were rare appositions with SPNs, indicating that Hb9 INs do not provide significant
direct sympathetic input. Another possibility is that they may be modulating sympathetic
outflow via a disynaptic pathway by forming synaptic contacts on pre-sympathetic INs
(Deuchars et al., 2005). Thus, the role of Hb9 INs on the sympathetic outflow requires

investigation.

In this thesis, we showed that glutamatergic transmission by Hb9 INs is not
critical for treadmill locomotion. We also provided an axon terminal map and identified
some neuronal subpopulations post-synaptic to Hb9 INs. Future research in identifying
neuronal subpopulations located in the hot spots of these maps could provide more

insight to the function of chemical transmission by Hb9 INs.

5.3 COMMENTS ON FUTURE RESEARCH OF HB9Y INS

We have answered an outstanding question regarding locomotor rhythmogenesis
by demonstrating that glutamatergic transmission by Hb9 INs had no discernible effect
on locomotor behaviour. Furthermore, we provided a density distribution map of axonal
terminals of Hb9 INs. Nevertheless, the role of Hb9 INs in spinal cord function remains

to be determined.

Studying the locomotor output in an isolated spinal cord preparation after

silencing glutamatergic transmission by Hb9 INs may provide answers to the effect of
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these INs on core spinal networks. In vitro spinal cord preparations provide a way to
study spinal networks in isolation of descending and sensory inputs (Chizh et al., 1998;
Jiang et al., 1999; Whelan et al., 2000; Hinckley et al., 2005; Kwan et al., 2009;

Brownstone et al., 2011)

One possibility to be explored is that Hb9 INs may be contributing to rhythm
generation through electrical synapses (Wilson et al., 2007; Hinckley and Ziskind-
Conhaim, 2006; Sieling et al., 2014). Studying the effect of silencing electrical coupling
involving Hb9 INs on locomotor behaviour will provide an answer to whether these INs
contribute to locomotor rhythmogenesis via other means of synapses. This could be done
using a similar strategy as in this thesis, by crossing Hb9::CreER™ with Cx361°¥1°% mice
to silence the electrical transmission by Hb9 INs (Wellershaus ef al., 2008; Campbell et

al,, 2011).

Studying axonal projections of Hb9 INs revealed synaptic contacts on specific
MN subpopulations in the MMC. The rarity of synapses on the soma and proximal
dendrites of MNs raises two questions: 1) Are synapses between Hb9 INs and MNs
significant? And 2) why Hb9 INs/MNs synapses seem to preferentially target specific
MNs in the MMC? Stimulating Hb9 INs and recording from postsynaptic MNs using
electrophysiological techniques and Ca®" imaging may provide an answer as to whether
the effects of these synapses are significant. On the other hand, injecting retrograde rabies
virus in various muscles to identify the specific MNs post synaptic to Hb9 INs, and
knowing the role of these muscles in locomotion, may add specificity to the identity of
the MNs targeted (Stepien et al., 2010). The presence of synapses on specific MMC MN

pools suggests that Hb9 INs manipulate specific axial muscles. Behavioural tests on
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forms of locomotion that involve the axial muscles, such as swimming, by observing the
overall behaviour and/or recording the activity from axial muscles after silencing
glutamatergic transmission by Hb9 INs using EMG, may reveal whether Hb9 INs are
indeed involved in different forms of locomotion. Thus, the effect of projections of Hb9

INs to MNs is yet to be demonstrated.

This work provides a basis for future studies aimed to identify the roles of Hb9
INs, as well as an approach towards the study of spinal INs that may be involved in
locomotion. In addition, we have provided a method to facilitate the identification of the

post-synaptic targets of genetically definable spinal neurons.
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