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ABSTRACT

Mammalian locomotion is controlled by a specialized neural network, known as the
locomotor central pattern generator (CPG), which is situated entirely within the ventral spinal
cord. A number of studies completed over the past two decades have indicated that this neural
network is comprised of interneurons that can be categorized into populations based on the
combinatorial expression of transcription factors throughout development. This thesis focuses on
one such genetically defined population, the WTI-expressing cells, which are located in the
ventral spinal cord postnatally. Here I characterize these neurons and investigate their role
during fictive locomotion in the neonatal mouse spinal cord. In the first part of the thesis, I
describe an upright in vitro spinal cord preparation that we developed which enables recordings
to be made from WTI-expressing interneurons while keeping the core components of the
locomotor CPG intact. In the second part of the thesis, I use this preparation to record from
WT1+ cells and demonstrate that they are an inhibitory interneuronal population, which
primarily project commissural axons, and are involved in regulating left-right alternation during
fictive locomotion. In the final part of the thesis, I use a viral tracing approach to identify
upstream synaptic partners of these neurons in order to provide insight into the network structure
of the locomotor CPG. Taken together the data presented in this thesis provides key information

regarding the development and function of this neural network.
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Chapter 1 -

General introduction



1.1 Introduction.

Locomotion, the seemingly effortless act of moving from one place to another, is a
complex motor behavior that is executed by coordinated contractions of multiple joint-specific
flexor and extensor muscles. While supraspinal regions such as the cortex, basal ganglia,
midbrain, and hindbrain are involved in locomotor initiation and adaptation, the rhythm and
pattern are generated by a specialized neural circuit located entirely within the spinal cord. Once
this neural circuit, referred to as the locomotor central pattern generator (CPQG) is activated, it is
capable of generating ongoing rhythmic locomotor bouts in the absence of descending
supraspinal control or peripheral sensory inputs. The experiments that comprise this thesis
involve a characterization of a group of spinal interneurons that express the transcription factor
WT1, and an investigation of their role during locomotion. Prior to describing and interpreting
the results of my experimental work I will provide a brief historical overview of the studies that
were integral in establishing the current level of understanding regarding the neural mechanisms

underlying locomotor generation and control.

1.2 Early evidence supporting the existence of a locomotor CPG.

The first experimental evidence indicating that higher centres are not required for the
generation of locomotor activity came from studies demonstrating that spontaneous stepping- like
movements could be seen in spinalized and decerebrate animals lifted off the ground (Philippson
1905, Sherrington 1910). Initially it was postulated that this rhythmic motor output results froma
chain of reflexes in which sensory afferents activate excitatory interneurons which in turn
activate motor neurons that lead out to hindlimb muscles, and these same afferents disynaptically

inhibit motoneurons that activate antagonistic muscles (Sherrington 1910).

Based on the observation that continuous afferent stimulation in the spinalized cat results



in stepping with a different frequency than that of the stimulus, Charles Sherrington’s student,
Thomas Graham Brown, hypothesized that intrinsic neural networks, rather than reflexes, are
responsible for generating the locomotor rhythm (Brown 1914). Initial support for this
hypothesis came from experiments in which he demonstrated that anesthetized animals in the
lateral recumbent position display spontaneous stepping movements in the hindlimbs following
transection of the spinal cord at the lower thoracic level, and that these stepping movements
persist after deafferentation (Brown 1911). Furthermore, he demonstrated that the midline
transected spinal cord is capable of generating stepping movements in one limb (Brown 1913).
These observations led to the development of the “half-center” model (Figure 1.1A) in which
Brown proposed that each limb is controlled by a separate CPG, and these CPGs mutually inhibit
each other. Within each CPG there are two groups of excitatory neurons (i.e. “half-centres™), one
controls the activity of ipsilateral extensor motoneurons while the other controls the activity of
ipsilateral flexor motoneurons. Activity in the extensor half-center will excite extensor muscles
and simultaneously inhibit the flexor half-center, thus silencing antagonistic (i.e. flexor) muscles.
Despite this compelling data, the dominant view through the first half of the 20" century was that
locomotion occurs due to rhythmic sensory input (reviewed in Clarac 2005). The rhythmic limb
movement observed when spinalized animals were lifted off the ground was attributed to muscle

proprioceptors that were excited when a limb was extended, thus activating a flexion reflex in the

limb (Sherrington 1910).

The first cellular evidence in support of the existence of a neural network responsible for
locomotor activity was provided by Anders Lundberg. In the 1960’s, Lundberg’s group showed
that intravenous injection of DOPA in the adult spinalized cat depresses the flexion reflex and

evokes long lasting alternating activity of the hindlimb flexor and extensor muscles (Anden et al.



1963; Anden et al. 1964). They then leveraged intracellular recording techniques to show that
this long-lasting activity is reciprocally inhibitory in nature as activity in the extensor
motoneurons evoked by contralateral FRA (i.e. afferents that, when stimulated, evoke the flexor
reflex) can be inhibited by stimulating the ipsilateral FRA (Jankowska et al. 1965), and that this
reciprocal inhibition is facilitated via interneurons in lamina VII of the lumbar spinal cord
(Jankowska et al. 1967a; Jankowska et al. 1967b; Fu et al. 1975). Based on their response to
FRA stimulation, the interneurons were placed into three categories: those activated by
ipsilateral FRA stimulation; those activated by contralateral FRA stimulation; and those
activated by both ipsi- and contralateral FRA stimulation. The first and the second group of
interneurons were reciprocally inhibitory, a finding consistent with Graham Brown’s theory that
mutually inhibiting “half-centers™ are responsible for the alternating activity in the flexor and

extensor motor neurons.

Further evidence for the half-centre hypothesis comes from experiments demonstrating
that, during locomotion, the onset of EMG activity in extensor muscles (active during “stance”
phase of locomotion, silent during “swing phase”) begins prior to the point at which the paw hits
the ground marking the onset of the stance phase (Engberg and Lundberg, 1969). This provided
evidence that reflexes were likely not responsible for generating locomotor activity since the
reflex would not be evoked until the paw struck the ground and the sensory afferents were

activated.

A plethora of experimental evidence generated largely from the 1960s onwards showed
that, across species, stereotyped rhythmic movements persist in the spinal cord when isolated
from all descending and afferent input (Grillner & Zangger 1975; Wallén & Williams 1984;

Robertson & Pearson 1985). Collectively these studies provide clear evidence that, while sensory



input is almost certainly involved in modulating locomotor output, the basic left/right and
flexor/extensor movements that are the hallmarks of mammalian locomotion are produced by

central networks located entirely within the spinal cord.

1.3 Location of the locomotor CPG.

Once it was generally accepted that a neural network was responsible for generating basic
locomotor movements work began to focus on identifying the region of the spinal cord in which
it resides. Initial experiments in which rhythmic hindlimb movements were generated in low
spinalized cats indicated that rhythmically active neurons, presumably belonging to this network,
were situated caudally — in the thoracic, lumbar, and/or sacral segments (Jankowska et al., 1967).
In the cat, it was shown that rhythmic alternation of the hindlimbs can be generated if the spinal
cord is transected rostral to the L4 segment in chronic preparations (Afelt 1970) and rostral to the

LS5 segment in acute preparations (Grillner and Zangger 1979).

More specific information regarding the location of the locomotor CPG emerged after the
development of a novel in vitro animal model that could be used to study mammalian locomotor
activity. In the late 1980’s two groups published work demonstrating that the brainstem/spinal
cord isolated from a neonatal rodent contained all of the functional circuitry required for
locomotor rhythm generation (Kudo and Yamada 1987; Smith and Feldman 1987). This
experimental preparation was shown to be capable of producing alternating electroneurogram
(ENGQG) activity in lumbar ventral roots that innervate flexor muscles on either side of the body.
The evoked activity called ‘fictive locomotion’ can be generated by stimulating descending

pathways from the brainstem or by application ofa pharmacological cocktail.

Using this isolated spinal cord preparation, systemic lesion studies was carried out to
localize the specific region(s) of the spinal cord that contains the primary elements of locomotor
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CPG. Spinal cords were isolated from neonatal rats and fictive locomotion was evoked by bath
application of 5-HT and/or NMDA, and recorded from the related ventral roots or
electroneurogram activity from nerves (Kjaerulff and Kiehn 1996; Cowley and Schmidt 1997).
Lesions were made to various aspects of the spinal cord to assess the functional relevance of
each of these sites. Results from these studies indicated that the rhythm- generating network is
situated ventral to the central canal and is distributed throughout the caudal thoracic and lumbar
spinal cord (T12 to L6) with a rostro-caudal gradient such that the rostral segments have a higher
rhythmogenic potential compared to caudal segments (Kjaerullf and Kiehn 1996; Cowley and
Schmidt 1997). This rostrocaudal gradient was verified in intact animals where ablation of
interneurons in the L1-L2 segments was shown to impair overground locomotion whereas
disrupting the caudal segments had little effect (Magnuson et al. 2005). The cause of disparity in
thythmogenic potential between rostral and caudal lumbar segments is unknown, although,

differences in receptor expression (for example SHT receptor gradient) have been implicated

(Liu and Jordan 2005).

1.4 How activity is initiated in the locomotor CPG.

Pharmacologically induced locomotor activity in spinalized animals or in the isolated spinal
cord preparation occurs due to the activation of component interneurons of this neural network
by the pharmacological cocktail used (Jankowska et al. 1967a; Kudo and Yamada 1987; Smith
and Feldman 1987; Barbeau and Rossignol 1990; Barbeau and Rossignol 1991). The possibility
that the monoaminergic system may be involved in the activation of the locomotor CPG was first
suggested in the 1960s when it was shown that electrical stimulation of the descending tracts
caused the release of 5-HT and noradrenaline in the spinal cord (Anden et al. 1964 & 1965).

Interestingly, while 5-HT can initiate robust fictive locomotor activity in neonatal rodent spinal



cord (Kudo and Yamada 1987; Smith and Feldman 1987), only L-DOPA (a precursor of
noradrenaline) can initiate stepping in acute spinalized cats (Barbeau and Rossignol 1990;
Barbeau and Rossignol 1991). In the intact animal, the source of these neurotransmitters is
typically from supraspinal structures such as: medullary raphe pallidus, raphe obscuris, the raphe
magnus, and part of the reticular formation surrounding the pyramidal tract (Dhalstrom and Fuxe
1964). Tracing these descending fibers leads us to a functionally defined region located in the
midbrain called the mesencephalic locomotor region (MLR) that is capable of initiating full body
locomotion (Shik et al. 1966; Sirota and Shik 1973). This region has been shown to be present in
all species studied from lamprey to primates (Eidelberg et al. 1981; Skinner and Garcia-Rill,
1984; Bernau et al. 1991; Dubuc et al. 2008) and it controls the spinal CPG via reticulospinal

neurons ofthe medullary reticular formation (Shik et al. 1966; Grillner et al. 1968).

The identity of the spinal neurons that receive input from these descending tracts and initiate
activity in the locomotor CPG is unknown. However, recently it was shown that selective
activation of excitatory neurons in the lumbar spinal cord is sufficient to generate rhythm
(Hagglund et al. 2010 & 2013). It is likely that the aforementioned descending tracts synapse
directly on the excitatory rhythm generating neurons and once the rhythm is initiated, exert a

modulatory effect on the network. However, this is mere speculation at this point.

1.5 Network properties.

In order to understand how the nervous system generates a behaviour such as locomotion we
need to be able to identify the neuronal components that participate in this behaviour, and then
identify their intrinsic membrane properties, as well as the manner in which they are
interconnected (Getting 1989). Due to the complexity of the mammalian CNS, and the limited

anatomical and electrophysiological tools available, many of the central tenets of neural circuit



structure and function were first worked out in simpler vertebrates such as the lamprey (Grillner

2003).

1.5a Network organization - Insight from Lampreys

Unlikke mammals, the spinal cord of lampreys is relatively transparent due to the lack of
myelin. This has enabled spinal neurons to be visualized and targeted for recording following
minimal surgical intervention. Another advantage of using the lamprey as an experimental model
is that the in vitro brainstem-spinal cord preparations can be maintained for several days
(McClellan 1984). Based on visual cues, neurotransmitter expression and axonal projection
pattern, interneurons in the spinal cord of the lamprey can be divided into four distinct classes
(Rovainen 1974; Rovainen and Dill, 1984; Buchanan and Grillner 1987; Buchanan and Grillner
1988). These spinal interneurons receive tonic excitatory drive from descending reticulospinal
neurons. Rhythmic activity in the spinal cord of the lamprey has been shown to be generated by
ipsilaterally projecting neurons which provide phasic excitation to ipsilateral motoneurons, and
large commissural inhibitory neurons which inhibit the contralateral CPG interneurons and
motoneurons (Buchanan and Grillner 1987), while intersegmental coordination is achieved by a

lag in the onset of burst in each segment (Wallen and Williams 1984).

The ion channels and receptors that play a major role in the burst initiation and termination
are as follows: NMDA, AMPA, various subtypes of Ca** channels, Ca** and Na" dependent K*
channels (reviewed in Grillner et al. 2001). At the onset of the burst, NMDA receptors are
activated by synaptic input from reticulospinal neurons as well as the interconnected excitatory
2+

spinal interneurons. This phase can be boosted by activation of low voltage activated Ca

channels and the action of both results in a plateau potential. The entry of Ca®" leads to the



activation of Ca** dependent K* channels which results in a slow hyperpolarization (Wallen and
Grillner 1987; El Manira et al. 1994; Cangiano et al. 2002; Wallen et al. 2002). Burst termination
and spike frequency adaption is determined by this slow afterhyperpolarization — a long lasting

slow afterhyperpolarization results in shorter locomotor burst and vice versa.

Compared to the lamprey much less is known regarding the specific properties involved in
generating the mammalian locomotor rhythm. This is largely due to an inability to identify
neurons that are components of the locomotor CPG and target them for electrophysiological and
anatomical characterization. In chapter 2 of this thesis we describe a new spinal cord preparation
that we have developed which addresses many of these issues and has the potential to enable a
comprehensive characterization of locomotor-related neurons. We are optimistic that this
preparation will allow us to determine whether the intrinsic and network properties that are

responsible for locomotor activity in the lamprey are shared with limbed mammals.

1.5b The Unit Burst Generator- a conceptual model of the locomotor CPG in limbed

mammals.

Although Brown’s half-centre model can explain the generation of rhythmic alternation on
either half of the spinal cord, it cannot account for the existence of bifunctional motor pools and
theirr involvement in locomotor activity. Bifunctional motor pools are active during both the
stance and swing phase of walking and intracellular recording experiments have indicated that a
number of interneurons and motoneurons are active in this manner during stepping. This activity
pattern was originally argued to be the result of proprioceptive afferent input, however was later
demonstrated that this pattern persisted even after deaffe rentiation of the hindlimb in decerebrate

cats (Grillner and Zangger 1975). Since reciprocal inhibition is key for rhythmogenesis in the



half-centre organization of the CPG, additional evidence in disagreement with this model is that
rhythmic flexor- extensor alternation persists after all inhibitory synaptic transmission is blocked

(Cowley and Schmidt 1995; Cangiano and Grillner 2003 ; 2005).

To account for several of these phenomenons, a new model called the unit burst generator
(UBG) was proposed (Grillner 1981). In this model, the generation of rhythmicity occurs due to
tightly coupled smaller half centre modules which enable the activity of subsets of motor pools
to be controlled discretely, with each module regulated by a combination of excitatory and
inhibitory synaptic connectivity (see Figure 1.1B). Experimental support for this model comes
from studies in the lamprey and rodent which demonstrated that swimming or alternating motor
output (in the case of rodents) is generated by a chain of oscillators located in each spinal
segment/myotome and that each oscillator is sufficient to produce rhythmic activity in each
segment/ myotome in which it is situated (Grillner et al. 1988; Cowley and Schmidt, 1997). The
individual oscillators are coupled to neighboring oscillators and thus generate a wave of
thythmic activity in synergistic muscles. The UBG framework offers a degree of flexibility and
can also account for rhythmic movements that do not follow the stereotypical locomotor pattern,
such as scratching, swimming or backwards stepping. Contemporary models of the mammalian
locomotor network have incorporated many central tenets of the unit burst generator, and have
developed it further to formulate a two-level CPG model (McCrea & Rybak 2008- see General

Discussion).

1.6 Using molecular genetics to identify interneuronal components of the mammalian

locomotor CPG.
Regardless of its specific configuration, if we hope to understand how locomotor activity

is produced, we must be able to identify functional connectivity of interneurons that make up the
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locomotor CPG. Traditionally, the search for component interneurons has involved making
electrophysiological recordings from interneurons in the ventromedial aspect of the lumbar
spinal cord during fictive locomotion, and investigating the properties of those that are
rhythmically active and related to locomotor activity (see Angel et al. 1996). This experimental
approach has been complicated by the fact that the locomotor CPG is distributed over a number
of spinal segments (see section 1.3), and thus the spinal cord must remain largely intact for
locomotor activity to be generated. This has dictated that “blind” recordings must be made from
spinal interneurons, and based on the vast number of neurons in the mammalian spinal cord,
together with the fact that neurons with different functions are intermingled with one another,

this approach has proven to be tedious and extremely low yield.

An enormous amount of progress has been made in this regard since the turn of the
century and we have seen the identification of a number of populations of interneurons that are
involved in locomotion, as well as their specific function during stepping. The key to this work
was the implementation of a molecular approach to demonstrate that all interneurons in the
developing spinal cord of mammals can be divided up into 10 genetically distinct populations
(dI1-dI6, VO-V3) based on the specific transcription factors they express during embryonic
development (Tanabe and Jessell 1996; Goulding 2009, see Figure 1.2). A number of subsequent
studies have used transgenic mouse lines, in which a specific interneuronal population is labeled
(with a reporter protein) or ablated, to characterize and/or assess the function of many of these
populations during locomotor activity. Broadly speaking, these studies have demonstrated that
cells with an identical genetic origin share intrinsic properties and, in many cases, play a specific
role during locomotor activity (reviewed in Goulding 2009; Kiehn 2016). The findings related to

each of the interneuronal populations shown to be involved in locomotor activity are described
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briefly in the sections below and are summarized in table 1.

1.6a Ventrally-derived interneurons with commissural axons: the V0 and V3 populations.

The VO interneurons express the transcription factor Dbx1 and are located in lamina VII
and VIII of the postnatal spinal cord (Pierani et al. 2001). This cell population can be further
subdivided into a glutamatergic ventral subset (V0,) that expresses Evxl, and a GABAergic
dorsal subset (VO,) that is negative for Evxl (Moran-Rivard et al. 2001; Talpalar et al. 2013).
The VO interneurons were the first population of genetically defined interneurons to have their
function studied during locomotion and they were initially shown to regulate left-right
alternation during stepping (Lanuza et al. 2004). Subsequent work has suggested that they do so
in a speed dependent manner with the VO, cells responsible for this function at slow locomotor

speeds and VO, neurons responsible as the speed of stepping increases (Talpalar et al. 2013).

The V3 interneurons express the transcription factor Siml, are excitatory, and were
initially shown to be involved in maintaining a stable, symmetrical locomotor rhythm (Zhang et
al. 2008). While the manner in which they carry out this function remains unclear, recent work
has further characterized this population and found that V3 cells form a layered microcircuit, in
which those located ventromedially synapse onto other V3 cells located ventrolaterally (Chopek
et al. 2018). The ventrolaterally located V3 cells in turn make synaptic contact onto ipsilateral
motoneurons. Both ventrolaterally and ventromedially located V3 neurons have bifurcating

axons and send ascending and descending projections along the spinal cord (Chopek et al. 2018).

1.6b Ventrally-derived interneurons with ipsilateral axons: the VI and V2 populations.
The V1 interneurons express the transcription factor Enl and give rise to Renshaw cells,

[a inhibitory interneurons, as well as a host of undefined inhibitory interneurons (Bikoff et al.
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2016). This population has been shown to control the duration of the locomotor step cycle and
play a role in regulating locomotor speed (Gosgnach et al. 2006). More recent work has shown
that V1 neurons also work together with the GATA2/3 expressing inhibitory V2b interneurons to
coordinate flexor-extensor alternation on the ipsilateral side of the spinal cord during locomotion

(Zhang et al. 2014; Britzet al. 2015).

The Chx10 expressing V2a cells are the second subset of the V2 population (Briscoe et
al. 2000; Al-Mosawie et al. 2007). These cells are excitatory, project to ipsilaterally located VO,
interneurons, and are involved in regulating left/right alternation at high locomotor speeds

(Lundfald et al. 2007; Crone et al. 2009).

1.6¢ Ventrally-derived interneuronal populations capable of locomotor rhythmogenesis.

Lesion experiments indicate that rhythmic, alternating activity can be generated in the
midline hemisected spinal cord (Kjaerulff and Kiehn 1996; Cowley and Schmidt 1997). This
finding indicates that, in addition to being excitatory, the rhythm generating neurons of the
locomotor CPG must be ipsilaterally projecting. Outside of V2a neurons (described in the
previous section), two additional interneuronal populations fit this description. The first of these
expresses the transcription factor Shox2. Suppressing the activity of this subset of neurons
during locomotor activity results in the persistence of flexor-extensor and left-right alternation
however the locomotor frequency is reduced. Based on this ability to modulate the frequency of
the locomotor rhythm together with their intrinsic electrophysiological properties the Shox2-
expressing neurons have been postulated to be involved in rhythm generation (Dougherty et al

2013).

The second population of ipsilaterally-projecting, excitatory interneurons express the

13



transcription factor Hb9 and is located in the ventromedial spinal cord, close to the central canal
(Hinckley et al. 2005; Wilson et al. 2005; Caldeira et al. 2017). Recordings in the spinal cord
slice preparation indicate that these interneurons possess many intrinsic electrophysiological
properties of rhythm generating neurons (Wilson et al. 2005) however, in the intact spinal cord,
thythmic bursting in motoneurons was shown to precede that in ipsilaterally located Hb9
interneurons during fictive locomotion (Kwan et al. 2009) ruling out a role in rhythm generation.
This confounding data can now be explained in light of new evidence that shows that the Hb9
subset is a heterogenous population with only one third being glutamatergic (Caldeira et al
2017). Similar to the locomotor phenotype in the absence of the Shox2-expressing population,
selective silencing of glutamatergic Hb9 neurons resulted in the reduction of locomotor
frequency without affecting coordination, suggesting that these neurons may also be involved in

locomotor rhythm generation.

While the aforementioned populations display some properties of rhythm generating
neurons we cannot lose sight of the fact that to this point, a single genetically-defined
interneuronal population is yet to be identified as the sole rhythm generator. The fact that
locomotor-like rhythms persist after selectively silencing or removing each the VO, V1, V2, V3
(Lanuza et al., 2004; Gosgnach et al., 2006; Crone et al, 2008; Zhang et al., 2008) populations
raises the possibility that rhythm generation could be a shared function amongst small subsets of

a number of interneuronal populations.

1.6d Dorsally derived interneurons involved in locomotor activity.
In addition to the VO-V3 cells, there are six populations of interneurons located in the

dorsal spinal cord (dI1- dI6), some of which migrate ventrally during development. The dI6
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interneurons fit this description and are generated between embryonic day 11 (ie. E11) and E13,
and migrate to laminae VII/VIII of the postnatal spinal cord just before birth. Interestingly, dI6
interneurons are closely related to the Dbx1- expressing VO interneurons. In mice that lack Dbxl,
~25% of the neural progenitor cells that would normally differentiate to VO neurons instead
generate dI6 interneurons (Lanuza et al. 2004). Additionally, dI6 and VO, interneurons migrate
along a similar ventromedial pathway and develop from Pax7, Dbx2* progenitors. Due to these
similarities, it was initially suggested that dI6 interneurons are involved in the regulation of
left/right during locomotion (Lanuza et al. 2004; Goulding 2009). Until recently however, the

lack ofa unique marker for the dI6 population, has precluded a functional study of these cells.

Postmitotically, the dI6 interneurons were originally shown to express the transcription
factor WT1 (Goulding 2009). More recent work has shown that a second subpopulation of dI6
neurons exists and expresses the transcription factor DMRT3 (Andersson et al. 2012). Based on
the expression of either WT1 or DMRT3 or both WT1 and DMRTS3, the dI6 interneurons can be
subdivided into three subpopulations. Characterization ofthe DMRT3" interneurons revealed that
they are inhibitory, extend projections both ipsi- and contralaterally, and synapse onto
motoneurons on either side of the spinal cord (Andersson et al. 2012). DMRT3 mutant mice
display deficits in their locomotion pattern with difficulties running at higher velocities, and
frequent twitching of the limbs. Additionally, fictive locomotor activity in spinal cords isolated
from DMRT3 mutant mice displayed an uncoordinated and irregular rhythm. Work
characterizing the WTI-expressing neurons and exploring their role during locomotion forms the

skeleton of this PhD project and will be discussed in the succeeding chapters.
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1.7 Aims and hypotheses.

Based largely on their settling position in the ventromedial aspect of the spinal cord the
WT1-expressing neurons have been predicted to be involved in locomotor activity (Goulding
2009). My PhD thesis involves a comprehensive characterization of the WTI-expressing
neurons and an investigation into their function during locomotor activity. In project 1 (Chapter
2) I describe an upright spinal cord preparation that we devised which enables visualization and
recording from this population of cells (which is located in the ventromedial spinal cord) during
fictive locomotion. In project 2 (Chapter 3), I used this upright spinal cord preparation to study
the activity of WTI-expressing neurons during fictive locomotion, determine their specific
function during locomotion, and identify their downstream synaptic partners. Based on their
similarity to the VO population I hypothesize that WT1-expressing neurons work together with
the VO population to coordinate left-right alternation during locomotion via monosynaptic and
disynaptic contacts onto contralateral motoneurons. In project 3 (Chapter 4), I used a viral
tracing approach to identify the source of synaptic input onto WTI neurons and test the
hypothesis that they receive monosynaptic input from neurons involved in locomotor rhythm

generation.

We found that WT1 neurons are inhibitory with commissural axons projecting onto
DMRT3 and VOvy neurons. The WTI1 neurons in turn receive synaptic input from DMRT3
neurons and from caudal brainstem nuclei - GiV and MdV. We utilized our upright preparation
to record from WTI1 neurons and showed that they are all rhythmically active. Inhibiting the
activity of WT1 neurons affect proper left-right alternation in the in vitro isolated rodent spinal

cord.
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Figure 1.1. Conceptual models of the organization of locomotor CPG. (A) Classis half-centre
model proposed by Thomas G Brown where the flexors and extensors on one side are controlled
by their respective CPG (RG-E/RG-F). Individual CPGs excite their respective motor pool and
are mutually inhibitory. (B) Unit burst generator proposed by Sten Grillner who hypothesised
that there is an interconnected series of burst generators (CPGs) for each joint (hip, knee and
ankle). Figure adapted from McCrea and Rybak 2008.
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Figure 1.2. Genetically-defined neuronal populations in the developing spinal cord. Spinal
interneurons are broadly divided into 11 parent populations, Dp1-Dp6, Vp0-Vp3, based on the
combinatorial expression of transcription factors they express during embryogenesis. (A) Each
parent population can be identified unique transcription factor expression during the post-mitotic
phase (E= embryonic). The parent populations then migrate and settle in their final position in
the spinal cord which they reach just before birth. The final settling position of the parent
populations which give rise to neurons residing specifically in the ventral spinal cord is shown in

B).
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2.1 Introduction.

A neural circuit, located in the spinal cord, known as the locomotor central pattern
generator (CPQG) is responsible for generating the basic rhythmicity which underlies stepping in
mammals (reviewed in Kiehn 2016). A significant breakthrough for the study of this neural
circuit was the development of an in vitro preparation in which rhythmic locomotor- like activity
(ie. fictive locomotion) could be generated in a spinal cord isolated from a newborn rodent
(Kudo and Yamada 1987; Smith and Feldman 1987). This preparation enabled the
pharmacological basis of locomotor rhythm generation and modulation to be identified (Cazalets
et al. 1992; Cowley and Schmidt 1994; Gordon and Whelan 2006), and it was also used to
demonstrate that the locomotor CPG is distributed throughout the ventral aspect of the caudal
thoracic and lumbar segments of the spinal cord (Cowley and Schmidt 1997; Kjaerullf and Kiehn
1996).

One of the challenges that has historically hindered investigations into the network
structure and mechanism of function of the locomotor CPG has been the identification and
characterization of its component interneurons. Recent work incorporating a molecular approach
to divide spinal neurons into a handful of populations based on their transcription factor
expression has generated a substantial amount of new information regarding the interneuronal
components of the locomotor CPG, as well as their specific function (Goulding 2009; Grillner
and Jessell 2009). In spite of this, the distributed nature of the locomotor CPG, which dictates
that several spinal segments must remain intact for locomotor activity to be generated, has made
it extremely difficult to determine the specific proportion of each population that is active during
locomotion, and to identify intrinsic properties and morphological features that are exhibited by

these specific neurons. Although a number of attempts have been made to devise experimental
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preparations which provide access to interneuronal components of the CPG during fictive
locomotor activity (Antri et al. 2011; Dougherty et al. 2013; Dyck and Gosgnach 2009; Hinckley
et al. 2005; Kiehn et al. 1996), each has only enabled the study of neurons residing within
restricted regions of'the spinal cord.

In this article we describe an in vitro preparation that we have developed in which the
spinal cord is sectioned in the transverse plane and placed in an upright orientation under a 2-
photon microscope. This preparation enables neurons spanning the transverse plane of the spinal
cord at a given spinal segment to be visualized while robust fictive locomotor activity is recorded
from the lumbar ventral roots. Ca*" imaging can then be used to simultaneously identify neurons
that are rhythmically active during fictive locomotion, and target these specific neurons for
whole cell recording and application of intracellular tracers. This preparation enables the
identification and comprehensive characterization of those specific spinal neurons that are
thythmically active during locomotion, and has the potential to provide new information on the
cellular and network properties of this neural circuit. By altering the location of Ca*" indicator
application the upright spinal cord preparation can also be used to visually identify and

characterize neurons involved in sensory processing.
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2.2 Materials and methods.
Spinal cord dissection, sectioning, and mounting

All procedures were in accordance with the Canadian Council on Animal Care (CCAC)
and approved by the Animal Welfare Committee at the University of Alberta. Experiments were
performed on spinal cords isolated from 64 postnatal day 0-3 (P0O-P3) mice. After anesthesia via
inhalation of isoflurane (2-3% delivered with 95% 0,-5% CQO;) animals were decapitated and
eviscerated with sharp scissors, and spinal cords (rostral cervical to caudal sacral segments) were
dissected out in a bath containing oxygenated (95% O, and 5% CO,) dissecting artificial
cerebrospinal fluid (dACSF) containing in mM (111 NaCl 3.08 KCL, 11 glucose, 25 NaHCO3,
1.18 KH,POy4, 3.7 MgSOy4, and 0.25 CaCl,, pH 7.4, osmolarity 280 —300 mosM). The spinal cord
was then positioned, ventral side up, in 2-3 ml of dACSF in a separate dissection chamber. Two
plastic supports (prepared in advance) were required to stabilize the spinal cord during sectioning
and recording. The first, support A (Figure 2.1A), was prepared from a piece of plastic weigh
boat 5 mm in width and 39 mm in length. A scalpel was used to cut the plastic 14mm from one
end. The 14 mm and 25 mm pieces were placed next to one another (lengthwise) on top of a
piece of double-sided tape coated with a small amount of acrylic glue in order to avoid tape
detachment, and to create a bendable junction point. Support B was also cut (7 mm wide, 25 mm
long) from a plastic weigh boat. A block of Sylgard (10 mm high x 7 mm wide x 7 mm long)
was attached to one end of plastic support B using acrylic glue (Figure 2.1B). Support A was
placed in front of the rostral end of the spinal cord such that the 14 mm segment faced the spinal
cord (see Figure 2.1C for orientation). A small amount of vaseline was applied to the underside
of support A to prevent movement, and a line of acrylic glue was applied to its center (Figure

2.1C). Fine forceps were then used to drag the spinal cord towards support A and place it on the
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line of acrylic glue (Figure 2.1C, 2.1D) with the small pool of dACSF facilitating movement.
When positioning the spinal cord on support A the spinal segments to be examined were placed
at the end of support A (Figure 2.1D). Fictive locomotion can be evoked in spinal cords
sectioned anywhere from the 1st to the 5th lumbar segments, however all spinal cords included
in this study were sectioned at the L2 or L3 segment. After the glue had dried (approximately 10
s), the entire preparation was submerged in oxygenated d ACSF, and the spinal segments caudal
to those which were to be examined were trimmed with scissors and discarded.

In preparation for sectioning, support A (with the spinal cord attached) was removed
from the solution with forceps and the underside was dried using filter paper. Acrylic glue was
applied to the surface of plastic support B (Figure 2.1E) and forceps were used to apply pressure
to support A at the cut line in order to obtain the upright configuration and attach support A to
support B (Figure 2.1F). The entire preparation was then fixed to the vibratome (Leica VT1200,
Leica Biosystems, Wetzler, Germany) plate using acrylic glue, immersed in oxygenated daCSF,
and positioned so that the ventral aspect of the spinal cord was facing the blade (Figure 2.1F).
During sectioning the blade speed was set at 0.5 mm/s and the frequency of vibration was set at
maximum in order to avoid spinal cord compression. Sections were cut until the desired region
of the spinal cord was visible. Following a 30 minute incubation period at room temperature in
daCSF (to allow for recovery), the entire preparation (supports A, B, and the sectioned spinal
cord) was transferred to a recording chamber (volume 10mL) under the objective lens of an
upright two photon microscope and attached to the base of the chamber using Vaseline (Figure
2.1G). The entire preparation was immersed in room temperature recording solution (raCSF)

which was identical to the daCSF except for the following (in mM): 1.25 MgSOg4, 2.52 CaCl,.
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For the remainder of the experiment the preparation was perfused with room temperature raCSF
at a rate of 10 mL/minute.
Electrophysiological recording

Pharmacologically-induced fictive locomotor activity was evoked via bath application of
5-HT (5-15 pM) and NMDA (3-8 uM), or 5-HT (10 uM) and dopamine (50 uM) (Sigma, St
Louis, MO), and recorded via extracellular electrodes (A-M Systems Inc., Carlsborg, WA)
attached to the primarily flexor (L1, L2, L3) lumbar ventral roots (VRs) via suction (Figure
2.1G). Electroneurogram (ENG) signals from the VRs were acquired at 10,000 Hz, amplified
(10,000x) and band-pass-filtered (0.3-3 kHz) using a Model-1700 differential amplifier (AM-
Systems, Sequim, WA, USA) and integrated (time constant (t): 50 ms) using a MA-821/RSP
module (CWE Inc. Allentown, PA).

For whole cell patch clamp recordings, patch pipettes (5-7 MQ) were pulled from
borosilicate glass capillaries using a vertical puller (PC-10, Narishige International Inc, East
Meadow, NY) and backfilled with intracellular solution containing (in mM): 140 K gluconate, 1
NaCl, 0.5 CaCl,, 2MgChL, 1ATP-Na,, 10 HEPES, pH adjusted to 7.30. In some cases the
fluorescent dye Alexa Fluor 594 was included with the intracellular solution. A
micromanipulator (MPC-385, Sutter Instruments, Novato, CA) was used to position the electrode
over the sectioned surface of the spinal cord and lower it into the tissue. With a patch clamp
amplifier (EPC-10, HEKA Lambrecht, Germany) in voltage- clamp mode, a 15 ms, 10 mV
square pulse (50 Hz) was used to monitor tip resistance as the electrode was advanced toward the
cell of interest. Once a gigaohm seal with a cell was formed, the command voltage was set to -60
mV and gentle suction was applied to break through the membrane and obtain whole-cell

recording. Intracellular as well as extracellular (ie. VR) signals were digitized with a Powerlab
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8/35 and recorded using LabChart software (AD Instruments, Colorado Springs, CO, USA)
running on a PC. Off-line analysis was performed with Clampfit software (Molecular Devices,
SanJose, CA).
Cd’* imaging

Throughout the periods of Ca®" indicator loading and imaging the tissue was perfused (10
mL/minute) with raCSF. Membrane permeant Cal-520AM (AAT Bioquest, Sunnyvale, CA) was
pressure-injected at 25-30 mmHg for 15 min into the ventral aspect of the sectioned surface of
the spinal cord using a patch pipette (tip @ 20 pm) containing 5 mM of the Ca** dye in 20%
DMSO + pluronic acid, further diluted to 0.5 mM in rACSF containing no Ca*", Mg*" or
glucose. Cal-520AM was used as it has been shown to have a low dissociation constant (320
nM- Lock et al. 2015) indicating that it is a high-affinity chelator and efficiently binds Ca*".
When compared to other commonly used synthetic and genetically encoded Ca®" indicators,
Cal520AM was shown to have a greatest dynamic range (AF/FO 0.05->0.6, Lock et al. 2015),
and fast kinetics (Lock et al. 2015, Tada et al. 2014). Furthermore Cal-520AM was shown to be
a reliable reporter of single action potentials (>95%, Liet al. 2017) and no significant evidence
of sequestration or extrusion was observed over a period ofseveral hours (Lock et al. 2015).

A MaiThai- BB Ti:sapphire femtosecond pulsed laser set to excite at 810 nm was used for
fluorescence excitation, and a FV1000 MPE multiphoton scanning microscope (Olympus,
Richmond Hill, ON, Canada) fitted with an XLUMPIlan Olympus 20X immersion objective (1.0
NA) was used to image the neurons, and monitor the fiee cytosolic neuronal Ca®" concentration.
Loaded cells within a radius of approximately 400 um and to a depth of approximately 100 um

below the sectioned surface of the spinal cord were imaged at a scan rate of 3-4 Hz In order to
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correlate cytosolic Ca?" oscillations with electrophysiological signals, the two systems were

synchronized (witha TTL pulse) and aligned before analysis.

Data analysis and statistics

All means are reported + standard deviation (SD). Student’s t-tests with a significance
level of 0.05 were used to determine whether means differed significantly. As described
previously (Haque et al. 2018), circular statistics (Zar 1974) were used to determine the coupling
strength between ventral root pairs.

For analysis of Ca®" imaging data, regions of interest (ROIs) were manually placed over
each cell that was visible in a 20x image of the optical section being investigated. The average
fluorescent intensity of the pixels within each ROI was calculated (Fluoview software, Olympus,
Richmond Hill, ON, Canada) and plotted over time, with the average fluorescence intensity
before each period of fictive locomotion acting as the baseline fluorescence for each cell. All
optical signals were expressed as relative fluorescence changes with respect to initial
fluorescence (AF/F), and plots were generated by extrapolating the values of the fluorescence
intensity changes of each ROI into Clampfit 10 (Molecular Devices, San Jose, CA) for further
analysis. Cross-correlation between ENG recordings and neuronal Ca’?’ oscillations was
performed using Clampfit after the electrophysiological sampling rate was reduced to match that
of the Ca®" imaging. In order to compare the frequency of oscillation of the Ca®" signals to the
frequency of oscillation of the VR activity the power spectrum function in Clampfit was used

and plots were generated.
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2.3 Results

In order to demonstrate that the upright spinal cord preparation is an effective tool for
visually identifying and characterizing neurons that are involved in locomotor activity it was first
necessary to establish that long lasting fictive locomotion could be generated in spinal cords
prepared in this manner.

Initial experiments were performed on a preparation in which the spinal cord was bent at
the caudal thoracic segments (Figure 2.2A). Preparing the spinal cord in this fashion generated
unreliable results. In total, 17 preparations were bent between T8 and T11, and bath application
of 5 uM NMDA and 10 pM 5-HT resulted in only one spinal cord exhibiting rhythmic,
alternating ENG bursts in the contralateral ventral roots for greater than 30 minutes. In 5
preparations fictive locomotion could not be evoked at all, and in the remaining 11 preparations
rhythmic activity was observed in one or both ventral roots, however it lasted for less than 30
minutes before becoming irregular and ultimately changing to either tonic activity, or completely
vanishing (Figure 2.2B). Neither the quality nor the duration of rhythmic activity evoked from
the 16 spinal cords which produced suboptimal fictive locomotor activity was improved by
altering the concentrations of NMDA (3 uM -8 uM ) and 5-HT (5 uM - 15 uM) or by perfusing
the cord with 10 uM 5-HT and 50 uM dopamine, an alternative pharmacological cocktail shown
to be effective at eliciting fictive locomotion in the neonatal mouse spinal cord (Madriaga et al.
2004).

The success rate for generating stable fictive locomotor activity increased substantially
upon altering the preparation such that it was bent at the caudal cervical or rostral thoracic
segments (Figure 2.2C). Application of either 5 pyM NMDA and 10 puM 5-HT (n= 36) or 10 yM

5-HT and 50 pM dopamine (n= 7) to the perfusate of spinal cords prepared in this manner
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typically evoked ENG activity in the VRs within the first 10 minutes. An initial tonic increase in
VR activity was followed by rhythmicity and alternation between contralateral lumbar VR pairs
(Figure 2.2D, 2.2E). Of'the 43 spinal cords bent at the caudal cervical/rostral thoracic segments,
34 exhibited long lasting (> 30 min) rhythmic alternating VR activity (27/36 5-HT/NMDA, 7/7
5-HT/dopamine), 4 generated locomotor-like bursting that was maintained for less than 30 min,
and in the remaining 5 rhythmic activity was absent. Analysis of the 34 preparations in which
long-lasting fictive locomotor activity occurred indicated that the mean cycle period (CP) of
fictive locomotor activity evoked by bath application of 10 uM 5-HT and 50 uM dopamine was
significantly greater than that evoked by 5 uM NMDA and 10 pM 5-HT (CPsur/popa= 16.9 £2.6
SD s n=7, CPxmpasar= 5.6 £ 1.4 SD s n=27, t (32) =19.9 p < 0.0001, Figure 2.2F).

Our next goal was to implement an imaging approach to simultaneously identify those
neurons within the field of view of our objective lens that were locomotor- related. To this end
the Ca”" indicator Cal-520AM was pressure-injected unilaterally into the ventral aspect of the
sectioned surface of 13 spinal cords bent at the caudal cervical/rostral thoracic segments in which
long lasting fictive locomotion was evoked in response to bath application of 5 uM NMDA and
10 pM 5-HT or 10 pM 5-HT and 50 uM dopamine. Visual inspection with a GFP filter 30
minutes after Cal-520AM injection indicated that the majority of cells in the ventromedial spinal
cord had taken up the Ca*’ indicator (Figure 2.3A, 2.3B). In addition to inducing rhythmic
alternation between contralateral VRs (Figure 2.3C), bath application of the pharmacological
cocktail induced rhythmic oscillations of cytosolic Ca®" in cells (Figure 2.3D) in all 13 spinal
cords. In each optical section we were also able to identify cells in which there were no
observable Ca’" oscillations (Figure 2.3E). Post hoc spectral analysis of the activity of

thythmically active cells as well as VRs confirmed that the primary frequencies of oscillation
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were identical (Figure 2.3F), providing strong evidence that the cells were involved in fictive
locomotor activity.

In order to quantify the number of cells that took up the Ca*' indicator as well as the
number that were rhythmically active during fictive locomotion we analyzed an additional 4
upright spinal cord preparations in which the application site of the Ca®" indicator was
standardized to the middle of the ventral aspect of the spinal cord isolated from a PO/P1 mouse
(approximately 250 um from both the midline and ventral extent of the spinal cord), 100 um
below the sectioned surface. In these preparations a mean of 182.5 £ 27.4 SD cells took up Cal-
520AM with 96.0 + 12.7 SD of these exhibiting oscillations of fluorescent intensity during
fictive locomotion. Power spectrum analysis indicated that slightly more than half of these
oscillatory neurons (52.8 + 14.6 SD) displayed Ca*" oscillations with a frequency identical to VR
output while the remaining neurons oscillated at a frequency unrelated to fictive locomotor
activity.

The final step was to determine whether neurons close to the sectioned surface of the
upright spinal cords were healthy, and rhythmic oscillations of membrane potential could be
recorded during pharmacologically-induced fictive locomotion. We restricted our study to cells
located in the ventral region of the spinal cord, the location that has been shown to contain the
core elements of the locomotor CPG (Kjaerullf and Kiehn 1996). In total, whole cell recordings
were made from 38 neurons, located in the L2 and L3 segments, in 23 of the 43 spinal cords that
were used for Ca’" imaging. Fifteen of these cells were recorded in raCSF alone (ie. without
NMDA/5-HT or 5-HT/dopamine added to the bath) in order to assess their intrinsic
electrophysiological properties. Mean membrane resistance (953.6 MQ + 225.4 SD) and resting

membrane potential (-50.9 mV + 8.8 SD) of these cells were in line with previous recordings
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made from ventral interneurons in either spinal cord slices (Wilson et al 2005), or the midline
hemisected spinal cord preparation (Hinckley et al. 2005). Whole cell recordings were made
from an additional 18 neurons in the presence of either 5 uyM NMDA and 10 uM 5-HT (n=12) or
10 M 5-HT and 50 uM dopamine (n=6). All eighteen cells that exhibited rhythmic, locomotor-
related Ca®" oscillations also exhibited rhythmic oscillations of membrane potential during
fictive locomotion that were either in phase (n= 11) or out of phase (n= 7) with ipsilateral VR
activity in the same spinal segment in which they were located (i.e. the local VR). Typically, the
cells fired one or more action potentials during their depolarized phase (Figure 2.4A), however in
some cases the cells were depolarized during the active phase of the left or right VR without
spiking (Figure 2.4B). By including the fluorescent tracer AlexaFluor 594 in the patch pipette the
morphology of the cells from which we recorded was able to be assessed in real time. Five
minutes after breaking through the membrane of a cells the soma was labeled, as were its
primary processes (Figure 2.4C), and by 30 minutes much smaller processes could be identified
(Figure 2.4D). Beyond this time point there was no noticeable change in the number, or

projection, of labeled processes (Figure 2.4E).

2.4 Discussion.

This study describes an upright preparation which enables the visual identification and
electrophysiological characterization of locomotor-related neurons spanning the transverse plane
of the neonatal mouse spinal cord. The utility of this preparation is demonstrated by a) the long
lasting fictive locomotor activity that can be recorded from contralateral ventral roots, b) the fact
that more than 50 rhythmically active, locomotor- related cells can be identified per optical

section, c) the health of spinal neurons as indicated by their spike height and membrane potential
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values, and d) the ability to identify morphological features of cells in real time after application
ofan intracellular tracer.

In order to understand how locomotor activity is generated we need to be able to identify
the interneuronal components of this neural circuit, determine how these components are
interconnected, and identify their intrinsic electrophysiological properties that allow for the
initiation and maintenance of rhythmic activity. The advent of molecular genetic techniques to
label and ablate populations of spinal interneurons based on their transcription factor expression
has generated a great deal of information regarding the identity of component interneurons of the
locomotor CPG, and we are now able to identify populations of neurons that are responsible for a
number of specific functions including left-right (Lanuza et al. 2004; Talpalar et al. 2012), and
flexor-extensor (Britz et al. 2015; Zhang et al. 2014) alternation. Transgenic mouse strains have
been developed, many of which are commercially available, in which these genetically- defined
interneuronal populations express reporter proteins and can be visualized in live tissue.

Despite this progress it is essential not to lose sight of the fact that there is still a paucity
of information regarding the intrinsic electrophysiological properties of these neurons, their
morphology, or the manner in which they are connected to one another. This is primarily due to
difficulty accessing these neurons for electrophysiological and morphological study given their
location in the intermediate nucleus of the spinal cord, and the fact that the distributed nature of
the locomotor CPG dictates that several spinal segments must remain intact in order for
locomotor activity to be evoked. These issues have resulted in many experiments, which have
investigated the intrinsic properties of these populations, being carried out in a spinal cord slice
preparation (Dougherty et al. 2013; Ha and Dougherty 2018; Zhong et al. 2010; Zhang et al.

2008) in which locomotor activity cannot be evoked. This approach is problematic since we have
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very little information regarding the proportion of each neuronal population that participate in
locomotor activity. In fact, of the ventrally-located interneuronal populations in the lumbar spinal
cord only two, the Chx10- expressing V2a, and the Shox2- expressing, neurons have had their
activity assessed during stepping, with 44% of Chx10- expressing (Zhong et al. 2010), and 69%
of Shox2- expressing (Dougherty et al. 2013), neurons shown to be rhythmically active during
fictive locomotion. It is therefore essential to proceed with caution when interpreting
electrophysiological or morphological data generated from the slice preparation and
incorporating it into network models of the locomotor CPG, since a substantial proportion of the
neurons analyzed in these slice studies likely do not participate in locomotor activity.

In an attempt to characterize only those neurons that are active during locomotion,
several groups have devised experimental preparations which provide access to interneuronal
populations located in the intermediate nucleus during fictive locomotion by removing specific
regions of the dorsal spinal cord (Antri et al. 2011; Dougherty et al. 2013; Dyck et al. 2009) or
by performing a midline hemisection (Kiehn et al. 1996; Hinckley et al. 2005). While useful for
investigating the longitudinal distribution of the locomotor CPG, or characterizing specific
neuronal populations of interest in each study, these preparations are limited in that they only
allow access to neurons in discrete regions of the spinal cord. Another recently developed
experimental approach has incorporated 2-photon (Kwan et al. 2009), or fluorescent (Jean-
Francois et al. 2018), microscopy to image the activity of locomotor-related neurons through the
intact, isolated spinal cord at optical sections along the anterior posterior plane. This approach
provides an excellent means to identify locomotor-related neurons in the longitudinal plane,
however given the current single cell recording techniques available, this approach would make

it difficult to access rhythmically active neurons in the intermediate lamina of the spinal cord for
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electrophysiological recording or tracing. Other experimental approaches, similar to the upright
spinal cord preparation presented in this study, have been used to investigate connectivity
between the brainstem and spinal cord (Szokol and Perreault 2009) or neuronal excitability
(Christie and Whelan 2005; Lev-Tov and O’Donovan 1995). Since the analysis of locomotor-
related neurons was not the goal of these studies we cannot be sure whether fictive locomotor
activity could have been evoked with these modified brainstem spinal cord preparations. The fact
that these preparations were bent at the caudal (lower thoracic/lumbar) segments may impact
their ability to generate fictive locomotion as we found bending the spinal cord at these, more
caudal, segments produced poor bursting, likely due to the physical damage to components of the
locomotor CPG situated in these segments.

In contrast to these approaches, the upright spinal cord preparation described in this study
provides a means to identify neurons across the transverse plane of the spinal cord that are
rhythmically active during fictive locomotion. We have previously shown that this preparation
can be used to record from rhythmically active neurons during fictive locomotion (Haque et al.
2018; discussed in Chapter 3 of this thesis), and here we demonstrate that rhythmic Ca**
oscillations can also be recorded. This allows us to simultaneously identify locomotor related
neurons spanning our field of view. By using Ca®" indicators with different emission spectra
(Cal-520, Cal-590) we can visualize rhythmic Ca®" oscillations in neurons expressing various
reporter proteins (ie. GFP, YFP, tdTomato), and focus electrophysiological studies solely on
oscillatory neurons, ignoring members of a population that do not participate in locomotor

activity. Inclusion of intracellular tracers such as AlexaFluor in the patch pipette enables the

basic morphological features of these select neurons of interest to be identified.
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While it is possible some smaller axial motoneurons were included in our dataset we
believe that the majority of the rhythmically-active cells were interneurons, as opposed to
motoneurons, since our Ca®" indicator did not spread to lamina IX. In this study approximately
29% of the total number of cells per optical section were locomotor-related. It is important to
keep in mind that this likely under-represented the proportion of neurons involved in fictive
locomotor activity since we have no way of distinguishing between neurons and glia cells.
Furthermore, although our whole cell recording experiments indicate that cells in the superficial
optical sections are generally in good health, there are undoubtably so me neurons within the field
of view that are dead or dying and, although locomotor-related, will not display Ca®" oscillations.
Under-representation of locomotor-related cells could also stem from sequestration of the Ca*"
indicator, or its leakage from rhythmically-active neurons, however we do not believe this is a
major concern since previous work has demonstrated that there is no significant run down of
Ca”" responses in cells loaded with Cal-520AM after several hours of recording (Lock et al.
2016). Furthermore, in experiments in which we bath applied strychnine and GABAzine to the
upright spinal cord preparation we saw no noticeable decrease of the baseline Ca®" signal, or
Ca”" oscillations, in cells over a period of 4 hours.

In addition to facilitating the electrophysiological and morphological characterization of
locomotor related neurons, the upright preparation has the capacity to provide information
regarding the distribution of the component interneurons of the locomotor CPG in the transverse
plane. Lesion studies have revealed the segmental distribution of the mammalian locomotor CPG
as well as its location in the ventral spinal cord (Kjaerullf and Kiehn 1996; Cowley and Schmidt

1997), however we know little regarding the specific transverse distribution of its interneuronal

components. Previous attempts to localize components have relied on activity dependent labeling

45



approaches (Dai et al. 1998; Kjaerullf et al. 1994; Jasmin et al. 1994) during fictive locomotion
which are flawed as they do not differentiate between tonically active and rhythmically active
neurons.

Information regarding the transverse distribution of the locomotor CPG is of particular
interest given recent findings which indicate that locomotor activity at different speeds results in
different muscle synergies (Bellardita and Kiehn 2015). This has been attributed to the
recruitment of different neuronal populations at different locomotor speeds. Experimental
evidence supporting this speed- dependent recruitment of interneuronal populations comes from
analysis of the locomotor pattern in the absence of the VOp and VOy subpopulations (Talpalar et
al. 2012) which indicates that the former is likely to be responsible for left-right alternation at
slow locomotor speeds while the latter is likely to carry out this function during faster stepping.
Imaging the sectioned surface of the upright spinal cord preparation while modulating the
frequency of fictive locomotion in an animal model in which the two subsets of VO neurons are
labeled would enable identification of the specific speed at which each is activated. These
experiments would also allow us to determine what happens to either subset when locomotor
speed changes. Do they continue firing and serve a different role, or do they simply cease
activity?

While the experiments presented in this study involve a single injection of Ca** indicator
to reveal the activity of neurons in the ventromedial aspect of the spinal cord it is possible to
make multiple injections in different regions, or simply bath apply the indicator, in order to
monitor the activity of the entire transverse face of the spinal cord. In addition to enabling access
to motoneurons and lateral interneurons, this would also reveal neurons in the dorsal spinal cord,

and may allow the specific cells which receive input from sensory afferents to be identified.
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The utility of the upright spinal cord preparation is not limited to investigations of the
neuronal mechanisms underlying locomotion. Given the recent molecular dissection of the dorsal
spinal cord and the identification of genetically-defined neurons that respond to various types of
nociceptive and non-nociceptive input (reviewed in Gatto et al. 2019; Koch et al. 2018), this
preparation can also be used to identify the proportion of each population involved in the sensory
response, and characterize the anatomical and electrophysiological properties of these sensory
related neurons. The upright spinal cord preparation thus provides an excellent approach to
identify and characterize the spinal neurons which are involved in multiple facets of
sensorimotor control.
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Figure 2.1. The upright spinal cord preparation. A, B. Supports A and B are cut to size from
plastic weigh boats. A horizontal cut (to facilitate a 90° bend) is made 14 mm from one end of
support A, and the resulting 2 segments are placed next to one another on a piece of double sided
tape. The Sylgard block in support B is attached with acrylic glue. C. The spinal cord is placed in
a pool of daCSF in a dish, ventral side up, with its rostral end towards the 14 mm segment of
support A, and then pulled onto support A with fine forceps such that the spinal segment of
interest (indicated by arrows) is located at the end of the support (D). E. Support A is placed on
top of support B and pressure is applied at the junction between the 14 mm and 25 mm segments
which results in the spinal cord being bent at a 90° angle. F. The region of the spinal cord caudal
to the segment of interest is cut off and discarded, the remaining spinal cord is sectioned with a
vibratome in the transverse plane resulting in a horizontal surface for imaging and recording. G.
The preparation is placed in a recording chamber under the objective lens of an upright
microscope which can be used for Ca** imaging, and visual identification of neurons for whole
cell recordings. ENG electrodes are attached to ipsilateral and contralateral ventral roots to
record fictive locomotor activity.
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Figure 2.2. Fictive locomotor activity in the upright spinal cord preparation. A. Schematic
of the upright preparation which was bent at the caudal thoracic segments and sectioned at L.2. B.
Typical bout of fictive locomotor activity evoked from spinal cords prepared in this manner in
which weak rhythmic activity can be seen in the right and left L2 ventral roots (rL2, 1L2) in
response to bath application of 5 uM NMDA and 10 uM 5-HT. In panels B and D shaded
portions (I, II, III) are expanded to the right. C-D. Fictive locomotor activity evoked by
application of the same pharmacological cocktail to a spinal cord bent at the caudal
cervical/rostral thoracic segments and sectioned at L2 (C) is marked by clear rhythmic
alternation of contralateral VR activity (D). E. Alternation between contralateral VRs was
consistent in all preparations in which long lasting ENG activity was generated as indicated by
the points clustered around 0.5 in the polar plot. Each point indicates the mean vector value for
one experiment. Black circles indicate experiments in which fictive locomotion was evoked by
5-HT/NMDA, grey circles indicate experiments in which 5-HT/dopamine was applied F. Bar
chart illustrating that mean cycle period of fictive locomotor evoked by either pharmacological
cocktail.
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Figure 2.3: Imaging neuronal activity using the upright spinal cord preparation. A. Low
magnification image of the sectioned surface ofthe spinal cord after injection of Cal-520AM into
the L2 segment. B. Magnification of region within dashed box in panel A in which cells that
have taken up the Ca®" indicator appear green. White circles surround selected neurons which
have their activity analyzed during fictive locomotion. In both panels A and B scale bar = 100
um C-E ENG activity recorded in the left and right L2 ventral roots (IL2, rL.2) (C) and Ca®"
activity (D, E) of the circled cells in panel B in response to bath application of 10pum 5-HT and
10um dopamine. VRs (C) and cells 1-15 (D) oscillate in a phase locked manner (dashed lines
indicate peak of the ENG burst in the 1L2 VR) while those in panel E do not oscillate during
fictive locomotion. Scale bar for time applies to all VR recordings and Ca*" traces, AF/F scale
bar applies to all Ca®" traces. F. Spectral analysis indicates that the primary frequency of
oscillation for the VRs and all 15 oscillatory cells is 0.074 Hz (indicated by dashed line).
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Figure 2.4. Electrophysiological and morphological analysis of neurons using the upright
spinal cord preparation. A,B. Bath application of5 uM NMDA and 10 puM 5-HT to an upright
spinal cord sectioned at the L3 segment results in fictive locomotion marked by rhythmic
alternation of right and left L3 ventral roots (rL3, 1L3). Lower trace in panel A illustrates the
activity of a cell in the rL.3 segment. During fictive locomotion the membrane potential of this
cell is rhythmically active in phase with the rL3 ventral root and typically fires action potentials
in this phase. The lower trace in panel B depicts a cell is rhythmically active in phase with the
IL3 VR that does not fire action potentials. C-E. A cell in the ventromedial aspect of the spinal
cord 5, 30, and 80 minutes after breaking through the membrane with a recording pipette
containing AlexaFluor594. The soma and primary processes are visible after 5 min (C) and more
distal processes after 30 min (D). After this point (E) there is little difference in the extent to
which the processes can be followed. Scale bar indicates 50 um.
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Chapter 3 -

WT1-expressing interneurons regulate left-right alternation
during mammalian locomotor activity.

Haque F, Rancic V, Zhang W, Clugston R, Ballanyi K, Gosgnach S. (2018). WT1-
Expressing Interneurons Regulate Left-Right Alternation during Mammalian

Locomotor Activity. J Neurosci. 38:5666-5676.
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Significance statement.

In this study we characterize WTIl-expressing spinal interneurons in mice and
demonstrate that they are commissurally projecting and inhibitory. Silencing of this neuronal
population during a locomotor task results in a complete breakdown of left-right alternation
while flexor-extensor alternation was not significantly affected. Axons of WT1 neurons are
shown to terminate nearby commissural interneurons which coordinate motoneuron activity
during locomotion, and presumably regulate their activity. Finally, the WT1 gene is shown to be
present in the spinal cord of humans raising the possibility of functional homology between these
species. This study not only identifies a key component of the locomotor circuitry but also begins
to unravel the connectivity amongst the growing number of molecularly-defined interneurons

that comprise this neural network.
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3.1 Introduction.

The ventral region of the caudal spinal cord in mammals houses a neural circuit known as
the locomotor central pattern generator (CPG) which is responsible for producing the basic
pattern of rhythmic activity that underlies stepping (Kichn 2016). Since the turn of the century
significant advances have been made in our understanding of the structure and function of the
locomotor CPG. This has been propelled by an experimental approach which enables
populations of spinal interneurons to be identified and manipulated based on the transcription
factors they express during development (Goulding 2009). Targeted inactivation of select
interneuronal populations has allowed for the identification of those involved in a number of
essential locomotor functions (Kiehn 2016).

Control of left-right alternation is perhaps the aspect of locomotion which has been best
characterized. Coordination of motor activity on the left and right sides of the spinal cord has
been shown to depend on excitatory and inhibitory commissural interneurons which project both
intra- and intersegmental axons (Butt and Kiehn, 2003; Quinlan and Kiehn, 2007). Initial studies
investigating the involvement of genetically-defined interneuronal populations demonstrated that
left-right alternation is partially disrupted when Dbxl-expressing interneurons (ie. the VO
population) are absent (Lanuza et al. 2004). Subsequently it was demonstrated that DbxI-
expressing VOp cells were responsible for coordinating left-right alternation via monosynaptic
inhibition of contralateral motoneurons at slower locomotor speeds while Evx1-expressing VOvy
cells served this function, likely via a multisynaptic pathway, as locomotor speed increased
(Talpalar et al. 2013). The discrete control of motor neurons on either side of the spinal cord is
complex and it is now apparent that appropriate activity of these commissural interneurons is

modulated by additional cell types including the ipsilaterally projecting V2a population which
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are excitatory, express the transcription factor Chxl0, receive input from putative rhythm
generating cells (Dougherty et al. 2013), and synapse with the VO population (Crone et al. 2008).

The dI6 interneurons, which express the homeobox transcription factor Lbxl in the
progenitor stages (Gross et al. 2002; Muller et al. 2002), are situated in the ventromedial spinal
cord postnatally and have been divided into two genetically-distinct subsets based on the
expression of either DMRT3 or WT1 (Vallstedt and Kullander 2013). The DMRT3-expressing
subpopulation have been shown to be exclusively inhibitory, project axons to motoneurons on
both sides of the spinal cord, and have been implicated in the development of ipsilateral and
contralateral coordination (Andersson et al., 2012). Here we characterize the WT1 -expressing
subset of dI6 interneurons and investigate their role during locomotion. Our results indicate that
these neurons are overwhelmingly inhibitory, project commissural axons which terminate in
close proximity to both Evxl-expressing VOy, and DMRT3-expressing dI6 neurons, and severe
deficits in left-right alternation occur when they are selectively silenced during a locomotor task.
Taken together these findings provide key insight into the network structure of the locomotor
CPG by suggesting that WT1-expressing neurons control motor output on either side of the
spinal cord by regulating the activity of commissural interneurons. Finally, our finding that WT1
is expressed in the adult human spinal cord indicates that expression of this gene is conserved in
the CNS of the mouse and human. These neurons are thus the first genetically-defined
interneuronal population involved in murine locomotion that have be mapped to the spinal cord

in humans, raising the possibility that they play a similar role in regulating bipedal stepping.
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3.2 Materials and methods.

Animals. All procedures were performed on mice of either sex in accordance with the
Canadian Council on Animal Welfare and approved by the Animal Welfare Committee at the
University of Alberta. Embryos were obtained via caesarian section from timed matings with the

morning of the vaginal plug designated as EQ.5.

The following mouse strains were used (all strains with stock numbers indicated are from
The Jackson Laboratory): Wt1< % #010911, RRID:IMSR_JAX:010911), Wtl1“ER (#010912,
RRID:IMSR JAX:010912), VGlut2“® (#028863RRID:IMSR_JAX:02886), ROSA26'ITomato
(#007909, RRID:IMSR JAX:007909), R26-LSL-Gi-DREADD (#026219,
RRID:IMSR JAX:026219), GAD67%" (gift from Dr. Yuchio Yanagawa, Gunma University

RRID:IMSR_RBRC09645).

Immunohistochemistry. Immunohistochemistry was performed as previously described
(Griener et al. 2017). Briefly, frozen or wax serial sections of either whole embryos, postnatal
mouse spinal cords, or human lumbar spinal cord were cut and incubated with primary
antibodies overnight (4°C) followed by incubation with species specific secondary antibodies
conjugated to Cy2, Cy3, or Cy5 for 4 hours at room temperature. After cover slipping, images
were collected using a Leica TCS SP8 MP microscope running Leica Application Suite X
software and figures were prepared with Adobe Photoshop and Corel Draw. Primary antibodies
used were: WTI1 (rabbit, 1:100, Santa Cruz, RRID:AB 632611), GFP (goat, 1:5000, gift from
Eusera), Glycine (rat, 1:1000, Immunosolutions, RRID:AB 10013222), Enl (gift from Jessel
lab, Columbia University- guinea pig, 1:1000), Chx10 (mouse, 1:200, Santa Cruz

RRID:AB 10842442), DMRT3 (goat, 1:100, Santa Cruz, RRID:AB 2091664), synaptotagmin
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(rabbit, 12200, Alomone Lab), Evxl (mouse, 1:100, DSHB, , RRID:AB 2246711), NeuN

(mouse, 1:500, Millipore, RRID:AB 177621).

Retrograde trans-synaptic labelling. Hindlimb extensor (gastrocnemius- GC) or flexor
(tibialis anterior- TA) muscles in anesthetized PO wildtype mice, were injected with 1-2 pL of
PRV-152 viral stock (~6.68 x 108 infectious units per puL), a strain of pseudorabies virus which
expresses GFP in all infected cells (Kerman et al. 2003). All animals were euthanized 40 or 46
hours after injection as these are times at which interneurons which are monosynaptically
connected to motoneurons have been shown to be infected with the virus (Jovanovic et al,
2010). Spinal cords were dissected out and processed for immunohistochemistry as described
above. The pattern and density of viral labelling in all spinal cords included in the dataset were
similar to those previously reported (Jovanovic et al., 2010).

Electrophysiology. The in vitro upright spinal cord preparation was used to make whole

CreGFP and

cell patch clamp recordings from WT1-expressing interneurons. Briefly, neonatal WT1
WT1¥R:R26-LSL-Gi-DREADD pups were anesthetized, decapitated, and eviscerated. Spinal
cords were dissected out in ice-cold oxygenated artificial cerebrospinal fluid (aCSF) containing
(in mM) 120 NaCl, 3 KCl], 1.25 NaH,PO4, 26 NaHCO3, 1.5 MgSOy, 1.5 CaCL, 5 HEPES, 10 N-
Acetyl- L-Cysteine and 10 L-Glucose. The dorsal side of the spinal cord was glued to a plastic
support which was bent at an angle of 90 degrees at the upper-thoracic level. The specimen was
then transferred to a vibratome and a transverse cut was made at a mid- lumbar segment. Care
was taken throughout to ensure that the ventral roots remained intact. After a 30 minute recovery

period in oxygenated aCSF the preparation (including the plastic support) was placed in a

recording chamber located under the objective lens of an upright fluorescent microscope and
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constantly perfused with oxygenated recording aCSF composed of (in mM) 111 NaCl, 3.08 KCI,

11 glucose, 25 NaHCO3, 1.18 KH,POy4, 1.25 MgS0y4, 2.52 CaCl,.

For whole cell recording patch electrodes (tip resistance: 5-7 MQ) were filled with (in
mM) 140 potassium gluconate, 1 NaCl, 0.5 CaCl,, 2MgCL, 1ATP-Na,, 10 HEPES, pH adjusted
to 7.30. An infrared differential interference contrast (IR-DIC) and band pass (515-565 nm) filter
was used to target GFP+ and mCitrane+ cells located along the extent of the cut surface of the

spinal cord. Intracellular signals from all cells were amplified, digitized and acquired ona PC.

Fictive locomotion was induced in upright spinal cords, as well as intact spinal cords
isolated from newborn WT1“R:R26-LSL-Gi-DREADD, or wildtype littermates (which were
simply isolated and pinned in a recording chamber) via addition of N-methyl-D-aspartate
(NMDA, 5 pM) and 5-hydroxytryptamine creatine sulfate complex (5-HT, 5-15 uM) to the
perfusate. In the intact spinal cord fictive locomotor activity was monitored via electroneurogram
(ENG) recording acquired from bipolar suction electrodes positioned on one, two or three of the
flexor-related (L1-L3) and extensor-related (L5) lumbar ventral roots. For the upright spinal cord
preparation fictive locomotor activity was recorded from wventral roots at the level of the
transverse cut- typically L3. The ENG signals were amplified, filtered, digitized and recorded on
a PC. For fictive locomotor experiments on WT1“**};R26-LSL-Gi-DREADD mice increasing
concentrations (500nM, 10 uM, 100 uM) of clozapine N-oxide (CNO, Cayman Chemical, Ann
Arbor, MI) were added to the perfusate after a minimum of 5 minutes of stable fictive
locomotion. Each concentration was applied for 30 min and no measurements were made for at
least 10 min after a new concentration was applied to allow sufficient time for the drug to
penetrate the preparation. For patch clamp experiments CNO was applied after the resting

membrane potential remained stable for 2 minutes. Since we were investigating the effect of
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CNO on cells located just below the cut surface of the spinal cord each concentration was
applied for 5 minutes before washing.

19°GFP o1 wildtype mice were anesthetized

Retrograde dextran tracing. Newborn (P0) Wt
and spinal cords were dissected out in oxygenated artificial cerebrospinal fluid (aCSF). A
unilateral cut was made into the ventral spinal cord at the L2 segment and tetramethylrhodamine
dextran (TMRD) crystals were inserted using insect pins. Spinal cords were then incubated in
oxygenated aCSF for 16 -18 hours at room temperature. Following incubation, the tissue was
fixed overnight with 4% PFA in 0.1 M PBS and processed for immunohistochemistry using

antibodies to GFP (Wt1“ " mouse) or WT1 (wildtype mouse), TMRD was visible without an

antibody.

Data Analysis and Statistics. For immunohistochemical experiments all cell counts were
carried out using the Cell Counter plugin in Image J (ImageJ, RRID:SCR 003070). All means
are reported + standard deviation (SD) and comparisons between means were made using t-tests,
a one-way ANOVA, or Hotelling’s paired test. For all statistical tests a p value < 0.05 was used
to determine statistical significance. In fictive locomotor experiments circular statistics (Zar,
1974) were used to probe the coupling strength between flexor and extensor related ventral roots
or between the WTI cell and the ventral roots. In order to generate polar plots 25 consecutive
bursts in a given ventral root were selected, and their phase values were calculated in reference
to each of the other ventral roots (for whole cell recordings phase values were calculated in
reference to bursts recorded in the WT1 neuron). Mean phase values of 0.5 indicated the bursts
being compared were completely out of phase (i.e. alternating), whereas mean phase values of 1
indicated the bursts were completely in phase (ie. synchronous). r values, which provide a

measure of the concentration of phase values around the mean, were also calculated. Anr value
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of 1 indicates all 25 phase values measured were identical, whereas an r value of 0 indicates the
phase values were distributed randomly (Kjaerulff and Kiehn 1996). Hotelling’s paired test was
used to pool the data from all wildtype and all WT1"*E®;R26-LSL-Gi-DREADD mice and probe

for significant differences between experimental conditions (Control, 10uM, 100 uM, Wash).

qPCR. The mRNA expression level of WTI in the adult human spinal cord was assessed
using a pooled cDNA sample from 12 male/ female Caucasians, ages 18-56 (Clontech, Mountain
View, CA). We also assessed the expression level of MNX1 as a marker of motoneurons (Ross
et al. 1998), and used 18S as a reference gene. The following gene-specific primer sequences
were used: WTI1 forward: 5'-CGC ACG GTG TCT TCA GAG G-3', and reverse: 5'-CCT GGG
TAA GCA CAC ATG AAG G-3' (amplicon= 118 bp); MNXI1 forward: 5'-CTC ATG CTC ACC
GAG ACC CA-3', and reverse: 5'-GCC CTT CTG TTT CTC CGC TT-3' (amplicon = 114 bp);
18S forward: 5'-CGG ACA GGA TTG ACA GAT TGA TAG C-3', and reverse: 5'-CGT TCG
TTA TCG GAA TTA ACC AGA C-3' (amplicon = 107 bp). Quantitative PCR was performed
using a QuantStudio 3 Real-time PCR system (ThermoFisher Scientific, Hampton, NH), with a
SYBR Green I master mix, according to the manufacturer's protocol. The target gene expression
ratio was calculated using the 2" method. PCR products were runona 1.2% agarose gel using

standard methods to ensure the amplicon was of the predicted size.

3.3 Results.
WT1-expressing neurons are located in the ventrome dial spinal cord.

Initial experiments were designed to map the development of WT1-expressing neurons in
the mouse spinal cord and compare the number and location of these cells to the genetically-
related DMRT3-expressing subpopulation of dI6 cells. In line with previous reports (Armstrong

et al. 1993) expression of WT1 was first observed between E11 and E12 in the mouse (see
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Figure 3.1A), shortly after expression of DMRT3, which can be seen at E10.5 (Andersson et al.
2012). By E13.5 WTl-expressing neurons began to migrate ventrally, and by E15.5 they had
taken up their settling position in the ventromedial spinal cord where they remained postnatally
(Figure 3.1A, n=3 spinal cords for E11.5, E13.5, E15.5, n=6 for PO). The position of all cells
expressing DMRT3 and WTI at PO was analyzed in the lumbar segments of 6 spinal cords and
plotted in reference to the central canal. DMRT3-expressing cells were distributed throughout
the ventromedial spinal cord and most densely clustered in the dorsal aspect of this region
around the level of the central canal, while the WT1-expressing cells were located more ventrally
(Figure 3.1B). Analysis of the total number of cells along the extent of the lumbar spinal cord
(Figure 3.1C) indicated that significantly fewer WTI1+ cells were located in each 20um section
when compared to the DMRT3+ population (WT1= 24.4 + 5.8 cells, DMRT3= 34.8 + 4.0 cells,
df=33, t=6.18, p =0.0013).

Interestingly, previous work has shown that the development and migration pattern of
WTl-expressing neurons in the embryonic mouse spinal cord is recapitulated in the human
embryo, and cells expressing WT1 can be seen in the ventromedial spinal cord of humans up to
74 d.p.c., a time point equivalent to E15 in the mouse (Armstrong et al. 1993). Since this study
did not investigate postnatal tissue we were curious to determine whether WT1-expression in
spinal interneurons was maintained at later developmental time points. Expression in both mouse
and humans postnatally could lead to experiments which investigate whether these cells are
functionally homologous in the two species. Initial experiments investigated whether WT1 was
expressed in the mature mouse nervous system. For these experiments an antibody stain for WT1
and the neuronal marker NeuN was carried out in P28 wildtype mice, an age at which the

nervous system has reached maturity (Finlay and Darlington, 1995), and also in 3 month old
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mice- a time point at which the mouse can be considered to have reached adulthood. Inspection
of 3 spinal cords at each of these time points indicated that WTIl neurons are present as
WTI1+/NeuN+ cells could be seen in the ventromedial aspect of all sections examined (meanpog
18.8 £ 4.3, meansmonth 15.2 = 3.9, Figure 3.1D). To investigate whether WT1 expression persists
in the human spinal cord we performed quantitative PCR using a commercially-available pooled
cDNA sample from spinal cords harvested from 12 adults aged 18 to 56. In addition to probing
for WT1 we assessed the expression level of the human motor neuron marker MNX1 (Ross et al.
1998), and used 18S as a reference gene. Analysis indicated that both WT1 and MNXI1 were
expressed at similar levels relative to the reference gene (Fig. 1E) indicating that WTI is
expressed in the adult human spinal cord. Further support for this finding came from an antibody
stain for WT1 in paraffin sections cut from the lumbar region of an adult human spinal cord (32
year old male) in which WTI+ labelling was present and could be seen primarily in the ventral
region of all sections inspected (73.3% of all WTI cells were located below the central canal,
Figure 3.1F). While we were unable to confirm that these cells were neurons via antibody
staining techniques, these findings along with the qPCR results suggests that WT1 cells are
present in the human spinal cord and may reside in a similar location in both mouse and human.
WT1-expressing neurons are primarily inhibitory and project commissural axons.

To investigate the neurotransmitter phenotype of WTI-expressing interneurons we first
stained transverse spinal cord sections cut from VGlut2“*;ROSA26'T ™ mice in which all
excitatory cells expressed reporter protein, and looked for co-expression of WT1 and tdTomato.
Excitatory WTI1+ cells were extremely rare and comprised only 1.8% of the entire WT1+
population (2/111 WT1 cells, n=2 spinal cords, Figure 3.2A). Inhibitory WTI+ neurons were

identified either by co-expression of WTI and an antibody for glycine, or by co-expression of
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WT1 and GFP in spinal cord sections cut from the GAD67 " mouse in which all GABAergic
neurons express GFP. Results confirmed that this subset of dI6 cells is primarily inhibitory as
68.7% (66/96, n=3 spinal cords) of all WT1-expressing neurons co-expressed the GABAergic
marker (Figure 3.2B) and 34.7% (32/92, n=3 spinal cords) of all WTl-expressing neurons
stained positive for glycine (Figure 3.2C).

To broadly define the projection pattern of WTI+ axons backfill experiments were
performed in which the fluorescent tracer tetra-methyl-rhodamine-dextran (TMRD) was applied
to a cut region of the neonatal spinal cord (n=8) unilaterally which results in all processes
passing through this region taking up the tracer and transporting it back to their soma (Figure
3.3A, 3.3B, Stokke et al. 2002). Following a 16-18 hour incubation period, transverse sectioning,
and antibody staining for WT1, analysis of the spinal cords indicated that the mean number of
WT1+/TMRD+ cells in each spinal cord located on the contralateral side of the spinal cord to the
application site (meancomm) Was significantly greater than the mean number on the ipsilateral side
(meanj,si) indicating that this population preferentially extends commissural axons
(meancomm=29.8 + 9.7, meanps= 8.4 = 4.31, df=14, t=4.07, p=0.0006, t-test, Figure 3.3C). There
was no preference as to the mean number of WTI+/TMRD+ cells in each spinal cord located
rostral (meanogra) OF caudal (meancaudar) to the application site (mean;osra=21.4 £ 9.6, meangayda=
16.9 = 7.8, df=14, t=0.87, p=0.20, t-test) with soma expressing TMRD labelled WTI1+ neurons
found up to 1800um (approximately 3 spinal segments) in both the rostral and caudal directions.
WT1-expressing neurons are rhythmically active during fictive locomotion.

Along with the DMRT3 subset of dI6 interneurons and the VOp population our initial
findings indicate that the WT1 interneurons are the third molecularly-defined population of

commissurally projecting, inhibitory interneurons in the mouse spinal cord. To determine
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whether, similar to DMRT3+ and VOp interneurons, WT1-expressing neurons participate in
locomotor activity we recorded from these cells during pharmacologically-induced fictive
locomotion in the neonatal mouse spinal cord and investigated their activity in relation to flexor
and extensor motor axons that innervate hindlimb muscles. For these experiments we utilized
neonatal (PO-P2) WT1* mice (Figure 3.4A). Analysis of the thoracolumbar spinal cords of4
WT1"? mice indicated that while GFP labeled slightly more than half of all WT1-expressing
spinal neurons (460/836), reporter protein expression is restricted to WT1-expressing cells as
99.1% (456/460) of GFP+ cells were WTI1+ (Figure 3.4B). To record activity from GFP-
expressing WT1 neurons during fictive locomotion the upright spinal cord preparation was used

in which spinal cords from WT1¢%?

mice were isolated, bent at a 90-degree angle so that the
caudal end of the cord was facing upwards, and a transverse section was cut with a vibratome at
a mid-lumbar segment. The preparation was then situated below the objective lens of a
fluorescent microscope which allowed all GFP+ WTI1 neurons along the cut surface to be
visually identified for patch clamp recording (Figure 3.4C). Bath application of 5-HT (5uM) and
NMDA (5-15uM) evoked rhythmic, alternating fictive locomotor activity which was recorded by
extracellular electroneurogram (ENG) electrodes attached to one or two of the lumbar ventral
roots on either side of the spinal cord, and GFP+ WTI1 neurons were targeted for whole cell
recording (Figure 3.4D). Activity from WTI-expressing interneurons was strikingly consistent
with all 16 neurons from which we recorded exhibiting clear rhythmic oscillations relative to the
ventral roots (Figure 3.4E) suggestive of involvement in locomotion. Eight of the 16 WT1+ cells
were active in phase with ENG activity recorded from the ipsilateral ventral root in the same

spinal segment, and the remaining eight oscillated in phase with the contralateral ventral root in

the same spinal segment (Figure 3.4F).
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Silencing of WT1+ spinal neurons disrupts left-right alternation during fictive locomotion.
To investigate the specific role WTl-expressing neurons play during locomotion we
reversibly silenced this population and probed for deficits that are apparent in their absence.
Given the expression of WT1 throughout the body (Armstrong et al. 1993), it was necessary to
restrict the silencing of this population to the spinal cord since widespread ablation of WT1 cells
results in early embryonic lethality. Ultimately we determined that the best approach was to use
the R26-LSL-Gi-DREADD transgenic mouse in which an inhibitory DREADD (the mutant G
protein-coupled receptor hM4Di) is present in all Cre expressing cells following recombination
(Zhu et al. 2016). By performing experiments on spinal cords isolated from offspring of R26-
LSL-Gi-DREADD x WT1“*R matings we were able to inhibit the activity in WTI-expressing
spinal neurons by adding the hM4Di receptor ligand clozapine-N-oxide (CNO) to the perfusate.
To confirm the DREADD system effectively inhibited WT1 neurons we isolated spinal
cords from PO WTI“ER;R26-LSL-Gi-DREADD mice and used the upright spinal cord
preparation to record from mCitrane+ (co-expressed in all cells carrying the DREADD) neurons.
Initial inspection revealed that these neurons were clearly visible under a fluorescent microscope
and restricted to the ventromedial laminae (Figure 3.5A). Upon whole cell recording we applied
an identical train of current steps before and after bath application of CNO. All three mCitrane+
cells from which we recorded were clearly inhibited in the presence of 500nM of CNO as a
greater amount of current injection was required to evoke action potentials compared to the
control condition and there was a mean reduction (to 43.7% + 12.2% compared to the control
condition) in the total number ofaction potentials evoked over the duration of the train of current
steps which was partially reversed upon washout (to 72% =+ 8.7% of control, Figure 3.5B). In

contrast the mean number of action potentials evoked over the train of current steps in three
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mCitrane- cells in the presence of 500nM of CNO was similar to control (97.7% + 3.5%, 95.7%
+ 2.4% after washout) and the amount of current injection required to evoke action potentials
was unchanged (Figure 3.5B). Taken together this data allows us to conclude that CNO
selectively inhibits cells expressing the DREADD.

Spinal cords from six PO-P2 wildtype and six WT1“"**};R26-LSL-Gi-DREADD mice were
isolated and perfused with oxygenated artificial cerebrospinal fluid. Bath application of a
cocktail of NMDA (5uM) and 5-HT (10uM) evoked fictive locomotion in each spinal cord
which was recorded via ENG electrodes attached to three ofthe flexor-related or extensor-related
ventral roots bilaterally. After recording a minimum of 5 minutes of stable fictive locomotor
activity which would act as baseline, CNO was added to the perfusate at increasing
concentrations (10 uM, 100 uM). A comparison of cycle period (CP- defined as the interval
between the onset of burst n and burst nt+1) indicated that there was no significant change in the
frequency of locomotor outputs (df=5, F=0.85, p=0.49, one way ANOVA) between the control
and CNO conditions in either the wildtype (CPcontro= 2.7s = 1.1s, SCPcNo-100= 2.68 = 0.7s) or
WT1ERxR26-LSL-Gi- DREADD (CPeontroi= 3.1 + 0.7s, CPeno-100= 3.2s £ 0.6s, n=6) mice.

Circular statistics were used to analyze the coordination of flexor and extensor related
ventral root bursting during fictive locomotion. For each of the 6 wildtype and 6 WT1 “*ERxR26-
LSL-Gi-DREADD spinal cords we generated a polar plot in each condition (control, 10 uM
CNO, 100 pM CNO, wash) which provided us with information on coupling strength between
the ipsilateral and contralateral ventral roots (Kjaerulff and Kiehn, 1996). While Figure 3.5
displays data from a single wildtype (panels C-D) and a single WT1“*RxR26-LSL-Gi-
DREADD (panels E-H) spinal cord, Hotelling’s paired test was used to pool the circular data

from the 6 wildtype mice and the 6 mice expressing the DREADD and determine whether there
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were significant differences in coupling strength between conditions. As expected, alternation
could be seen between contralateral flexor (or contralateral extensor)-related (mean reontroi= 0.94+
0.05, mean rypo-cno= 0.89 = 0.06) and ipsilateral flexor/extensor-related (mean reonto= 0.91%
0.04, mean rjgo-cno= 0.87 £ 0.10) ventral roots in wildtype mice (Figure 3.5C, 3.5D) and this was
unaffected after application of 100 M CNO (Fcontra=0.13, p=0.89, F;,s=0.10, p=0.92, Figure
3.5C, 3.5D). Application of 10 uM CNO to spinal cords isolated from WTI1“ERxR26-LSL-Gi-
DREADD mice resulted in disrupted alternation (F=6.4, p= 0.05, n=6, Figure 3.5E, 3.5F)
between pairs of flexor-related (or pairs of extensor-related) ventral roots located on either side
of the spinal cord when compared to control (mean reontro=-91%0.06, mean r19.cno=0.66+0.20).
The fictive locomotor pattern in the presence of CNO was marked by alternation of ENG activity
in extensor-related (or flexor-related) ventral roots on either side of the spinal cord which was
regularly interrupted by periods of co-bursting (see * in Figure 3.5F-3.5H). Alternation between
ipsilateral flexor and extensor ventral roots on the other hand, was not statistically altered
(Teontro=-93%0.02, 110.cN0=0.91£0.05, 1100-cN0=0.87%0.06, 14ash=0.86£0.15, F=2.3, p=0.25, n=5,
Figure 3.5E, 3.5F). Increasing the concentration of CNO (100 puM) resulted in further
deterioration of contralateral alternation mean r00-.cno=0.39+£0.19 compared to the control
condition (F=12.6, p=0.02, Figure 3.5G) in WTI1“°RxR26-LSL-Gi-DREADD mice, while
alternation between ipsilateral flexor and extensor related ventral roots (mean rjgo-
cno=0.87+0.06) remained statistically similar to the control condition (F=3.2, p= 0.18, Figure
3.5G). Following 30 min of washout of CNO (in aCSF containing baseline levels of 5-HT and
NMDA) the activity of contralateral ventral roots became more tightly coupled, approached
alternation (ryasy=0.81+0.11), and were not significantly different than the control condition

(F=5.7, p=0.07, Figure 3.5H). Taken together these data indicate that inhibition of WTI-
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expressing interneurons during a locomotor task results in a specific and severe breakdown of
left-right alternation.
WT1 neurons terminate in close proximity to populations of commissural interneurons.

The two previously identified populations of commissurally projecting inhibitory
interneurons (DMRT3+ dI6, and VOp neurons) have both been shown to make monosynaptic
connections onto motoneurons (Lanuza et al 2004; Andersson et al. 2012). To determine
whether WT1-expressing neurons also regulate alternation of motor neurons in the spinal cord
via a monosynaptic pathway we injected the retrograde transynaptic tracer pseudorabies virus
152 (PRV-152) into a hindlimb flexor (TA, n=4) or extensor (GC, n=4) muscle of eight PO
wildtype mice. Previous work has shown that this strain of PRV infects (and expresses GFP in)
cells monosynaptically connected to hindlimb motoneurons 36-46 hours after intramuscular
injection in neonatal mice (Jovanovic et al. 2010). Inspection of spinal cords harvested from all
animals within this time window exhibited extensive GFP labeling of neurons in the ventral
laminae ipsilateral to the injection as well as a modest number of cells (typically 5-15) in lamina
VIII contralaterally. This pattern of staining is consistent with other studies which have used
PRV (Lanuza et al. 2004; Zhang et al. 2008; Jovanovic et al. 2010) or rabies virus (Stepien et al.
2010) to identify interneurons that are monosynaptically connected to hindlimb motoneurons.
The complete absence of GFP+ WTI1-expressing neurons on either side of the spinal cord in any
of the 8 mice indicates that this subset of dI6 cells is not monosynaptically connected to
motoneurons (Figure 3.6A) and thus has a unique connectivity pattern when compared to the
VOp and DMR T3+ subpopulations.

In an attempt to identify potential synaptic partners of WT1+ neurons we utilized offspring

of WTITER x ROSA26'%™° mice in which cell bodies and processes of WT1+ neurons
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express the reporter protein tdTomato, and are visible (Figure 3.6C-3.6E). Transverse spinal cord
sections were cut from these mice, and antibodies were used to identify four genetically-defined
interneuronal populations that have been shown to be involved in locomotor activity: the
ipsilaterally-projecting V2a (Chx10-expressing) and V1 (Enl-expressing) cells as well as the
contralaterally-projecting VOy neurons (Evxl-expressing) and the DMRT3+ dI6 cells. WTI-
expressing neurons with axons terminating in close proximity to the soma of these cell
populations were identified via co-localization of an antibody for synaptotagmin, which labels a
Ca*" sensor in presynaptic terminals, and tdTomato+ processes located on the “halo”
surrounding a labeled nucleus (Figure 3.6B). Analysis of 4 WT1*R;ROSA26'“™™  gpinal
cords revealed that terminals from WTI cells were absent on the soma of V2a cells (0/14 cells
inspected, Figure 3.6C), and rarely observed on the soma of Enl cells (the soma of 2/14 Enl
cells received terminals from WTI1+ neurons, Figure 3.6D). In contrast WTI+ terminals were
regularly found in close apposition to Evx1 (9/12 cells inspected, Figure 3.6E) and DMRT3
(16/20 cells inspected, Figure 3.6F) expressing cells suggestive of connectivity amongst these

locomotor-related interneuronal populations.

3.4 Discussion

While the dorsal and ventral subsets of Dbx1-expressing VO interneurons have been shown
to be key regulators of left-right alternation during locomotion (Lanuza et al. 2004; Talpalar et
al. 2013) it is becoming apparent that additional interneuronal populations are involved in this
function either by direct contact onto motoneurons (Andersson et al. 2012), or via modulation of
the VO neurons (Crone et al. 2008). In this study we characterize the WT1-expressing subset of
dI6 interneurons. Based on their neurotransmitter phenotype, axonal projection pattern, and the

clear disruption of left-right alternation that occurs when they are selectively inhibited, we
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provide evidence that WTI interneurons are essential for appropriate left-right alternation during
locomotion, likely via the regulation of other populations of commissural interneurons.
WT1 neurons are required for coordinated locomotor activity.

We were unable to assess the locomotor pattern of intact mice in the absence of WTI-
expressing neurons since there is widespread expression of WTI throughout the body
(Armstrong et al. 1993) and manipulation of this gene results in early embryonic lethality. To
circumvent this issue, the role of WT1-expressing neurons during locomotor activity was studied
by performing fictive locomotor experiments in neonatal mice in which an inhibitory DREADD
was expressed in WT1+ neurons which enabled selective and reversible silencing of these cells.
This approach eliminated compensatory changes in network organization which may occur if the
cells were to be ablated at earlier time points, and it also allowed us to analyze locomotor activity
prior to application, and after washout, of CNO and use these epochs as control conditions for
each mouse. In the presence of CNO the locomotor output from WTI“ERxR26-LSL-Gi-
DREADD mice was characterized by a significant disruption of contralateral coordination which
became more severe with the application of an increased concentration of CNO and was reduced
upon washout. Recently it has been demonstrated that systemically administered CNO can be
metabolized to clozapine which binds to endogenous receptors and can have non-specific actions
on neurons (Gomez et al. 2017). It is unlikely that this phenomenon is responsible for the
locomotor phenotype seen in our study since CNO was directly applied to the spinal cord and
had an effect over a short period of time whereas clozapine metabolism and effect typically takes
2-3 hours (Gomez et al. 2017). More importantly, electrophysiological recordings demonstrate a

selective inhibition of cells carrying the DREADD in the presence of CNO.
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Anatomical tracing experiments indicated that WTIl-expressing cells do not contact
motoneurons monosynaptically but regularly terminate in close proximity to the DMRT3 subset
of dI6 neurons as well as Evxl-expressing VO neurons, two populations shown to be involved in
coordinating locomotor outputs. It is important to keep in mind that these experiments do not
enable us to definitively conclude that these populations are synaptic partners however the
presence of axon terminals from WTI neurons on the soma surrounding Evxl and DMRT3
nuclei combined with the fact that these terminals were seldom seen on soma surrounding Enl or
Chx10 cells provide compelling evidence that these predominantly commissural populations may
be interconnected. Taken together the results of these experiments provide novel insight into the
manner in which populations of commissural interneurons may interact with one another. The
only known synaptic contacts of the inhibitory DMRT3-expressing cells are motoneurons
bilaterally (Andersson et al 2012), while Evx1-expressing VO neurons are excitatory (Talpalar et
al. 2013) and presumed to activate interneurons on the contralateral side of the spinal cord which
in turn inhibit local motoneurons (Shevtsova et al. 2015; Danner et al. 2017). Given our finding
that the vast majority (>80%) of WTI+ neurons are inhibitory and a similar proportion project
commissural axons we provide evidence that WT1+, DMRT3+, and Evxl+ cells are part of a
microcircuit across the midline which is involved in regulating motoneuronal activity during
locomotion.

WT1-expressing cells regulate the activity of commissural interneuron subtypes.

In our proposed circuit diagram of the locomotor CPG (Figure 3.7), we incorporate the
WTl-expressing and DMRT3-expressing d16 neurons into a previously devised wiring diagram
that was assembled based on experimental and modeling data (Shevtsova et al 2015). We

suggest that WT1+ cells on the left side of the spinal cord project to, and inhibit, DMRT3+ dI6
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and VOy cells on the right side of the spinal cord which in turn inhibit motor neurons on the left
side either monosynaptically (DMRT3+) or di-synaptically (VOv). In this arrangement activation
of WT1-expressing neurons on the left side of the spinal cord release motoneurons on the left
from contralateral inhibition via regulation of these two commissural interneuronal populations.
The circuitry proposed in Figure 3.7 can account for the locomotor defects observed during
fictive locomotion when WT1-expressing neurons are inhibited. Specifically, since ablation of
the DMRT3 neurons results in dissociation between activity in contralateral ventral roots
(Andersson et al. 2012) we would expect inappropriate regulation of DMRT3-expressing
neurons to have a similar effect. Conversely, we would not expect the VOv cells to be involved in
left-right alternation in our experiments since it has been shown that the VOp subset are primarily
responsible for appropriate left/right alternation at the slower fictive locomotor speeds evoked in
these experiments while the VOvy cells, which are required at higher frequencies, would
presumably be inactive. While lack of a postnatal marker of the VOp population kept us from
investigating their potential connectivity (as well as the connectivity of the locomotor-related
V2b and V3 populations) with WT1-expressing neurons, it is possible that they also receive
input from WTI1+ cells which regulate activity in different subsets of the VO population at
different speeds. We must keep in mind that evidence suggesting connectivity between
populations does not indicate exclusivity, and WTI+ neurons may contact several other cell
populations (ie. rhythm generating cells of the locomotor CPG) however we have left these
connections out of our schematic as we currently have no supporting experimental evidence.
Given technical limitations inherent with large scale mapping of the spinal cord our
knowledge regarding the connectivity amongst various populations of genetically defined

interneurons shown to be involved in locomotion is limited, and the majority of the previously

77



described connections amongst components are based on deductive reasoning or computational
modeling (dashed lines in Figure 3.7) as opposed to direct experimental evidence (solid lines in
Figure 3.7). In fact, other than synapses on VOy cells from V2a interneurons, our demonstration
of WT1+ terminals in close proximity to VOy and DMRT3+ cells is the only experimental
evidence suggestive of synaptic connectivity amongst groups of genetically-defined interneurons
that are active during locomotion. Based on the dearth of experimental evidence for connectivity
amongst the genetically-defined interneuronal populations we believe that our tracing data marks
a significant step forward in our understanding ofthe network structure of the locomotor CPG.
WT1-expression in the spinal cord is conserved between the mouse and human.

In this study we demonstrate that WT1 is expressed in the spinal cord of adult humans as
well as mice. This builds on previous work showing that WT1 is expressed in spinal interneurons
located in the ventromedial laminae of both mouse (E15) and human (74 d.p.c.) embryos
(Armstrong et al. 1993). There is now substantial evidence (Dimitrijevic et al. 1998; Yang and
Gorassini 2006; Dominici et al. 2011; Angeli et al. 2014; Guertin et al. 2014; Danner et al. 2015)
that a locomotor CPG in the human spinal cord exists, and based on the role that WT1+ neurons
play in coordinating left-right alternation in the mouse spinal cord it is tempting to suggest that
they may also be a key component of the locomotor network in humans. While the generation of
cell types in the CNS and their assembly into functional neural circuits in all species is achieved
through precise regulation of spatiotemporal gene expression (Nord et al. 2015; Shibata et al.
2015), vast differences have been shown to exist between the function of genes that are
expressed in both mice and humans (Liao and Zhang 2008), and functional homology of a gene
can not be presumed (Sibereis et al. 2017) nevertheless WT1-expressing cells are the first

genetically defined interneuronal population involved in murine locomotion that can be mapped
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to the human spinal cord providing support that this experimental approach can potentially

provide insight into the mechanisms of motor control in humans.

Conclusion

It is becoming clear that the circuitry responsible for coordination of motor pools across the
midline requires precise modulation and regulation in order to switch seamlessly between the
different gait patterns that predominate at various locomotor speeds (Bellardita and Kiehn,
2015). Here we begin to unravel the neural circuitry connecting these interneuronal populations
to one another and demonstrate that the WT1-expressing subset of dI6 cells are an essential
component of the locomotor network which appear to work in concert with several other cell
types to precisely regulate motor neuronal activity during stepping. Despite potential species
specific differences in gene function between the mouse and human our finding that WT1-cells
exist in adult humans suggests that work in the mouse spinal cord may have relevance when
studying motor control in more evolved species. Although we are cautious in suggesting a
similar role for WT1-expressing neurons in bipedal locomotion, the fact that these cells are
present in humans raises the possibility that their function can be investigated and, if found to be
involved in motor control, they could potentially represent a target for therapeutic intervention

after spinal cord injury.
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Figure 3.1. Development of WT1-expressing spinal interneurons. A. WTI-expressing
interneurons (green) are first seen at E11.5, a time point at which dI6 neurons that express
DMRTS3 (red) have started to migrate ventromedially. Before birth WT1-expressing interneurons
also migrate ventrally and are typically situated ventral to the central canal by PO. B.
Topographical map illustrating the position of all dI6 cells belonging to the DMRT3+ (red) and
WTI1 (green) subsets (n=6 spinal cords). C. Bar chart indicating that the mean number of
DMRT3+ cells (= SD) per 20um thick spinal cord section is significantly greater than the mean
number of WT1+ neurons (n=6 spinal cords, * denotes p=0.0013, t-test). D. Paraffin sections cut
from the spinal cord of a P28, and 3 months old, mouse and stained with antibodies to WT1 and
NeuN indicate that WT1 expression persists in spinal neurons to adulthood in the mouse. Region
within the dashed box in the low magnification image is expanded to the right. E. Expression
ratio of WT1 and MNXI1 relative to 18S in the human spinal cord indicates that WTI is
expressed at a similar level as the motor neuronal marker. Inset: Representative image indicating
agarose gel electrophoresis of QPCR amplicons and associated threshold cycle (Ct). For panels C
and E data are represented as mean + SD. F. Sum thick section of lumbar spinal cord from a 32
year old male stained with an antibody to WT1 (green) demonstrates that WT1+ cells are present
in the ventromedial as well as the dorsal spinal cord of humans (boxed regions are expanded to
the right, white arrows indicating WT1+ cells). In all images scale bar = 100 um.
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Figure 3.2. Neurotransmitter phenotype of WT1-expressing interneurons. A-C. Antibody
stain for WT1 (blue) in (A) the VGlut2“ROSA26' T mouse, (B) the GAD67" mouse, and
(O) together with an antibody for Glycine (scale bars = 100 um). In all panels each WTI -
expressing interneuron is indicated with an arrow. Filled arrowheads indicate those WT1+ cells
which co-express the respective excitatory or inhibitory marker, open arrows indicate those
WTI+ neurons which do not. While no WTI-expressing cells illustrated co-express the
excitatory cell marker (A), a significant proportion co-express the markers for GABAergic (B) or
glycinergic cells (C).
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Figure 3.3. Axonal projection pattern of WT1-expressing neurons. A. Schematic of
experimental setup in which the fluorescent tracer TMRD is applied to a cut region of the spinal
cord unilaterally (red bar). All WT1 cells (green circles) cells passing their axons through this
region will transport the tracer back to their cell bodies and also fluoresce red (yellow circles).
B. 20 um thick spinal cord section 18 hours after TMRD application 200 pm (upper images) and
800 um (lower images) caudal to the application site and stained with an antibody to WT1 (scale
bars = 100 um). WT1+ cells (green) that have taken up the TMRD (red), indicated by the white
arrows and can be seen in the merged image. C. Pooled data from 8 spinal cords indicates that
the vast majority of WTI cells project commissural axons (white bars) as opposed to ipsilateral
axons (grey bars) and that a similar number of cells can be found rostral and caudalto the TMRD
application site (red bar).
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Figure 3.4. WT1-expressing neurons are rhythmically active during fictive locomotion. A.
20 pm thick section cut from a PO WT1 " mouse and stained with antibodies to WT1 (red)
and GFP (green). All GFP+ cells (indicated by arrows) are WTI+ (scale bar = 100 um). B.
Count of total number of WT1+ interneurons as well as total number of GFP+ cells which
express WT1 indicate that this mouse strain is an accurate marker or WT1-expressing cells. C.
Schematic of upright in vitro spinal cord preparation used to make patch clamp recordings from
GFP+ interneurons as well as lumbar ventral roots (VR) during pharmacologically-induced
fictive locomotion. D. Image of the surface of a spinal cord taken from a PO WT1°P mouse
and prepared for electrophysiological recording. GFP+/WTTI cell being recorded is circled in the
image taken with a DIC (left) and GFP (right) filter (scale bar = 20 pm). E. During fictive
locomotion GFP+, WT1-expressing neuron (lower trace) oscillates in phase with L3 ventral root
located on the ipsilateral side of the spinal cord (iL3). F. Circular plot includes pooled data from
16 GFP+, WT1-expressing cells indicates that bursting in all cells are tightly coupled to fictive
locomotor activity recorded in the local ventral root. Eight cells burst in phase with the local
ventral root (those points located close to 0 in the circular plot), and 8 cells burst out o f phase
(those points located close to 0.5).
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Figure 3.5. Left-right alternation is disrupted in the absence of WT1 cell function. A. Cre
recombination results in expression of the DREADD as well as mCitrane (indicated by arrows)
in the ventromedial laminae of an upright spinal cord preparation prepared from a PO
WTI*xR26-LSL-Gi-DREADD mouse. Scale bar = 100 um B. The response of a mCitrane-
cell (no DREADD, upper traces), and mCitrane+ cell (DREADD receptor, lower traces) before
CNO application, after application of 500nM CNO, and after washout. The cell containing the
DREADD is inhibited and fires fewer action potentials in the presence of CNO while the cell
without the DREADD is unaffected. C, D. ENG recordings illustrate pharmacologically induced
fictive locomotion in a wildtype animal before (C) and after (D) addition of 100 uM of CNO to
the bath. Polar plots illustrate that alternation between flexor (L2) and extensor (L5) related
ventral roots is unaffected after CNO application. E-H. ENGs recorded from flexor (L1) and
extensor (L5) related ventral roots of a spinal cord isolated from a WTI1“*RxR26-LSL-Gi-
DREADD mouse following (E) bath application of 5-HT and NMDA, (F) addition of 10 uM of
CNO, (G) addition of 100 uM of CNO, and (H) washout of CNO. Application of increasing
concentrations of CNO to the bath disrupts alternation between contralateral roots marked by co-
bursting in left and right LS ventral roots (indicated by asterisks) and is partially restored after
washout. Ipsilateral alternation of rL1-rL5 ventral roots is unaffected in the presence of CNO.
Circular plots to the right of each panel illustrate coupling between ENG bursts in contralateral
as well as ipsilateral ventral roots. Each polar plot illustrated includes analysis of 25 cycles for a
single spinal cord in each condition.
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Figure 3.6. WTI1-expressing neurons terminate in close proximity to populations of
commissurally-projecting interneurons. A. 20uM thick section of a spinal cord 46h after
PRV-152 injection into the GS muscle on the left side and stained with antibodies to GFP (green)
and WT1 (blue). At this time point no WTI1- expressing neurons on either side of the spinal cord
have taken up the tracer. Contralateral region containing WT1-expressing cells (dashed box) is
expanded to the right. B. In order to identify presumptive synapses on genetically defined
interneuronal subtypes we inspected the synaptotagmint “halo” (indicated by white arrows)
surrounding each labeled nuclei for WT1+/synaptotagmin+ terminals. C-F. 20 uM thick sections
cut from a PO WTIERROSA26'TO™™° gpinal cord and stained with antibodies to tdTomato
(red), the synaptic marker Synatotagmin (blue), as well as (green) a nuclear marker of V2a cells
(Chx10- panel C), V1 cells (Enl- panel D), VOy cells (Evxl- panel E), or DMRT3-expressing
dl6 cells (panel F). WT1-expressing terminals (tdTomato+/Synaptotagmin+ processes) were rare
or absent nearby Chx10 or Enl expressing cells but were commonly seen in close proximity to
Evxl+ and DMRT3+ neurons. Dashed boxes in panels C and D are expanded to the right. In
panels E and F the arrow in the low magnification image indicates the specific WTI cell of
interest in the panel to the right. In magnified images the arrows indicate presumptive WTI1+
axon terminals. Double labelling of these processes is confirmed in orthogonal views to the right
of panels E and F. Scale bars in all low magnification images indicate 100 um. Scale bars in
high magnification images in panels A, C, D indicate 20 um, and 5 um in panels B, E, F.
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Figure 3.7. Incorporating the WT1-expressing neurons into the proposed circuitry of the
locomotor CPG. Schematic is adapted from Shevtsova et al. 2015. Inhibitory synapses indicated
by a filled circle, excitatory synapses indicated by (Y). Connectivity that has been directly
demonstrated indicated with solid line, that which has been postulated indicated by dashed line.
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4.1 Introduction

As animals forage for food, locomotion becomes key for their survival. For quadrupedal
animals, this means that in addition to whole body stabilization, the timing and sequence of fore-
and hind-limb muscle activation must be precisely controlled. Investigations into the specific
mechanisms underlying hindlimb locomotion have demonstrated that this behavior is
orchestrated by a highly specialized neural circuit, the locomotor central pattern generator
(CPG), which is located in the spinal cord (see Kiechn 2016 for review). This neural network
relies on the coordinated activity of interneurons located specifically within the ventral aspect of
the lumbar spinal cord (Kiehn and Kjaerullf 1996) to generate the locomotor rhythm and
maintain the alternating pattern of agonist and antagonistic hindlimb muscle activation. Recent
work, incorporating molecular techniques to characterize spinal neurons, has demonstrated that
spinal interneurons can be divided up into a handful of genetically defined ensembles (Goulding
2009 review). Based on the unique combination of transcription factors that each neuron
expresses during embryonic development, they are broadly classified into VO, V1, V2, V3, or
dl6 populations. Each of these “parent” populations then can be further subdivided into groups
based on either intrinsic characteristics or the expression of additional transcription factors

(Gosgnach et al 2017 review).

While the functional role of each of these parent populations has been identified, we
know very little about their intrinsic properties, the manner in which they are activated in
response to command signals from higher centers in the intact animal, or the manner in which
they are interconnected to one another. Characterization of these features is essential if we are to

gain a better understanding of the network structure and mechanism of function of the locomotor
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CPG, and use this knowledge to develop approaches aimed at the restoration of function in this

neural network following spinal cord injury.

Given recent progress in the development of viral approaches to study connectivity
within the nervous system (Luo 2018) we now possess the tools to investigate the manner in
which these genetically-defined interneuronal populations are activated and interconnected. In
this study we will focus on the WTl-expressing dI6 interneurons. Previous work from our
laboratory has demonstrated that WT1-expressing neurons are inhibitory, project their axons
both ipsilaterally and contralaterally and are involved in regulating appropriate left-right
alternation via the control of Dmrt3- expressing dI6, and Evxl-expressing VOy neurons (Haque
et al. 2018), two populations of spinal interneurons predicted to connect to motoneurons either
mono- or di-synaptically. In this study we use a retrograde, transynaptic, viral tracing approach
to identify upstream synaptic partners of WTI-expressing neurons. Results indicate that the
WT1+ neurons receive monosynaptic input from spinal interneurons belonging to the DMRT3-
expressing subpopulation of dI6 cells located in both the lumbar and cervical spinal cord, as well
as regions of the reticular formation which have been implicated in the initiation of locomotor
activity in the spinal cord (Caggiano et al. 2018 and Josset et al. 2018). Collectively, these data
provide support for our hypothesis that WT1" and Dmrt3" cells form a microcircuit which
controls motoneuronal activity during locomotion, and also indicate that WT1 " cell activity may
be modulated directly by descending propriospinal neurons as well as those in brainstem

locomotor centres that are involved in initiating and modulating activity in the locomotor CPG.
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4.2 Materials and methods.

Animals. All procedures were performed on postnatal day 0 — postnatal day 7 (P0-P7)
mice of either sex in accordance with the Canadian Council on Animal Welfare and approved by
the Animal Welfare Committee at the University of Alberta. The following mouse strains were
used (all strains with stock numbers indicated are from The Jackson Laboratory): WT1 <GP
(#010911, RRID:IMSR JAX: 010911), VGIut2“® (#028863, RRIDIMSR JAX:028863),
ROSA26'Tom# (4007909, RRID:IMSR_JAX:007909). Wt1*S*P mice express GFP reporter
protein in WTI-expressing spinal neurons (see Haque et al. 2018). Crossing the VGlut2“™ strain
with the ROSA26'%™° gtrain results in VGIut2“®ROSA26" ™ offspring in  which

glutamatergic neurons express the reporter protein.

Stereotaxic surgeries for viral injection. VGlut2“®ROSA26T4oma° o W] eGP
transgenic mice (P3-P5) were anesthetized with isoflurane (4% in 95% O,/ 5% CO,) for the
duration of the surgical procedure. After surgical plane was reached, a laminectomy was
performed to expose the L3/L4 spinal segments. PRV-introvert-GFP (150 nL, gift from
Friedman lab, Rockefeller University, NY) was loaded into a glass pipette (~10-30 pm tip
diameter) and attached to a microsyringe which was connected to a picospritzer (Dagan
Corporation, Minneapolis, MN). PRV-introvert-GFP has an inverted thymidine kinase and GFP
between two inverted loxP sites (Pomeranz et al. 2017). Thus, in mice infected with PRV-
Introvert-GFP, viral propagation, which is mediated by thymidine kinase, and GFP expression,
are both dependent on Cre recombination. The pipette was situated to the left of the midline of
the exposed surface of the spinal cord and driven 300-400 um from the dorsal surface using a
stereotaxic frame. Based on anatomical analysis of the P3-P5 spinal cord, this placed the pipette

tip in the ventral aspect of the spinal cord. The picospritzer was then used to eject the virus (15-
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35 ms pulses at 40 p.s.i.). In some cases, fluorobeads were included in the pipette to assess the
injection site post hoc. After viral injections, the pipette was left in place for at least 2 min before
slow retraction. After the pipette was removed, the overlying skin was closed with superglue and

pups were returned to their home cage where they remained until the tissues were harvested.

Perfusion. In order to analyze the speed at which the PRV-introvert-GFP travels across
synapses in the CNS, and to identify infected neurons, brainstems/ spinal cords were extracted
10, 15, 24, 30, 48 and/ or 64 h post injection. At the appropriate time, pups were transcardially
perfused with 0.1 M PBS followed by 4% PF A/PBS, quickly eviscerated, and brainstems/ spinal
cords were dissected out, fixed overnight in 4% PFA/PBS, and cryoprotected in a 30%
sucrose/PBS solution. The tissues were then placed in Tissue-Tek O.C.T. compound to make
cryomoulds and 20 um 30 um thick transverse cryostat sections brainstem were collected on

slides. Antibody staining was either carried out immediately or the slides were stored at -80°C.

Immunohistochemistry. Immunohistochemistry was performed as previously described
(Griener et al, 2017). Briefly, slides containing sections of postnatal mouse spinal cords/
brainstems were incubated with primary antibodies overnight (4°C) followed by incubation with
species-specific secondary antibodies conjugated to Cy2, Cy3, or Cy5 for 4 h at room
temperature. After coverslipping, images were collected using a Leica TCS SP8 MP microscope
running Leica Application Suite X software, and figures were prepared with Adobe Photoshop
and Corel Draw. Primary antibodies used were as follows: WT1 (rabbit, 1:100, Santa Cruz
Biotechnology, RRID:AB 632611), GFP (goat, 1:5000, gift from Eusera), Enl (gift from Jessel
laboratory, Columbia University, guinea pig, 1:1000), Chx10 (mouse, 12200, Santa Cruz

Biotechnology, RRID:AB 10842442), DMRT3 (goat, 1:100, Santa Cruz Biotechnology,
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RRID:AB 2091664), Evxl (mouse, 1:100, DSHB, RRID:AB 2246711), and NeuN (mouse,

1:500, Millipore, RRID:AB_177621).

4.3 Results.

In order to trace upstream synaptic partners of WT1 neurons a retrograde virus, PRV-

Introvert-GFP was injected into the spinal cords of WT1eGF

mice. Propagation of both the
virus and GFP expression are dependent on Cre recombination (Pomeranz et al. 2017). First, to
confirm that the virus was in fact Cre-dependent, we injected PRV-Introvert-GFP into the lumbar
spinal cord of P3-P5 wild type and VGlut2“*ROSA26'T°™° mice. Inspection of tissue harvested
from wildtype animals 24 h after intraspinal injection, and incubated with antibodies to GFP,
resulted in no GFP expression in the spinal cord (Figure 4.1 top panel), indicating that there is no
PRV-Introvert-GFP expression in mice that do not express the Cre recombinase. Fluobeads
added to the virus confirmed that the injection site was localized to the ventral spinal cord
(Figure 4.1A-C). In contrast, spinal cords harvested fiom VGlut2 “®ROSA26'T°™° mice at 15 h
post injection showed viral expression in a handful cells, while by 24 h there was GFP
expression in majority of the glutamtergic neurons (Cre expressing neurons) in the lumbar

segment (Figure 4.1E-F) confirming that expression of Cre recombinase is required for viral

transport.

The next goal was to determine the speed of transport of the virus, in order to identify
those neurons that monosynaptically contact Cre-expressing cells which are infected at the
injection site. To this end PRV-Introvert-GFP was injected into the lumbar enlargement (L3-L4)
of P3-P5 VGlut2“ROSA26" oM@ mice. Although our ultimate goal was to map contacts onto

WTI-expressing neurons, the VGlut2“®ROSA26" T mouse strain was initially used since it
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contains many more Cre expressing neurons than the WT1*“" strain (Haque et al 2018), and
thus allows us to better visualize the infection and explore the spread of Cre-dependent virus. In
3 VG2 ROSA26TTom®  ghinal cords a mean of 86+20.8 tdTomato-expressing (ie.
glutamatergic) cells were identified per hemisection in the lumbar segments. Spinal cords were
harvested 10, 15, 24, 30, 48 and 64 hours after PRV-Introvert-GFP injection and
immunohistochemistry for GFP was carried out (Figure 4.1D-I). Ten hours after injection there
was no GFP expression in the lumbar region (n=2 spinal cords, Figure 4.1D). The first GFP+
neurons were visible 15 h (Figure 4.1E) after injection and they were restricted to the region
immediately surrounding the injection site (mean 5.1 = 2 .4 GFP cells per 20 um section; n=3
spinal cords). Since the primary viral infection should encompass most of the glutamatergic
neurons in the ventral horn of L.3-14 segment, we increased the incubation time and extracted the
tissue 24 h post injection. At this time point GFP expression was limited to the L.3/L4 spinal cord
segment (n=3) and on average 38.2 £ 10.7 cells expressed the virus (Figure 4.1F). At 30 and 48 h
post injection, the GFP expression had spread not only to neurons within the L.3/14 segment
(Figure 4.1 G-H) but also to the cervical segments of the spinal cord (Figure 4.2 A-B) and
various nuclei in the brainstem (Figure 4.2 C-F). It was previously shown that reticulospinal
neuron from pons and medulla and long projections from the cervical spinal segment terminate
in the lumbar segment where motor-related interneurons and motor neurons reside (Ruder et al.
2016). Hence, the presence of virus in the cervical segments 30h post injection suggests that at
this time point the virus has crossed one synapse. Since PRV-Introvert-GFP is not
monosynaptically restricted, we drew inference about higher order connectivity by analyzing the

retrograde spread over time. The spread of virus from 24 h to 30 h led us to believe that the
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primary infection occurs by 24 h and the infection crosses a synapse by 30 h post injection and

two synapses by 48 h.

We followed this timeline and injected PRV-Introvert-GFP directly in L2/L3 spinal

197°CFP mice. Spinal cords from these mice were harvested and immunostained

segment of WT
for GFP 24 h and 30 h after the injection. Since both the virus and the transgenic mouse strain
express GFP, we looked at cell morphology to differentiate between GFP expressing WTI cells
and GFP expressed by PRV-Introvert-GFP. The WT1“°“"" mice has a knock-in allele that
expresses an enhanced green fluorescent protein-Cre recombinase fusion protein under the WTI
promoter element and has been shown to express GFP in approximately half of all WT1-
expressing neurons (Haque et al. 2018). Since WT1 is a nuclear transcription factor, the GFP
expression is restricted to the nucleus. Whereas the virus expresses GFP in both the processes
and cytoplasm of infected cells. The differences in GFP expression can be distinguished under
high magnification (Figure 4.3 A-C) and allows us to identify infected WT1-expressing cells.
Spinal cord harvested 24 h post PRV-Introvert-GFP injection were immunostained with GFP and
WT1 antibodies and we found that 3.3 = 2.0 WT1+ neurons (n=4 spinal cords) had been infected
by the virus around the L3 spinal segment where the virus was injected (Figure 4.3 A). In these

spinal cords we also observed viral expression in a smaller population (1.7 £ 0.8 neurons) that

did not express WTI.

The next step was to determine the genetic identity of these spinal interneurons that
contact WT1 neurons in the lumbar spinal cord as they are likely to comprise the upstream
synaptic partners of the WT1 population. Spinal cord sections were cut from the lumbar, and

cervical spinal cord as well as the brainstem 30 h after injection of PRV-Introvert-GFP in an
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additional 5 spinal cords. In addition to staining for GFP, antibodies against Evxl, Enl, Chx10,
and DMRT3 were used to label VOvy, V1, V2a, and a subset of the dI6 interneuronal populations
respectively. At 30 h post injection, we found a mean of 5.4 = 3.9 GFP+ cells per 20 um hemi-
section (n=5) throughout the lower thoracic to lumbar (T10-L5) segments of the spinal cord.
Throughout the same segments, our antibodies labelled on average 25.5 = 6.1 Evxl, 10.2 +£ 4.2
Chx10, 22.0 £ 6.9 Enl, and 25.4 £ 13.2 DMRT3 neurons per hemi-section. Inthese spinal cords
we found no co-labelling of the virus with Enl (Figure 4.3 D-F) or Chx10 (Figure 4.3 G-I)
neurons, and we found only one viral infected cells that was Evxl+ (Figure 4.3 M-O).
Interestingly, of the 398 GFP+ neurons we identified within the lumbar segments of all spinal
cords, 382 were also positive for DMRT3 (Figure 4.3 J-L). Given the consistency of this data it
provides strong evidence that the DMRT3-expressing subset of dI6 neurons provides substantial

input on the the WT1-expressing neurons.

Propriospinal neurons that project to and connect various segments of the spinal cord are
important for relaying supraspinal signals (Cowley et al 2008, 2010), postural control, and
interlimb coordination (Alstermark et al. 1987; Ballion et al. 2001; Pocratsky et al. 2014; Ruder
et al. 2016; Flynn et al. 2017). Long descending propriospinal neurons, located in the cervical
and upper thoracic spinal segment, that project their axons to the lumbar enlargement are
important for interlimb coordination (reviewed in Cowley et al. 2010). In order to determine
whether these neurons provide input onto WT1 cells we examined sections cut from the cervical
and upper thoracic segments (~C2-T2) of the same 5 mice as in the previous experiment in
which PRV-Introvert-GFP had been injected into L2/L3 segments and spinal cords were
harvested after 30 hours. We identified a mean of 1.8 £ 0.9 (n=5) viral infected neurons per

hemi-section and observed these GFP+ cells distributed on either side of the spinal cord. To
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identify the developmental genetic class of these neurons we again stained these sections with
antibodies to transcription factors Evxl, Enl, Chx10, and DMRT3 in the cervical segments. We
saw no co-expression of the virus with Enl (Figure 4.4 A-C), Chx10 (Figure 4.4 D-F), or Evx1
(Figure 4.4 J-L) in any of the sections from the C2-T2 segments. Interestingly however, we
identified in total 20 of the 23 viral infected neurons identified in these segments also expressed
DMRT3 (Figure 4.4 G-I) indicating that long descending propriospinal input onto WT1 neurons

in the lumbar spinal cord originates from DMRT3-expressing neurons.

The reticulospinal system that sends descending tracts from the pontine and medullary
reticular formation are important in conveying command signals for locomotor initiation
(Shefchyk et al. 1984; Drew and Rossignol 1984; Capelli et al. 2017) however the targets of
these reticulospinal neurons in the lumbar spinal cord have yet to be identified. To determine
whether WT1 neurons received input from these regions we simply investigated whether viral
infected neurons could be identified in the pontine and medullary reticular formation 30 hours
after injection of PRV-Introvert-GFP into the lumbar spinal cord of WT1 ™" mice. For these
experiments serial brainstem sections were taken at 90 um intervals, nuclei were identified based
on the distribution of ChAT immunoreactivity (Armstrong et al. 1983; Tago et al. 1989), and
general brain architecture that was compared with the Allen mouse brain atlas. GFP-expressing
neurons were only found in the medullary reticular formation ventral part (MdV) (n=3
brainstems; 8+3 GFP+ cells per section) and in gigantocellular reticular nucleus ventral part
(GiV) (n=3 brainstems; 4+2 cells- Figure 4.5 A-D) indicating that the WT1-expressing neurons

do receive input from locomotor related brainstem sites.
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4.4 Discussion.

In order to understand how locomotor activity is generated and modulated we must be
able to identify the interneuronal components of the locomotor CPG, determine the intrinsic
physiological properties of these interneurons, as well as the manner in which they are
interconnected to one another and activated by descending systems that initiate stepping.
Previous work indicates that WT1-expressing cells are derived from the dI6 interneuronal
population which migrates to the ventral spinal cord during the later stages of development and
takes up position in lamina VII/VIII postnatally (Goulding 2009). These neurons are primarily
inhibitory, project commissural axons, and are involved in regulating left-right alternation during
locomotion, likely via interactions with the Evxl expressing VOy neurons and the DMRT3
expressing subset of dI6 neurons (Haque et al. 2018). In this study we provide further insight into
the network structure of the locomotor CPG by identifying sources of synaptic input onto the
WT1-expressing population. Tracing experiments demonstrate that these neurons receive
extensive, likely monosynaptic, input from DMRT3-expressing interneurons located in the
lumbar and cervical segments of the spinal cord, in addition to input from brainstem sites

involved in locomotor initiation.

It is important to keep in mind that there are other sources of input to WT1-expressing
neurons that were not revealed in this study. While a surprisingly small percentage of cells in the
lumbar spinal cord (4%) were infected with the virus but did not express DMRT3, this number
rose to 14% in the cervical spinal cord. These neurons were not able to be identified with

antibodies to transcription factors expressed postnatally by the VOy (Evxl), V1 (Enl), or V2a
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(Chx10) populations however this does not rule out connectivity between these populations and

the WT1-expressing neurons since these antibodies do not exhaustively label each population.

In spite of this, given the overwhelming number of viral infected neurons that expressed
DMRTS3, it is clear that there is a substantial degree of communication between the two subsets
of dI6 neurons. Mutations in the DMRT3 gene in horses is required to perform alternate gait
(pacing or four-beat ambling), and thus suggests that DMRT3-expressing neurons have a critical
role for left/right alternation and also for coordinated movement of the fore- and hind-limbs
(Andersson et al. 2014). Connectivity between DMRT3-, and WT1-expressing neurons in the
lumbar spinal cord fits with our previous prediction that these two populations, along with the
VO interneurons, form a microcircuit across the midline that is responsible for coordinating
motoneurons on either side of the spinal cord (Haque et al. 2018) and ensuring left-right
alternation during stepping. In addition, our data demonstrating that DMRT3+ neurons in the
cervical spinal cord project to WTI1-expressing neurons in the lumbar segments raises the
possibility that these subpopulations of dI6 neurons communicate in order to coordinate fore-
and hind-limb movements during stepping, circuitry that has been shown to be key for balance in
in both bipeds and quadrupeds animals (Dietz 2002) and implicated in sensorimotor integration,

as well as functional recovery following spinal cord injury (Flynnetal 2017).

An unexpected finding in this study was the connectivity between locomotor-related
centres in the brainstem and WT1-expressing neurons in the spinal cord. Viral expression was
seen in the MdV and GiV, two nuclei that comprise the reticular formation, receive input from
the mesencephalic locomotor region, (Capelli et al. 2017), and initiate activity in the locomotor

CPG. In spite of these projections it is extremely unlikely that WT1 neurons in the lumbar spinal
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cord are involved in locomotor initiation since this is a function carried out by glutamatergic
neurons (Hagglund et al. 2010), and less than 2% of WT1-expressing neurons fit this description.
Our data does raise the possibility that, rather than simply initiating activity in the locomotor
CPG these brainstem sites provide ongoing modulation of the interneuronal components of this
neural network, circuitry that would be functionally relevant when quadrupedal animals switch
between gaits from walking to trotting to galloping, each of which requires a unique synergy of

hindlimb muscles on either side ofthe spinal cord (Bellardita and Kiehn, 2015).

Summary

The incorporation of molecular genetic techniques has enabled a number of genetically-
defined interneuron populations to be identified and their specific function during locomotion to
be defined. In addition, the specific brainstem regions that interface with the locomotor CPG and
are involved in starting and stopping (Josset et al 2018, Capelli et al 2017; Caggiano et al 2018)
locomotor activity have been determined. In spite of this, there is limited knowledge regarding
the connectivity of these neurons within the neural network which controls stepping. In fact,
other than connectivity between Shox2-expressing interneurons and VO cells (Dougherty et al
2013), there is little information detailing synaptic connectivity amongst the genetically-defined
populations and the manner in which they work together to generate the various gaits used to
locomote at various speeds. This study, together with previous work from our lab (Haque et al.
2018), has begun to fill this gap by identified the upstream and downstream synaptic partners of
WTl-expressing neurons and demonstrating that this connectivity pattern is consistent with their

involvement of coordinating left-right alternation during stepping.
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FIGURES
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Figure 4.1. Injection and spread of PRV-Introvert-GFP in the neonatal mouse spinal cord.
(A-C) Spinal cord from wild type animal was harvested 24 hours after injection of PRV-
Introvert-GFP into the lumbar spinal cord. In the absence of the Cre recombinase no infected
cells (green) can be seen. Confirmation that the injection was localized to the lumbar spinal cord
comes from cells in this region that have taken up Fluobeads (red), which were included in the
injection pipette. (D-I) Lumbar spinal cord sections from VGlut2“ROSA26'TM%° gninal cords
harvested at various time points after injection. The first viral infected cells (green) can be
identified 15 hours after injection, by 48 hours most cells in the ventral spinal cord are infected.
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Figure 4.2 Infection of descending cells that project to glutamate rgic neurons in the lumbar
spinal cord. A-B. Sections cut from the cervical spinal cord 30 (A) and 48 (B) hours after PRV-
Introvert-GFP injection into the lumbar spinal cord ofa VGlut2“ROSA26'T°™° mouse indicate
that cells surrounding the central canal (dashed circle) have been infected with the virus, and
express GFP (green) at these timepoints, with a greater number of cells expressing GFP after 48
hours. C-F. Sections cut from rostral (C), medial (D, E), and caudal (F) brainstem 48 hours after
PRV-Introvert-GFP injection into the VGlut2“*ROSA26'T°™° mouse indicates that cells in
several nuclei are infected with the virus (green cells) and project to the lumbar spinal cord.
Sections are also stained with an antibody to ChAT (blue) to identify nuclei for orientation. PnC-
pontine reticular nucleus; Gi- gigantocellular reticular nucleus; VII- facial nucleus; XII-
hypoglossal nucleus; Amb- nucleus ambiguous; LPGi- lateral paragigantocellular nucleus;
MdV/MdD- medullary reticular formation ventral/dorsal part; pyx- pyramidal decussation.
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Figure 4.3. Expression of PRV-Introvert-GFP in the lumbar spinal segment of WT1¢*¢"
mice. (A-C) Expression of the virus 26 hrs post injection indicates that the virus is selectively
expressed in WT1 cells (closed arrows). Virus derived GFP is expressed in the cell body of Wtl
cells (closed arrow) whereas GFP expressed as a reporter protein in WT1 cells of WT1GHP
mice is restricted to the nucleus (open arrows). Sections cut from the lumbar spinal cord 30 h
post intraspinal virus injection and labelled with GFP and antibodies to Enl (D-F), Chx10 (G-D),
DMRT3 (J-L), and Evxl (M-0O) shows that the viral expression was limited to DMRT3
expressing neurons in the lumbar segments. Panels C, F, I, L, O are magnifications of the regions
containing the GFP+ cells (arrowheads) in the panels to the left. Scale bar, 100 pm.
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Figure 4.4. Expression of PRV-Introvert-GFP in the cervical segments of Wt1¢"¢™" mice.

Sections cut from the cervical spinal cord of WTI1**? mice 30 h after PRV-Introvert-GFP
injection into the lumbar spinal cord. Sections are stained with antibodies to Enl (A-C), Chx10
(D-F), DMRT3 (G-I), and Evxl (J-L) to identify propriospinal neurons that project to WTI
expressing cells in the lumbar spinal cord. Of these populations only the DMRT3+ cells in the
cervical spinal cord were seen to take up the virus. Panels to the right are magnifications of the
regions containing the GFP+ cells (arrowheads) in the panels to the left. Scale bar, 100 pum.
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Figure 4.5. Identification of nuclei in the caudal brainstem that project to WT1+ neurons in
the lumbar spinal cord. A-D. Transverse section cut from the brainstem 30 h after injection of
PRV-Introvert-GFP into the lumbar spinal cord of a WTI " mouse. Viral infected cells
(green) can be seen in the GiV (A-B) and MdV nucleus (C-D). ChAT immunostaining (blue)
was performed to identify motor nuclei (hypoglossal nucleus; XII and nucleus ambiguous; amb)
for orientation (shown in the low magnification images only). Scale bar 1000 um (A,C); 400 pm
(B,D).
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Chapter S — General

Discussions and Conclusions

115



Over the course of the past 150 years, our understanding of locomotor control has
developed significantly. Much of the work investigating the structure and function of the
locomotor CPG has relied on electrophysiological and anatomical approaches to identify
component interneurons that make up this neural circuit. Due to the relative simplicity of the
nervous system in lower vertebrates, this experimental approach has provided a great deal of
information on the neural mechanisms underlying locomotion in the lamprey (Grillner 2003),
and Xenopus tadpole (Roberts et al. 1990); however insight into the mammalian locomotor CPG
has historically been modest due to the vast number, and heterogeneity, of neurons in the CNS.
In the past 20 years, widespread use of molecular genetic techniques has led to a better
understanding of the manner in which spinal interneurons develop. This has, in turn, resulted in
the division of mammalian spinal interneurons into a manageable number of genetically defined
populations (Tanabe and Jessell, 1996). This approach has enabled neuronal populations with a
similar genetic lineage to be labeled and studied individually in order to characterize their
morphology, anatomical properties, and activity during a locomotor task. Furthermore, each
population can be silenced or ablated in order to identify their specific role during stepping. The
incorporation of this experimental approach has proven to be a significant milestone for the study
of locomotor control as it has provided the first reliable method for consistently identifying
component interneurons of the mammalian locomotor CPG. The focus of this thesis has been to
use this approach to comprehensively characterize one population of genetically defined
interneurons, the WT1-expressing dI6 cells, and determine whether they are involved in shaping

locomotor outputs.

5.1 The in vitro upright spinal cord pre paration.

In order to understand how the component neurons of the locomotor CPG work in
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concert to generate stepping, it is necessary to identify the interneuronal components of this
neural circuit and characterize their anatomical and electrophysiological properties. Typically,
this has been achieved by recording from single neurons during locomotor activity, identifying
those that are rhythmically active, and then determining their key intrinsic properties.
Anatomical features of relevant neurons can be identified by inclusion of an intracellular tracer
(i.e. Neurobiotin/AlexaFluor) in the recording pipette, and performing post hoc morphological
analysis. Historically these experiments have been carried out using the isolated spinal cord (or
brainstem/spinal cord) fictive locomotor preparation (Kudo and Yamada 1987; Smith and
Feldman 1987) as this allows access to spinal interneurons with a recording pipette.
Unfortunately, given the requirement that several segments of the spinal cord must remain intact
for fictive locomotor activity to be generated, recordings from locomotor-related neurons have
been made using a “blind” approach, which greatly reduces the chance of making a substantial
number of recordings from a functionally homogeneous population of interneurons. In order to
address this issue, and allow access to genetically-labeled interneuronal populations, several
groups have modified the in vitro preparation to facilitate visualized recordings. These
modifications have typically involved sectioning the spinal cord in order to reveal specific areas
of interest. While it has been demonstrated that the ventral spinal cord must remain intact for
fictive locomotor activity to be produced, removal of the dorsal half of the spinal cord does not
impact the quality of fictive locomotion, and enables neurons close to the central canal to be
targeted for anatomical/electrophysiological characterization during a locomotor task. This
preparation has been used to characterize certain members of the Hb9 (Hinckley et al. 2005;
Wailson et al. 2007), dI6 (Dyck and Gosgnach 2009), and V2a (Zhong et al. 2010; Dougherty et

al, 2013) interneuronal populations, however it does not allow access to any neurons located
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below the ventral lip of the central canal- a region which houses the vast majority of interneurons

which participate in locomotor activity (Kjaerullf and Kiehn 1996).

To address this limitation, we developed an upright preparation of the spinal cord that
allows us to visualize the entire transverse surface. By optimizing this preparation, we are able to
make visually-guided, whole cell patch clamp recordings from neurons located across the
transverse plane, including those in laminae VII and VIII. Importantly, we also integrated
calcium imaging into this preparation which enables the identification of neurons across the
transverse plane that are rhythmically active during drug evoked fictive locomotion. Using
calcium indicators to monitor neuronal activity greatly improves “throughput” of these
experiments since it allows us to focus our characterization solely on those neurons which are
locomotor-related. By using this imaging approach in mouse strains that have genetically defined
neuronal populations “tagged” with fluorescent proteins we can determine the proportion of each
population that are rhythmically active during locomotion, and selectively investigate the
anatomical and electrophysiological properties of these specific neurons. This is crucial since it
has become apparent that not all members of a genetically-defined population are rhythmically
active during locomotion. While the electrophysiological activity of the V1, V2b, and V3
interneuronal populations during locomotion have not been assessed, whole cell recordings from
the dI6 (Dyck et al. 2012), V2a (Zhong et al. 2010) and Shox2 (Dougherty et al. 2013)
populations have indicated that only a subset of each (53%, 44%, and 67% respectively) are
rhythmically active during fictive locomotion, while the remainder are either silent or tonically
active. Thus, when considering the electrophysiological features and synaptic connectivity ofany
of the interneuronal populations the upright spinal cord preparation is well suited to identify

those properties that are unique to locomotor-related neurons.
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5.2 The role of WT1-expressing interneurons during locomotion.

The transcription factor WT1 is expressed in a subset of the dI6 interneuronal population,
and partially overlaps with expression of DMRT3 (Goulding 2009). The primary goal of this
thesis was to characterize WT1-expressing neurons and determine whether they play a specific
role in shaping locomotor outputs in mammals. Our data indicate that this population of
interneurons, which is located in laminae VII and VIII of the postnatal spinal cord, is exclusively
inhibitory, and primarily extends commissural axons. Using the upright preparation that we
developed (Chapter 2 of the thesis), we were able to record from this population of interneurons
and define their activity during fictive locomotion. All WT1-expressing neurons from which we
recorded were rhythmically active during pharmacologically induced fictive locomotion, and
were tightly correlated with rhythmic ventral root (i.e. motoneuronal) activity. Compared to
many of the other genetically-defined populations of interneurons there are relatively few WT1
cells in the spinal cord, despite this fact we show that they play an essential role in securing left-
right alternation during stepping as synchronous bursts in flexor and/or extensor related ventral
roots is apparent when synaptic transmission from WT1-expressing neurons is blocked. Based
solely on their similar transcriptional profile to the VO population previous work (Lanuza et al
2004) hypothesized that the dI6 population plays a role in left-right alternation during stepping.
The data presented in this thesis a) provides experimental evidence supporting this hypothesis, b)
demonstrates the specific subset of the dI6 population involved, and c) provides insight into the

mechanism by which this function is carried out.

5.3 Connectivity amongst interneuronal components of the locomotor CPG.
We are approaching 20 years since the first published work incorporating a molecular

genetic approach to identify, and functionally characterize, interneuronal components of the
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locomotor CPG. While this approach has resulted in a tremendous amount of new data regarding
the identity of components of this neural network, we still know little regarding the manner in
which these populations are interconnected, or activated by locomotor initiating regions in the
midbrain and brainstem. This information is required if we hope to understand how this neural
circuit operates, and eventually devise therapies targeted at restoring function after spinal cord
mmjury.

Thus far a number of studies have investigated connectivity using intramuscular injection
of the retrograde trans-synaptic tracer pseudorabies (i.e. PRV-152) in order to identify
interneuronal populations that contact hindlimb motoneurons. While it is certainly valuable to
identify last order interneurons that project to hindlimb motoneurons, it is essential to keep in
mind that these experiments do not indicate exclusivity, and that these last order interneurons are
also likely to project to other interneuronal populations. Largely due to the lack of an effective
assay, relatively little connectivity has been revealed amongst the genetically-defined
interneuronal populations, however studies that have incorporated an anterograde approach to
investigate the distribution of axon terminals of a given interneuronal population have led to the
identification of input to multiple regions, or onto multiple cell types, within the spinal cord (See
Table 1.1). Given the vast diversity within each “parent” genetically-defined population these
findings are not surprising. While the diversity within each population makes studies into the
connectivity of the locomotor CPG more technically demanding, recent progress in the
development of viral tracing approaches (reviewed in Luo et al. 2018) suggests that a great deal

of data may be generated in the next decade.

The current state of knowledge regarding connectivity ofthe locomotor CPG is illustrated

in Figure 5.1. Each contact is numbered, and a brief description of the function of the cell
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population and its connectivity follows. The VO interneurons which play a role in left-right
alternation do so by projecting to multiple targets on the contralateral side of the spinal cord.
While connectivity to motoneurons was demonstrated via intramuscular PRV-152 injection
(Lanuza et al. 2004), subsequent studies indicated that this pattern is likely only displayed by the
V0, subset as VOy neurons are disynaptically connected to contralateral motoneurons (Figure 5.1,
connections 1 and 2- Griener et al. 2015). Based on the function of VO, during locomotion, and
therr excitatory neurotransmitter phenotype (Talpalar et al. 2013), it is assumed that the
unidentified interneurons, to which they project, are inhibitory. In preliminary experiments
which were completed while carrying out my thesis I investigated the specific genetically-
defined population(s) receiving input from VO interneurons. Using an identical approach to that
outlined in Chapter 3 of this thesis I mapped the synaptic terminals of tdTomato expressing
neurons in the Dbx1“*ROSA26“™™ mouse (which expresses the reporter protein tdTomato in all
V0 neurons) and demonstrated that they could be found in close proximity to members of the V1
(Figure 5.2A) and V2a (Figure 5.2B) populations as well as both the WT1- (Figure 5.2C) and
DMRT3- (Figure 5.2D) expressing subsets of dI6 cells. Since we were unable to restrict our
study to rhythmically-active VO interneurons there is currently no way to determine which of
these pathways may be specifically involved in left-right alternation, however the data highlights

the diverse axonal projection pattern that can be possessed by each population.

The V1 population, which is important for regulating locomotor speed, have been shown
to project to ipsilateral motoneurons (Figure 5.1, connection 3) however it is unclear whether this
projection pattern holds for the entire V1 population, or just the specific subsets which
differentiate into RCs and Ia inhibitory interneurons (Saueressig et al. 1999; Sapir et al. 2004).

Similarly, V2b neurons, which work together with V1 neurons to coordinate flexor/extensor
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alternation, are thought to exert their effect via projections to ipsilateral motoneurons (Figure 5.1,
connection 4- Zhang et al. 2014). The Chx10-expressing V2a cells have been shown to regulate
left right alternation via excitatory input onto ipsilateral VO, interneurons (Figure 5.1, connection
5- Crone et al. 2008) while a second subset of V2a neurons, which express Shox2, project
directly to motoneurons (Figure 5.1, connection 7- Dougherty et al. 2013). V3 interneurons,
which are involved in locomotor stability, have recently been divided into a medial and lateral
subpopulation based on their position in the spinal cord (Chopek et al. 2018). The medially
located V3s are interconnected with each other and project to lateral V3 interneurons. The lateral
V3s project to ipsilateral motoneurons and simultaneously send descending projections to other
spinal segments on the contralateral side of the spinal cord (Figure 5.1, connection 6- Chopek et

al. 2018).

Finally, regarding the dI6 population, the DMRT3-expressing subset have previously
been shown to project monosynaptically to ipsilateral and contralateral motoneurons (Figure 5.1,
connection 8- Andersson et al. 2012; Perry et al. 2018) while data presented in this thesis
indicates that the WTI-expressing subset project onto DMRT3 and Evxl+ VO, (Figure 5.1,
connection 9) cells, two subtypes also involved in regulating left-right alternation, and receive
monosynaptic input primarily from DMRT3-expressing interneurons within the lumbar and

cervical segments of the spinal cord (Figure 5.1, 10).

In addition to intraspinal connectivity we also identified connectivity between brainstem
sites and WTl-expressing interneurons in the lumbar spinal cord. If we consider that the neurons
within the CPG are organized according to the two-layer model, which dictates that neurons
involved in forming the motor pattern of locomotion receive projection from a group of neurons

responsible for generating the motor rhythm, it is surprising that WT1 neurons receive
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monosynaptic input from the caudal brainstem nuclei MdV and GiV. However, as it was shown
that neurons in the MdV mediates forelimb grasping (Esposito et al. 2014), and because we
found that the WT1 neurons receive synaptic input from MdV as well as DMRT3 neurons in the
cervical spinal segment (where forelimb CPG resides), the WTI neurons may be part of
forelimb-hindlimb coordination in quadrupedal animals. Based on the projection of WTI
neurons onto VOy and DMRT3 neurons, when the WT1 neurons are recruited during overground
locomotion, it could potentially modulate the activity of motoneurons via DMRT3 mediated
disynaptic pathway or VOy mediated oligosynaptic pathway. In the disynaptic pathway, the WTI
neurons will exert an inhibitory effect on DMRT3 neurons which would otherwise inhibit the
motoneurons thus resulting in the excitation of the motoneurons. In the oligosynaptic pathway
the WT1 neurons will inhibit the VOy neurons which in turn removes excitation from an
unknown class of inhibitory that projects to motoneurons and thus resulting in the inhibition of
the motoneurons. Because we postulate that the WT1 neurons can both excite or inhibit the
activity of motoneurons given the specific pathway it takes, this could potentially explain our

finding that inhibiting WT1 neurons result in moderate disruption in left right alternation.

5.4 Limitations of this study

Over the past decade, as the molecular tools used to analyze the locomotor CPG have
been refined, additional genetic markers have been identified which has resulted in the division
of each of the V0-V3 interneuronal populations into two or more of subsets (Gosgnach et al
2017). The extent of diversity within each “parent” population varies. As an example, the VO
population can be divided into the Dbxl-expressing VO, neurons and the Evxl-expressing VOy
neurons, while the V1 population can be divided up into 19 genetically distinct subsets (Bikoff et

al. 2016). At this point, it seems as if the extent of diversity within each parent population is
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limited simply by the tools used for investigation- the more detailed the investigation the greater
number of subsets that can be found. When considering the V1 population it has been shown that
each genetically distinct subset has distinct physiological characteristics, and occupies a distinct
position in the ventral spinal cord (Bikoff et al. 2016). These findings limit the conclusions we
can draw when interpreting our data characterizing the WTI1-expressing neurons as it is likely

that additional diversity may exist within this population.

In addition, although isolated spinal cord preparation has been indispensable for the
electrophysiological and anatomical characterization of the interneuronal populations that are
involved in locomotor activity, fictive locomotion captured in reduced isolated spinal cord
preparation does not truly reflect the complexity of gait in a freely moving animal. Hence the
function of each interneuronal population, including the WT1-neurons, needs to be tested in vivo
in order to truly determine the role that these interneuronal populations play during stepping.
Again, the development of viral approaches to deliver various reporter proteins and molecules
capable of activating/inactivating specific cell populations (Luo et al. 2018), together with the
finer grain molecular dissection of each interneuronal population has the potential to address this
issue, and determine whether the function of a given cell population in a fictive locomotor

preparation accurately reflects their role during overground stepping.

Finally, In this project we probed the function of the WTI interneuronal population using
DREADDs (designer receptors exclusively activated by designer drugs), a powerful new
technique in behavioural studies for modulating the activity of targeted neuronal subpopulation
by activating synthetically derived receptors using synthetic ligands (Roth 2016). Neurons
expressing the DREADD can be activated or inhibited by administering an exogenous ligand,

CNO. Although CNO itself is a biologically inert substance (Roth et al. 1994), it can be back
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metabolized to clozapine which can readily cross the blood brain barrier where it interacts with
numerous endogenous receptors such as 5-HT, or dopamine (Jann et al. 1994; MacLaren et al
2016; Gomez et al. 2017). Clozapine acts as an antagonist at these receptors sites and can have a
myriad of downstream effects. However, these limitations do not affect the interpretation of our
results where we used CNO to selectively inhibit the activity in our WT1 neurons expressing the
DREADD receptor since we are using an in vitro spinal cord preparation where the CNO is bath
applied for a short period of time and thus chances of CNO metabolizing to clozapine is virtually
none. Furthermore, our control experiments indicate that that CNO has no substantial effect on

the fictive locomotor pattern.

5.5 Future directions.

Work presented in this thesis characterizes the WT1-expresing interneurons, describes
their function, and provides insight into the synaptic connectivity that may be attributed to that
function. As the dI6 population can be divided into at least three subsets (WTI1+, DMRT3+ and
WTI1+DMRT3+) the logical next step would be to identify the functional role of neurons that co-
express the two transcription factors and determine if they have a complementary role to the

WT1-expressing, and DMRT3-expressing neurons.

Given that we have found the WTI+ cells to receive monosynaptic input from caudal
brainstem nuclei involved in locomotor control — the GiV and the MdV, it will be interesting to
identify the role of this pathway in shaping the motor output. Reticular neurons in the Gi and
MdV have been shown by others to project to forelimb motoneurons and monosynaptic input
from the MdV to motoneurons in the cervical spinal cord is particularly important for
manipulation of the forelimbs (Esposito et al. 2014). Our data indicating that WT1-expressing

neurons receive synaptic input from DMRT3 neurons located in the cervical segments and also
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from GiV and MdV could be an indication that this pathway is important for hindlimb- forelimb
coordination. Future work to test this hypothesis could involve injection of a retrograde virus
expressing inhibitory rhodopsin (i.e. archaerhodopsin- Arch) into the spinal cord such that it is
taken up by WT1+ and transports Arch to all monosynaptically connected neurons. Optogenetics
can then be used to silence this specific neural pathway, identify the changes in locomotor
pattern in freely behaving animals, and determine whether the WT1-expressing neurons play

additional roles in shaping locomotor outputs.
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Figure 5.1. Connectivity of spinal neurons within the circuitry for locomotor CPG. Synaptic
connectivity shown to exist amongst component interneurons of the locomotor CPG. Inhibitory
synapses indicated by a filled circle at the termination point, excitatory synapses indicated by
(Y). Ipsilateral projections are indicated by solid lines and contralateral projections by dashed
lines. Each “connection” is numbered and details are provided in the General Discussion.
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Figure 5.2. Connectivity of V0 interneurons onto other genetically defined interneuronal
populations.

(A-D). 20 uM thick sections cut from a PO Dbx1 “®ROSA26'™ ™ gpinal cord (n=2) and stained
with antibodies to tdTomato (red), the synaptic marker Synatotagmin (blue), as well as Enl,
Chx10, DMRT3 or WT1 (greencells in A-D). In order to identify presumptive synapses from VO
neurons onto genetically defined interneuronal subtypes we inspected the “halo” surrounding
each labeled nuclei for tdTomato+/synaptotagmint+ terminals. These terminals (indicated by
arrows in the high magnification panels to the right) were commonly seen in close proximity to
each of the four cell types. Scale bar in all low magnification images indicates 100 pym and in
high magnification image 5 pm.
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