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Abstract

Sequential Anti-Nogo-A therapy with the antibody 11C7 and step training has
previously been shown to improve locomotor function and increase axonal sprouting of
afferents and descending pathways after partial spinal transection in a rat (Maier et al.,
2009, Chenetal., 2017). Separately, step training under electrical epidural stimulation (ES)
has been shown to improve locomotor function after complete spinal transection in rats and
humans with clinically motor complete lesions (Ichiyama et al., 2005, Angeli et al., 2018,
Wagner et al., 2018). Combinational treatments involving activity-based rehabilitation and
plasticity enhancing therapies are needed to improve locomotor function beyond the
modest recovery observed with individual treatments in severe lesions (Dickson et al.,
2019). Therefore, we have investigated a combinational therapy with the plasticity
enhancing 11C7 antibody followed by sequential training under ES in a severe contusion
injury model. In order to combine therapies it is necessary to understand the mechanisms
of each therapy individually and in combination with other therapies. For that reason we
have studied all possible combinations of training, 11C7, and ES and investigated
kinematic, electrophysiological, local spinal, and descending pathway changes between

groups.

Adult Sprague-Dawley rats (~250 g) received a severe spinal contusion injury (250
kilodyne) (T9/10) and epidural implantation at segmental levels L2 and S1. An intrathecal
catheter attached to a mini-osmotic pump delivered 11C7 or control 1gG (cyclosporin) for
two weeks after injury. Rats were randomly assigned to groups of cage control, training,
ES, or combinational training under ES (CB). Three weeks after injury animals in treatment
groups were given 8 weeks of therapy 5 days a week for 20 minutes a day. Treatment
consisted of step training under body weight support (7-18 cm/s) or ES (0.2 ms pulses at
40 Hz, 0.5-5 V), or step training under ES for the CB group. The 11C7 treated training and
CB groups had the most animals demonstrating weight supported stepping in the final four
weeks of treatment. Kinematic analysis showed that the 11C7 treated CB group had the
least percentage of toe dragging. Principal component analysis of kinematics revealed that
for the first principal component the combination of 11C7 followed by step training, ES,

or step training under ES were not statistically significantly different from naive controls.



Afferent input to MNs was reduced in the CB 11C7 group, along with an increase of
afferent inputs receiving clusters of 3+ presynaptic inhibitory P boutons. Thus indicating
that there is more modulation of afferent input with this more behaviourally effective

combinational treatment.

v-MNs modulate the activity of muscle spindle afferents. These spindle afferents are
vital for recovery after spinal cord injury (SCI) (Takeoka et al., 2014). However, the role
of y-MNSs, which control these afferents, has not been determined. Their separate
descending and segmental control from a-MNs mean these neurons may be activated by
different pathways even if input to a-MNSs is impaired. Earlier evidence suggests that these
neurons may be more plastic than a-MNSs, they lack plasticity restricting perineuronal nets
(Smith et al., 2015, Al’joboori et al., 2020), have less neurite outgrowth inhibiting Nogo-
A (unpublished observations), and are known to lose synaptic coverage and then regain
this input after training in a neonatal transection (Ichiyama et al., 2011). Taken together
this suggests y-MNs are an integral part of circuit reorganization and recovery after SCI.
We therefore attempted to selectively target y-MNs with adeno associated virus
molecularly in order to trace their immediate inputs and thereby uncover some of their
function (Wickersham et al., 2007). AAVs with promotors for the apparently y-MN
specific estrogen related receptor y (Err3) (Friese et al., 2009), or the serotonin receptor 5-
HT1p were not able to selectively target y-MNs. Further investigation of y-MN specific
targeting via the small proximal branch of the soleus muscle has indicated this pathway
could be suitable for tracing experiments. In order to uncover some of the function of y-
MNss, we have also determined the proportion of y-MNs in various forelimb and hindlimb
muscles. There is a lower proportion of y-MNs in extensors, and in forelimb muscles. The
greater reliance of extensors on Golgi tendon organs, and the greater visual guidance of
forelimb muscle could be why we have observed lower numbers in these areas. Further
experiments, perhaps with genetically modified mice, may allow us selective access to y-

MNs, in order to uncover their inputs, and role in movement, learning, and SCI recovery.

In conclusion, we have demonstrated combinational potential for 11C7 with
sequential step training or step training under ES for improved locomotor recovery. Our
combinational treatment for SCI with 11C7 could have an immediate impact as clinical



Vi

trials of anti-Nogo-A in humans are underway (Kucher et al., 2018) and our data suggest
it is only effective in severe contusion injuries if followed by locomotor training. In
addition, we have determined some differences in the relative proportion of y-MNSs despite
our unsuccessful selective targeting studies. This is one further step to understanding the
function of these neurons which present a uniquely attractive target to enhance motor

recovery after SCI.
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1 General introduction

1.1 Introduction

This thesis has two foci of attention, both gamma motor neurons (y-MNs) and spinal
cord injury (SCI). I will attempt to explain the connection between y-MNs and spinal cord
injury (SCI) and in the process shed some light on both topics individually.

The spinal cord locomotor network receives input from supraspinal centres and
sensory afferents from the periphery and has outputs to both the supraspinal centres and to
the muscles. The role of y-MNs in this is to change the firing properties of the
proprioceptive afferents inputting to this network. We know proprioceptive information is
vital for SCI recovery as mice without muscle spindles were unable to recover any
locomotor ability following a unilateral hemisection (Takeoka et al., 2014). While it is
unknown whether y-MNs are also vital for this recovery, it does seem likely, as they are
responsible for the control of these spindles. Further hints at the role of y-MNs in SCI
include research by Ichiyama et al. (2011) who showed that there was a decrease in synaptic
coverage on y-MNs following neonatal transection. This, along with the lack of plasticity
restricting perineuronal nets on y-MNs (Smith et al., 2015) , and the reduced amount of
neurite outgrowth inhibitor Nogo-A seen in y-MNs following SCI (unpublished
observations), has led us to believe that y-MNs present a uniquely plastic and important
target for SCI recovery. Thus it is worth studying both their inputs and their changes
following SCI.

There are both y-MN and SCI experimental chapters within this document. The
introduction will start with an overview of the spinal locomotor network along with a
thorough investigation of the current knowledge of y-MNSs and their role in SCI. The SCI
section will cover background and pathology with emphasis on local spinal changes after

combinatorial plasticity enhancing treatments.



1.2 Spinal control of movement

1.2.1 Spinal cord structure
The spinal cord is involved in practically all motor control caudal to the neck.
However, in this thesis much of the focus will be on the lumbar spinal cord with emphasis

on structures involved in locomotion.

The spinal cord projects caudally from the brain with spinal roots extending out every
segment. In the rat there are 34 segments. From rostral to caudal they are the cervical,
thoracic, lumbar, and sacro-coccygeal. The spinal cord consists of white matter tracts and
grey matter divided into a ventral and dorsal horn. Additionally, in the thoracic spinal cord
there is an intermediate lateral horn for autonomic control. The dorsal horn components
are involved in more sensory functions and the ventral horn more motor functions. The
spinal cord grey matter is divided into Rexed Laminae by cellular structure as shown in
Figure 1.1 (Rexed, 1952, Molander et al., 1984). Laminae I-VI contain most sensory
integration interneurons, Laminae VII-VIII contain many of the interneurons involved in
pattern formation and rhythm generation of spinal motor output. Lamina IX contains the
MNs while lamina X around the central canal contains many autonomic neurons. These
different areas of the spinal cord receive, integrate and transmit information to and from
supraspinal centres and the periphery. Within the spinal cord are multiple neurons involved
in each of these tasks, these neurons will be covered in the section on spinal interneuronal

networks and central pattern generators (page 3).



Dorsal

Ventral

Figure 1.1 Rexed laminae of the spinal cord
The spinal cord divided into the ten Rexed Laminae with Laminae I-V being
largely confined to the dorsal horn, Lamina X around the central canal. Lamina
VII covers much of the intermediate zone and some ventral horn. Lamina VIII
includes many pre-motor neurons while Lamina IX includes the motor neurons.

1.2.2 Spinal locomotor networks

1.2.2.1 Monosynaptic reflex and H-reflex

The locomotor network in the spinal cord is complex with many different interneurons
involved. These interneuron networks are often termed central pattern generators (CPGs).
The various components of the CPG are detailed more below (Section 1.2.2.2, page 6). The
complexity of this network and the inability to target individual components has meant that

detailed study is a relatively recent phenomenon. Due to its accessibility, study of spinal



sensorimotor circuitry has often focused on the relatively simple mono-synaptic reflex arc
(MSR). The pathway begins from muscle spindles responding to stretch. Primary muscle
spindle afferents are activated by this stretch, and they then synapse to directly excite
homonymous or synergist a-MNs leading to a contraction in the muscle (Figure 1.2). The
contraction allows the muscle to counteract the original force causing the reflex and thus
maintain a constant length. The MSR is a way of accessing the ‘final common pathway’ of
the motor neuron to the muscle. The MSR is modulated by supraspinal and segmental
inputs, thus it is often used to study changes in these inputs and how they alter the CPG.

Primary
afferent

Dorsal
root
ganglion

Muscle
spindle

\ Muscle

Figure 1.2 The MSR arc
MNs (blue) are contacted with excitatory synapses from primary muscle spindle
afferents (red) which respond to stretch.

The electrical analogue of the MSR is the H-reflex (Hoffmann, 1918) (Figure 1.3).
This is the method by which the MSR is often probed. The H-reflex is observed when a
nerve is stimulated at a strength high enough to excite the primary sensory afferents and
cause a muscle reaction. This has the advantage of bypassing the muscle spindle and thus
any changes in sensitivity of the spindle which may have occurred. The maximum H reflex
response is often normalised to the maximum M response, which is the direct motor axon
stimulation causing a muscle response. Studies on humans have shown a reduction in the

Hmax:Mmax ratio following skill acquisition (Perez et al., 2005) and an increase following



SCI (Phadke et al., 2010). Changes in the H-reflex have been studied intensively and have

aided in many of the studies described below.
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Figure 1.3 H-reflex and presynaptic inhibition
The electrical analogue of the MSR in Figure 1.2 is the H-reflex. A mixed nerve is
stimulated which leads to primary afferent activation and subsequent MN and then
muscle response recorded by electromyography (EMG). Pre-synaptic inhibition of
this reflex by GABA-pre interneurons is often studied with the H-reflex.

What is causing the increase in Hmax:Mmax after SCI is most likely loss of pre-
synaptic inhibition. Pre-synaptic inhibition is a phenomenon first discovered by Frank and
Fuortes (1957), which is modulated by supraspinal as well as primary afferent input
(Ménard et al., 1999). This presynaptic inhibition filters sensory stimulation and ensures
smooth movement, as without presynaptic inhibition oscillations in movement occur (Fink
et al., 2014). The inhibition comes from what are termed GABApre interneurons (Betley
et al., 2009) which have synapses on the primary afferent inputs to motor neurons (P
boutons) (Figure 1.3). Changes in this network drive H-reflex changes after SCI, such as a
reduction in P boutons following sacral transection in rat (Kapitza et al., 2012). More

recently, also in rats, a complete thoracic transection reduced pre-synaptic inhibition from



afferent inputs (Caron et al., 2020). Treadmill training returned this pre-synaptic inhibition
to normal. Anatomical evidence backs this up, as another complete transection rat study
found that training increased P bouton density (Khalki et al., 2018). The mechanism for
the increase in pre-synaptic inhibition and P boutons probably relies on increased afferent
activity from training. This is because afferent glutamatergic activity is known to drive P
bouton formation, probably via brain derived neurotrophic factor (BDNF) (Mende et al.,
2016, Betley et al., 2009). Some of the training induced changes in H-reflex are also
described in section 1.3.3.3 on Locomotor training. We have also studied changes in the

H-reflex and P boutons in our SCI study in chapter 3.

In summary, studies on the MSR circuitry, via its electrical analogue the H-reflex, are
a crucial window into the spinal locomotor network. The H-reflex and the neural network
responsible for it, allow us access to uncover electrophysiological and anatomical changes
in the local spinal circuitry. Of course this is only a small part of the locomotor circuitry,

and more detailed knowledge of other individual components are described below.

1.2.2.2 The central pattern generator and its known components

A central pattern generator (CPG) is a network that can produce rhythmic output
without the need for segmental or supraspinal input. The first evidence for this came from
Brown (1911). In Brown’s model a groups of excitatory interneurons projects to motor
neurons activating extensors or flexors. These excitatory interneurons also project to
inhibitory interneurons which contact the antagonist motor neurons and antagonist pre-
motor neurons. This ensure that antagonist excitatory interneurons and motor neurons
could not be firing at the same time (Figure 1.4A). This theory paved the way for much
further research, however it is oversimplified. The details of this model, including the
necessity of reciprocal inhibition, have been questioned (Kiehn, 2006). Other more
complex CPG models have been postulated, including one by McCrea and Rybak (Figure
1.4B). This model can account for more observed behaviour with its separate rhythm
generation and pattern formation layers. Rather than relying on reciprocal inhibition the
model’s rhythmicity relies on a slowly inactivating persistent inward sodium current

(Rybak et al., 2006). Advances in genetic targeting has allowed us to identify many of the



components which contribute to spinal CPGs shown in Figure 1.4B. This section will cover

some of these components and the role they play in the spinal control of movement.
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Figure 1.4 Different models for CPGs
Brown’s early model for a CPG (A) consisted of two excitatory interneurons
(blue) connected to inhibitory interneurons (orange and red) to ensure only the
flexor or extensor of each limb was active at one time. McCrea and Rybak (2008)
have an updated model which has separate rhythm and pattern generation layers,
with sensory drive (light blue) also taken into account (B). Arrows indicate
excitation while caps indicate inhibition.
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There are numerous distinct subtypes of interneurons that make up the spinal

locomotor network. During development these subtypes differentiate based on their

relative distance from signalling hubs. The first such division is the dorso-ventral pattern

which emerges due to Sonic hedgehog ventrally and dorsal bone morphogenetic protein

dorsally (Jessell, 2000). This leads to six dorsal progenitors (dI11-dI6), and four ventral

progenitors (V0-V3) alongside Hb9 expressing cells which include MNs. The ventral

interneurons are all involved in the locomotor network while the dorsal interneurons are

primarily involved in sensory circuits. Signalling along these gradients leads to a cascade

of transcription factors which are mutually inhibitory, thus leading to cell types which are

robust and well defined once their fate has been chosen (Balaskas et al., 2012).
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Figure 1.5 Ventral interneuron connections
Some of the various known spinal interneuron connections. V1 interneurons
include two inhibitory subtypes receiving direct input from MNs, while the VO
group includes both excitatory and inhibitory commissural interneurons. The dILa
interneuron population provide pre-synaptic inhibition to la propriospinal
afferents. Populations of progenitor domains are not spatially precise.
RC=Renshaw cell, la IN=reciprocal inhibition interneurons. Red is GABA/glycine
while green is glutamate/acetylcholine.

The dorso-ventral progenitors domains mentioned earlier can be further divided into
multiple subtypes with differing projection patterns. Figure 1.5 shows some of the
interneurons directly involved in the locomotor network along with a few of their
connections. Some of these cell types were reviewed by Catela et al. (2015) and a brief
overview of the interneurons shown (Figure 1.5) and their connectivity and roles are
provided here. These interneurons are not the focus of my thesis, however an overview of
the whole locomotor network is necessary to understand any single part of it.

Understanding how these interneurons may interact with y-MNs and how they contribute



to recovery from SCI is important for any discussion of either y-MNs or recovery of

locomotor function after SCI.

VO interneurons are derived from Dbx1 HD expressing progenitors. These can be
largely divided into three subclasses which are VOp (inhibitory), VOy (largely excitatory),
and VOc (cholinergic). VOp is a commissural interneuron involved in left:right (L:R)
coordination, while VVOy INs are largely excitatory and may contact INs in the intermediate
zone for di-synaptic inhibition (Pierani et al., 2001). VOy and V04 INs are involved in L:R
coordination at high and low speeds respectively (Talpalar et al., 2013). Cholinergic
interneuron activation is known to decrease spike afterhyperpolarisation and increase the
frequency of MN firing (Miles et al., 2007). The interneuron responsible for this is the VOc
subtype. These neurons are phase locked with MN firing in fictive locomotion (Zagoraiou
et al., 2009). VO; INs are probably involved in modulating MN firing frequency as
inactivating them impairs the swimming induced increase in gastrocnemius EMG normally
observed. Of course, the congenital knockout of VO, cholinergic activity means that there
could have been compensatory changes in the locomotor circuitry, thus obscuring further

behavioural changes which may have occurred otherwise.

The V1 subtype is marked by expression of Enl and includes Renshaw cells
(expressing calbindin and OC2/3) for recurrent inhibition, and la inhibitory INs (la IN)
(expressing FoxP2) for reciprocal inhibition. The fact that Renshaw cells and la INs are
such a small proportion of known V1 cells (~22% (Alvarez et al., 2005)) indicates that
there is a huge variety of distinct subtypes for each progenitor domain. A developmental
knockout of Renshaw cell transmission had no discernible behavioural changes (Enjin et
al., 2017a); this points to the plasticity of the motor system to compensate for missing
components and underlines the need for adult conditional knockout or knockdown models.
Another study by Gosgnach et al. (2006) found that deletion of la IN inhibition actually
slows the speed of fictive locomotion and does not disrupt L:R or flexor extensor (F:E)
coordination. This shows the simple wiring of spinal circuitry is not always indicative of

the circuit function.

The V2 subtype is marked by Lhx3 expression and includes excitatory V2a
(expressing Chx10 and Sox14), inhibitory V2b (Gata3), and V2c¢ (Sox1). V2b and V2c
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interneurons are closely related, although not much is known about their projection patterns
or role. However, co-disruption of VV2b and V1 INs did disrupt F:E coupling in a fictive
locomotion preparation, as a subset of V2b INs are la INs (Zhang et al., 2014). VV2a INs
project to commissural interneurons involved in L:R coordination and their embryonic
ablation led to L:R coordination deficits without disrupting F:E coordination (Crone et al.,
2008). A major caveat with the study is that only fictive locomotion preps were used as
mice were not viable into adulthood. The VV2a population also provides evidence for the
multiple subdivisions within classes. Hayashi et al. (2018) found two distinct types of VV2a
INs based on their projections patterns and regulation of Chx10 expression. Class | V2a
INs projected locally to MNs and INs and were found in greater number in the lumbar
spinal cord, while class Il VV2a INs had both local and supraspinal projections and were
more prominent in the cervical spinal cord. These classes also expressed different genes
based on their motor pool. This diversity points to problems when trying to discover the
role of any one IN and they may have different roles depending on their position in the

spinal cord.

While V2a INs have been pinned as the major rhythmogenic components of the CPG,
research by Crone et al. (2008) showed that the spinal cord maintains its rhythmicity
without their activity. Non MN HB9 INs may play a role, as deletion of glutamatergic
transmission in HB9 cells reduces locomotor frequency (Caldeira et al., 2017), although
this has been recently questioned (Koronfel et al., 2021). Other research has shown another
IN population expressing Short-stature homeobox 2 (Shox2) also plays a role in rhythm
generation. This population is not restricted to a particular progenitor domain as 25% of
the neurons are not VV2a (Dougherty et al., 2013). Blocking Shox2 cells transmission
decreased rhythmic frequency in a fictive locomotion preparation while not affecting L:R
or F:E coordination. The study above showed that dI3 and dI5 progenitor domains
contributed to the Shox2 expressing neurons. This diversity of neurons involved in the
same role has made the CPG difficult to study, and with each new study on distinct IN
types there are further questions which need to be answered. That there is a population of
V2a INs involved in L:R coordination while another population is involved in rhythm
generation is a cautionary tale about what can be determined from the broad progenitor

domain knockouts we have seen thus far.
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V3 neurons (expressing Nkx2.2, Nkx2.9, and Sim1) are divided into VV3d (expressing
0C2/3) and V3v (Olig3). All V3 cells express VGIlut2 and ~80% are commissural
interneurons. V3 neurons are involved in spike coordination of the left and right spinal
cords in a fictive locomotion prep (Zhang et al., 2008). The majority of VV3 interneurons do
not have oscillatory responses to NMDA, serotonin (5HT) or dopamine. Their role has
been hypothesised to stabilise the rhythm of the CPG by ensuring even activation across
the networks needed. The more dorsal VV3d INs receive more diverse inputs from afferents
and are involved in weight bearing gaits where they transmit contralaterally to INs, while
V3v contacts contralateral MNs and are involved in all types of locomotion (Borowska et
al., 2013).

Some of these ventral subtypes do appear to match up to components of the CPG as
described by McCrea and Rybak (2008) and shown in Figure 1.4. Components such as the
V2a and Hb9 INs for the rhythm generation, VO, for gait switching at higher speeds, and
VOp and some V2a with the help of V3 INs for L:R coordination, and the V1 and V2b
subtypes for F:E coordination. While there is evidence of the above tasks there is also clear
evidence showing that they are not wholly responsible for any of the functions they fulfil.
This could be down to insufficient controls and mis-timing of knockouts leading to
developmental compensation. It is also possible there are multiple areas of redundancy
within the spinal network, with some INs playing multiple roles with overlap in function.
The fact that there is overlap in some transcription factors may point to a greater problem
we have defining cells by progenitor domains. There is massive variation in MNs across
the spinal cord, with each motor pool being guided by series of distinct transcription factors
during development (Catela et al., 2015). There is every likelihood that there is similar
diversity of INs. Indeed, Francius et al. (2013) found multiple differences across the rostro-
caudal extent of the spinal cord with different transcription factors identifying multiple
subtypes of all the cardinal ventral class INs. The diversity underlines the need for further
work into the subsets of interneurons involved in different types of movements and
different muscles. This is one reason we have attempted to study the prevalence of gamma
motor neurons in various muscles in order to determine whether there is an expression
difference in different muscle types as there is with RCs. This may allow us to make some

assertations as to their role.
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The locomotor CPG contains the ability to work with just general drive from various
supraspinal structures, epidural electrical stimulation, or pharmacological stimulation. Of
course, many of the above ventral INs also receive direct input from afferents and
supraspinal pathways. In normal locomotion there is the need for supraspinal and sensory
integration. The next two sections cover a brief overview of first the descending pathways

and then some of the sensory integration neurons in the spinal cord.

1.2.2.3 Descending input

Supraspinal input is not the focus of this thesis, but a very brief overview is useful
when discussing inputs to the spinal locomotor network. What follows is a description of
some of the more important descending pathways for motor control. The pathways are
named based on their origin and destination as well as their neurotransmitter type. The
corticospinal tract (CST) and brainstem pathways will be covered with a focus on rat
anatomy. For a fuller review of the CST including comparisons of species and the

developmental aspects of descending input see Lemon (2008).

The CST projects from the cortex with 90% of fibres decussating at the base of the
pyramids, the CST terminates primarily in Laminae VI and VIl in the rat. In primates there
is a direct cortico-MN pathway but this is not present in the rat (Alstermark et al., 2004).
In the rat there are direct rubrospinal tract (RST) inputs to MNs which are involved in
control of distal limb muscles (Kuchler et al., 2002). The CST and RST in the rat have
some overlapping functions with both primarily providing input to pre-motor interneuron
controlling distal limb muscles with a focus on flexor muscles. The CST and RST tract are
both glutamatergic with the CST expressing vesicular glutamate transporter 1 (VGIuT1)
and the RST expressing vesicular glutamate transporter 2 (VGlut2) (Du Beau et al., 2012).

The reticular formation consists of nuclei in the pons and medulla. In the rat these
receive thalamic, cortical and cerebellar input and project bilaterally to pre-motor
interneurons. The reticulospinal tract (ReST) is involved in locomotion with one pathway
exciting the central pattern generator interneurons and the other pathway activating
inhibitory interneurons to inhibit spinal reflexes (Takakusaki, 2013). The ReST tract has
two neurotransmitters, with the majority of fibres positive for the excitatory VGIuT2 and
around 20% positive for the inhibitory vesicular GABA transporter (VGAT) (Du Beau et
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al., 2012). The VGlut2 positive vestibulospinal tract is important for postural control where
it projects ipsilaterally from the vestibular nuclei with a focus on extensors (Du Beau et al.,
2012). Kuypers (1981) divided the brainstem pathways into group A and group B
pathways. Group A pathways such as the ReST and vestibulospinal tract are involved in
more whole body and multilimbed movements while group B pathways such as the
rubrospinal tract contact individual motor pools and pre-motor interneurons. There is
evidence for a less clear distinction for the ReST, at least in primates where there are direct
ReST connections to individual hand motor neurons (Riddle et al., 2009). This tract may
be important in SCI as the ReST is found to sprout extensively after SCI (Baker et al.,
2015).

There is also mono-aminergic input to the spinal cord. A raphespinal tract provides 5
hydroxy-triptamine (5-HT) to the spinal cord, while the locus coeruleus provides
noradrenergic input. There are some local spinal dopaminergic neurons (Hou et al., 2016a)
which supplement dopaminergic input from anatomical group A1l (Sharples et al., 2014).
The mono-aminergic pathways provide broadly excitatory or potentiating input. Where

they may not directly activate circuitry they can increase excitability for other stimuli.

The different descending pathways often have similar redundancies as the ventral
interneuron subtypes mentioned earlier. The CST and rubrospinal tract in the rat are good
examples of this with similar functions carried out by both pathways. This redundancy is
good if you are trying to regain function after something like SCI. If neural insults occur
sometimes new pathways can take over the function of the old one, such as the cortico-
reticulo-spinal pathway which becomes prominent following CST loss and combined

training with epidural stimulation (Asboth et al., 2018).

1.2.2.4 Sensory and supraspinal integration networks

The ventral progenitor domains make up much of the CPG. However, the dorsal
subtypes also play a role in movement, especially in integration of descending and sensory
input. The spinal locomotor CPG may be activated without peripheral or supraspinal
stimulation in fictive locomotor or spinal preparations. However, in real locomotion and
movement we know supraspinal and peripheral information are crucial for a fully

functional locomotor system. The interneurons described below are involved in integrating
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this information. Some of the studies have shown interesting results with their models,
however the same caveats from the section on ventral CPG components apply here.
Namely, redundancies in networks, timing of deletion, and full behavioural analysis. The
behavioural aspect is doubly important as in many of these studies the impact on sensory
processing is subtle. This requires more than just fictive locomotor preparations and
sometimes needs very sophisticated behavioural tests to observe any significant changes.
As with the ventral subtypes the possible functional overlap of dorsal interneuron subtypes
also needs to be considered.

dil and dI2 are somatosensory relay neurons targeting the cerebellum and thalamus,
but are not known to contact the CPG components as of yet (Helms and Johnson, 2003).
dI3 neurons are involved in di-synaptic excitatory transmission from cutaneous afferents
to MNs but do not impact normal locomotion when deleted (Bui et al., 2016). However,
mice were unable to recover overground locomotion after SCI following this deletion. This
underlines the need for sensory input after spinal cord injury, which is a major component
of this thesis. This also shows the importance of studying these INs in all conditions and
determining how they may be involved in the spinal locomotor system in health and

disease.

Subsets of dI4 and dI5 INs both project ipsilaterally to MNs. They receive direct la
inputs and are needed to ensure L:R alteration during swimming, but not during walking
(Satoh et al., 2016). This again underlines the need for robust behavioural testing after
interneuron manipulation, if walking alone was used then this deficit would not have been
picked up. This also suggests that during walking there is redundancy in L:R control
interneurons responding to stretch, where Golgi tendon organs and Ib afferents may be
contacting other L:R alternation interneurons. There are multiple subsets of d16 INs. There
are at least two excitatory subtypes types, with one probably involved in pattern formation
projecting to ipsilateral MNs, and one involved in rhythm generation projecting to Hb9 and
V2a INs (Dyck et al., 2012). Another subset of neurons derived from dl4-6 progenitors
expresses Dmrt3. This subset is predominantly inhibitory and projects to MNs, RCs, VO¢
and other cell types and receives just as diverse inputs (Perry et al., 2019). These neurons
are involved in L:R coordination especially at higher speeds (Andersson et al., 2012). They
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offer another example of the diversity of rhythm generating and pattern formation neurons

in the spinal cord.

Some neurons progenitor domains are not yet known. Interneurons such as GABA pre
neurons involved in pre-synaptic inhibition of the H-reflex (Fink et al., 2014), probably
consist of mostly diLa INs (Pillai et al., 2007). If there is overlap in the functional divisions
of the ventral progenitor domains, there is an equal amount here. Many of the dorsal
progenitor domains contain INs involved in sensory relay, propriospinal networks, and the
central pattern generator. Many of the studies into dorsal sensory relay INs has found that
they do not conform to the cardinal progenitor domains. INs not confined to one
progenitors domain include RORa INs, Zic2 INs integrating light touch, and Sat2B INs
integrating proprioceptive limb (Bourane et al., 2015, Hilde et al., 2016, Paixao et al.,
2019). Some of these sensory integration neurons may need to be looked at more
holistically, and subdivided more on function and projection rather than just genetic lineage
(Graham and Hughes, 2020).

The advance in genetic targeting and knockout studies has exponentially increased our
understanding of the CPG network and what role each component plays. While much of
the research in this field is excellent, there are some issues which need to be considered.
Knockout timing is vital, as if the knockout is pre-natal, we know there can be
compensation from other interneurons. Thus, the small changes which may occur due to
deletion of specific interneuron populations are masked by compensatory mechanisms
during development. If inducible knockouts are used, then control animals must be fully
phenotyped to insure Cre expression has not led to significant neural changes. While spinal
preparations and fictive locomotion can be used, they may not always reflect the true role
of the neurons analysed. For this reason full behavioural analysis is preferable, with
dynamic and challenging behavioural tasks and detailed analysis of the kinematics of the
movements. The fact that interneurons can be further subdivided into smaller and smaller
classes is also important. This is because one interneuron type may contain subclasses for
each task they accomplish, and one interneuron in the class might not be accomplishing

both functions.
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We know the locomotor CPG can produce timed and phased activity in the absence of
sensory feedback. However, we also know that the CPGs activity is regulated by sensory
feedback in normal walking. Also that proprioceptive sensory input specifically is needed
for recovery from SCI (Takeoka and Arber, 2019). y-MNs are the controllers of this sensory
feedback via their control of the muscle spindle. We have looked in more detail below at
their structure, innervation and function. y-MNs have a wide array of segmental inputs,
presumably many of the interneurons above are relaying this sensory input to y-MNSs.
However at this point there are no studies which have defined which interneurons are
projecting this information to y-MNSs. Uncovering this would improve our understanding

of the locomotor system and how its sensory integration and control function.

1.2.3 Gamma motor neurons in movement control

As discussed previously, sensory input is necessary for normal locomotion and is
responsible for modulating CPG output. The neuron controlling much of this sensory input
is the y-MN. y-MNs control the gain of muscle spindle afferents and respond to segmental
and supraspinal stimuli in order to adjust the sensitivity and firing rate of group | and Il
spindle afferents. The muscle spindle is the only sensory body with its own motor control,
this unique system allows for another layer of control over the sensory feedback need for
locomotion and movement in general. We will look at what is known of y-MN’s structure

and innervation, and theories as to their role in locomotion and learning.

1.2.3.1 Muscle spindle structure and innervation

Much of the research examining y-MNs has been done in the context of muscle spindle
research; therefore an understanding of the research on muscle spindles is vital to
understanding the history of research on y-MNs. Muscle spindles were first identified by
Weissman (1861) with Kerschner in 1888 first describing the spindle as a sensory organ.
Sherrington in 1894 confirmed this sensory innervation. Secondary, primary and plate
endings on spindles were described by Ruffini (1898) and motor innervation of the muscle
spindles was suggested by Cipollone (1898). The first to distinguish y-MNs from a-MNs
was Hinsey (1934). This was confirmed by Leskell (1945) who found that stimulating these
small “y-efferents” increased spindle afferent firing while causing no extrafusal contraction

(Barker et al., 1974, Matthews, 1964, Hunt and Kuffler, 1951).
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Figure 1.6 shows a stylised mammalian muscle spindle. The typical spindle consists
of 6-10 intrafusal fibres within the muscle with a length of about 10-20% of extrafusal fibre
length (~0.5-10mm). The polar regions of the intrafusal fibres are the contractile portions
and they are attached to the extrafusal fibres surrounding the spindle (Banks and Stacey,
1988). There are two types of afferent fibres innervating the non-contractile central region
of the intrafusal fibres. These afferent fibres are la (primary) and Il (secondary) afferents.
There are usually 1-2 primary afferents innervating the equatorial region of the spindle and
1-5 secondary afferents innervating the juxta-equatorial region of the spindle fibres. These
afferent fibre sensory endings are located in a central capsular enlargement of the spindle
which protects the sensory endings from electrolyte changes caused by extrafusal
contraction (Prochazka, 1996). The muscle spindle has motor innervation from 4-12 y-MN
axons and often a f-MN axon, and each § and y MN innervate multiple spindles (Emonet-
Denand et al., 1992). A B-MN is a motor neuron with axons innervating both the intrafusal

and extrafusal fibres.
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Figure 1.6 Muscle spindle sensory and motor innervation
The muscle spindle receives motor input from static and dynamic y-MNs and
sensory innervation from primary (la) and secondary afferents (I1). The b1 fibres
only receive input from dynamic y-MNs while all fibres receive static y-MN input.
Primary afferents contact all the intrafusal fibres while secondary afferents are not
in contact with b1 fibres.

Intrafusal fibres are classed as either bag or chain based on how the nuclei in the
intrafusal fibres are arranged (Barker, 1948). The typical spindle contains a dynamic bag
fibre (b1), a static bag fibre (b2), and 2-10 chain fibres (c) (Matthews, 1964). Bag: fibres
are distinguished from bag: fibres by an increased level of elastin and a reduction in
mitochondria (Walro and Kucera, 1987), b fibres also contain more glycogen and have
more ATPase activity than by fibres (Boyd, 1981). Motor control of b; fibres is from
dynamic y-MNs (yd) and dynamic B-MNs (Bq) and motor control of b2 and ¢ intrafusal fibres
is from static y-MNs (ys) and static B-MNs (Bs) (Barker et al., 1973). Kucera and Hughes
(1983) proposed a further subdivision into long and short chain fibres, with fs motor

neurons selectively innervating long chain fibres in the cat hind limb (Jami et al., 1982).
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Primary muscle spindle afferents (la) have sensory terminals on b1, bz and c intrafusal fibres
and secondary spindle afferents have sensory terminals on b and c spindle fibres (Emonet-
Dénand et al., 1977). Primary spindle afferents fire more during the application of stretch
while primary and secondary afferents signal the length of stretch, with secondary afferents
having a sustained higher firing rate until the return of the muscle to resting length (Harvey
and Matthews, 1961).

Linear Stretch Release

Stimulus

Primary

Secondary

Figure 1.7 Primary and secondary spindle afferent firing properties
Primary afferents responding by increasing firing during the application of stretch
with a reduction in firing after stretch is released. Secondary afferents have no
increased firing during stretch, but the amount the muscle is stretched does
correspond to firing. So the secondary afferent acts as a more positional sensor.
(Matthews, 1964)

Dynamic and static responses of primary and secondary spindle afferents to stretch are
not linear, and there are conditions which alter the sensitivity and gain of secondary and
especially primary spindle afferents. During small movements the dynamic sensitivity of
primary afferents is high, while during large movements the dynamic sensitivity decreases
(Baumann et al., 1982). Stuck actin-myosin cross-bridges in intrafusal fibres has been
suggested to be responsible for the high sensitivity of primary afferents to small stretch
(Brown, 1971). The decrease in this high sensitivity during large movements is postulated
to be the breakdown of these cross-bridges (Hunt and Wilkinson, 1980). This gain
compression was observed by recording afferents during small sinusoidal stretches while

the muscle was undergoing concomitant large triangular stretches (Baumann and Hulliger,
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1991). In the above study higher velocity triangular stretches were also found to decrease
dynamic sensitivity of spindle afferents. The implications for research on dynamic
sensitivity are large, as the dynamic response of spindle afferents during stationary tests
will not be the same as the response during natural (faster and larger) movements.

When studying y-MNs it is important to keep the muscle spindle properties in mind.
As y-MNs only have a role insomuch as they modify the function of the muscle spindle

components, and thus the sensory output which proceeds from them.

Potential information can also be found looking at muscle spindle distribution. There
are approximately 27,000 spindles in the human, with some muscles such as the diaphragm,
larynx and the posterior belly of the digastric sphincter containing no spindles at all
(Prochazka, 1996). There are no spindles in the extraocular muscles of the cat, dog, rabbit,
and horse, however there are extraocular muscle spindles in the human, chimpanzee, most
ungulates, and possibly the rat (Enjin et al., 2012, Matthews, 1972). The number of spindles
per muscle increases with size, however the density of spindles is lower in larger compared
to smaller muscles (Banks, 2006). Taking size differences into account the spindle density
of each muscle still varies; the neck muscles have increased numbers of spindles while the
shoulder girdle muscles have fewer spindles. The reason for the lack of spindles in some
muscles may be because less feedback is necessary or because there is an alternate source
of feedback to the central nervous system. Determining the presence and number of
spindles per muscle could help illuminate spindle function. However, the amount of labour
required for this means that detailed quantitative data is not yet available. Determining the
number of y-MNSs in each muscle may also be beneficial for the same reason. Advances in
3D clearing and imaging of tissue may mean that this is currently a possibility. INs and
MNs show genetic variation in transcription factors across muscle pools. There is no reason

to believe that these differences are not also present in y-MNS.

1.2.3.2 Structure and types of y-MNs

There are two widely distinguished types of y-MN, dynamic and static. Dynamic y-
MNs increase the sensitivity to stretch of the spindle primary afferents and lead to a
pronounced drop in primary afferent firing after stretch termination (Emonet-Dénand et al.,

1977). Static y-MNs increase the base rate of spindle afferent firing while decreasing the
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stretch sensitivity. Static y-MNSs also attenuate the drop in firing after stretch termination.
During muscle shortening ys activity acts to limit the decrease in spindle afferent firing
(Prochazka et al., 1979). ysactivity is able to occlude the effects of yq activity on la spindle
afferents during small sinusoidal movements (Hulliger et al., 1977). This means that during
small movements yq activity may be hidden if afferents are studied during co-activation of
dynamic and static y-MNSs. There has been no difference found between dynamic and static
y-MN ratios in different muscles, as y¢ make up around a third of y-MNSs in any given
muscle in the cat (Matthews, 1972), although the data are sparse, with limited muscles and

only the one species studied.

The picture is even more complicated as distinguished by Emonet-Dénand et al.
(1977), who found that not all dynamic or static y-MNs displayed the same action on
separate primary spindle afferents. Figure 1.8 displays the variety of effects on different
muscle spindles observed by stimulating single y-MNSs. All the ranges of effects were able
to be replicated by stimulating dynamic and static y-MNs together at various intensities.
The action of static y-MNs in particular appear to have some not entirely homologous
effects on separate spindles. Static y-MN differences were investigated by Boyd (1986),
who found that 79% of all ys motor neurons innervated either bz or c intrafusal fibres
preferentially. 48% of ys axons had functional connections with only chain fibres in all of
the spindles they innervated, and 31% of ys axons had functional connections with only b
intrafusal fibres. This separation is not fully supported by anatomical evidence as the
majority of ys MNs observed by Barker et al. (1973) had endings on both b2 and c fibres.
However it is possible that not all of the endings observed were functionally active. Further
evidence for ys subdivisions was found stimulating certain areas of the cortex to cause b
intrafusal fibre contraction without chain fibre contraction (Gladden, 1981). This
subdivision of ys MNSs is not necessarily surprising as the closer a cell population is studied,
the more subdivisions appear. The IN diversity observed in the previous section is likely
to occur in y-MNs as well. It is important to take the various subdivision of y-MNs into
account, as blunt studies looking at the activity of the population as whole could lead to

inconclusive and unsatisfactory results.
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Briefly, B-MNs are MNs which contact both intrafusal and extrafusal muscle fibres.
While they are not the focus of the current research, a little background is needed as to their
role as some of their functions overlap with y-MNs. Approximately 30-40% of muscle
spindles in the cat hind limb muscles are innervated by -MNs, with around 10% of large
motor neurons innervating both intrafusal and extrafusal muscle fibres (McWilliam, 1975).
There are both dynamic and static f-MNs (Laporte et al., 1981). Smaller dynamic -MNs
innervate intrafusal b; and slow oxidative extrafusal fibres. While larger static B-MNs
innervate intrafusal chain and extrafusal fast fatigue resistant fibres (Jami et al., 1982).
According to Henneman’s size principle (Henneman et al., 1965), the smaller dynamic -
MNs being activated first during small muscle movements would lead to increased
dynamic sensitivity during small movements. While 3-MN innervation is significant, the
effect of B-MN stimulation may be small due to the smaller number of synaptic contacts
each B-MN has on the muscle spindle. One possible reason to be aware of B-MNSs is that
if static B-MNs are activated at the same time as a-MNSs this may lead to the occlusion of
dynamic y-MN effects during large movements. Due to the confirmed separate control of
a and y motor neurons (during some conditions at least), the role of y-MNs has the potential
to act as more than just a spindle gain control, or a mechanism to maintain the sensitivity
of spindles during contraction. For this reason it is of more interest to study y rather than 8
motor neurons. Although there is the currently unstudied possibility of separate control of

a and B motor neurons which may make them an attractive target for investigations.
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Figure 1.8 Static and dynamic y-MN subdivision of actions
The effects of stimulating 36 y-MN axons. 67% of y-MN axons have pure
dynamic or static action with the rest displaying a mix of both types in different
muscle spindles. The symbols indicate the effect of stimulation on the afferent
firing rthythm. o, regular firing; A, moderate irregular firing; A, considerable
irregular firing; e, 1:1 driving. (Emonet-Dénand et al., 1977)

It is important to note the differences between y-MNs. However, due to limitations
identifying the two types anatomically, the following structural description and markers
describe both ys and yo MNs. First off, y-MNs (<400um? generally) are smaller than o-
MNs, with some overlap (Friese et al., 2009). y-MN dendrites extend up to 1.5 mm from
the cell body and are longer, thinner, and less branched than a-MN dendrites (Ulfhake and
Cullheim, 1981, Moschovakis et al., 1991). In cats y-MNs have half the somatic synaptic
coverage as a-MNs (Johnson, 1986), while more synaptic coverage was found in rat y-
MNs which have comparable number of contacts and synaptic coverage percentage as a-
MNs (Ichiyama et al., 2006). y-MNs have only S-type (round synaptic vesicles containing
glutamate) and F-type (flat synaptic vesicles containing GABA or glycine) synaptic
terminals while a-MNs have S and F type terminals as well as C (cistern containing
acetylcholine) and M types (presynaptic bouton contacting synapses) (types classified by
Conradi (1969)) (Lagerback et al., 1986). y-MNs have fewer and smaller glycinergic
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receptor clusters on their somas compared to a-MNs or V1 INs (Alvarez et al., 1997).
Finally y-MNSs have biophysical properties intermediate to fast and slow type a-MNs (Enjin
etal., 2012).

The discovery of a few markers for y-MNs has allowed us to study their contacts with
more ease than was possible before. Although some of the markers are more reliable than
others. Certain antibodies appear to label y-MNs primarily. After postnatal day 10 the
continued higher expression of oestrogen related receptor gamma (Err3) becomes more
selective for y-MNs (Friese et al., 2009). y-MNs lack Hb9 and the nuclear protein Neuronal
nuclei (NeuN) and express the glial derived neurotrophic factor (GDNF) receptor subunit
a-1 (Gfral). Interestingly large Gfral and Hb9 expressing motor neurons may mark f3-
MNs (Shneider et al., 2009). GDNF is vital for y-MN survival and increasing or decreasing
GDNF expression leads to a concurrent change in y-MN innervation of muscle spindles
(Whitehead et al., 2005). The serotonin (5-HT) receptor 5-HT1d (Enjin et al., 2012), the
signalling molecule Wnt7a from embryonic day 17 to postnatal day 21 (Ashrafi et al.,
2012), and the sodium potassium pump subunit NKAa3 (Edwards et al., 2013) are also
expressed highly in y and not o motor neurons. These markers are all potential targets for

studying y-MNs, although some are limited to certain developmental timepoints.

1.2.3.3 Inputs to y-MNs

Understanding the innervation of y-MNSs is of great importance in determining their
function. The huge range of segmental and supraspinal input they receive points to their
role in integrating feed forward and feedback mechanisms in the spinal cord. The following
sections will cover what is currently known about this innervation. The missing links in
their segmental innervation are shown in Figure 1.9 (below). It is important to discover
which of the IN populations described earlier innervate y-MNSs. This would allow us to
determine how y-MNs are integrated in the CPG system and potentially how they may be

involved in learning.

The first thing to note is that y-MNs are not monosynaptically innervated by la
afferents, and may in fact be inhibited by them (Eccles et al., 1960). This inhibition may
be due to a-MN recurrent inhibition of y-MNs (Kemm and Westbury, 1978, Ellaway and

Murphy, 1981). If there was a strong functional connection between Ia and y-MNs this
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could cause an unstable positive feedback loop between the sensory and sensorimotor
system. If y-MNs were excited by la axons they would in turn increase spindle firing
leading to higher and higher firing rates of la and y-MNss. Static and dynamic y-MNs both
receive some recurrent inhibition from y and o antidromic volleys (Appelberg et al.,
1983d). From the evidence it appears that there is a moderate degree of recurrent inhibition
from a to y motor neurons, but a much more limited recurrent inhibition from vy to y-MNSs
(Cullheim and Kellerth, 1978, Westbury, 1982, Ulfhake and Cullheim, 1981). The absence
of a positive sensory to sensorimotor feedback loop and the presence of some recurrent
inhibition could be important to stabilize MN firing rates, especially during precise or small
postural movements during which a stable discharge rate is needed (Granit et al., 1957,
Eccles et al., 1961).
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Figure 1.9 Segmental inputs to y-MNs
Interneurons (INs) are estimates with some tri and poly-synaptic connections not
shown. Question marks over whether there are mono-synaptic connections
between group Il and y-MNs, and how many and what types of INs are involved
in transmitting the sensory signals are still unclear. SA1=Slow adapting type 1
mechanoreceptor, RC=Renshaw cell, a-MN=alpha motor neuron, and yq and ys
=dynamic and static y-MNs respectively

Moving on from la afferents to group Il. Intracellular recordings from identified vy-
MNs in the cat found that stimulation of different nerve fibres at Group Il strength was
found to excite the majority of ya MNs (Appelberg et al., 1977). Whether it is exclusively
secondary spindle afferents, and not other group II units exciting y-MNSs, is yet to be
confirmed. Although homonymous y-MNs are definitely excited by muscle stretch in a
decerebrate cat model (Noth, 1981), this does not exclude other group Il units, which may

also respond to stretch, from being involved. Appelberg et al. (1983b) did not observe
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mono-synaptic group II to y-MN inputs. However, following homonymous and
heteronymous group Il afferent stimulation, monosynaptic (1.4-2.7 ms latency) responses
were observed in one third of y-MNs by Gladden et al. (1998). Intracellularly recorded
excitatory post synaptic potentials (EPSPs) in y-MNs were used by Gladden et al., while
Appelberg et al. pooled together extra and intracellularly recorded EPSPs. This may have
led to the differing conclusions between the two groups. This monosynaptic sensory input
is still not confirmed, although it is unlikely that there is any monosynaptic input for Il
afferents in the rat. This is because no direct contacts on y-MNSs are observed using the
tracer Cholera toxin subunit B which should be transported in secondary afferents. An
interesting note from the experiments by Gladden et al. was that medial gastrocnemius
(MG) y-MNs received inputs from heteronymous group 11 afferents while group Il afferents
from the MG did not excite synergistic muscles such as the lateral gastrocnemius and
soleus muscles. Thus, caution is needed when pooling together data from different muscles
to generalise conclusions. This muscle pool variation is another cautionary tale of

generalising the results of one set of y-MNs to the whole spinal cord.

There is also segmental input from the smaller group Il afferents. Stimulating the
gastrocnemius medialis nerve of the hind limb at a strength sufficient for group 111 afferents
was found to have an excitatory effect on homonymous and heteronymous y-MNs (Ellaway
et al., 1982). The central delay of 3 ms observed indicates a polysynaptic coupling of this
reflex. Group III afferents that excite y-MNs are probably the ones which respond to light
muscle contraction and skin stimulation, as light touches on the muscle were found to
excite y-MNs. There is a higher proportion of ys than y¢ MNs which receive input from
group III afferents, and this input is more likely to be excitatory than the group III to yq
action (Appelberg et al., 1983c). Group III excitation of y-MNs could be acting as an event
marker to the onset of contraction as they are found to fire in response to muscle twitch.
The reasons why Group 111 units would act as event markers is unclear at present. It is
possible that increasing the activity of static y-MNs may cause the spindle afferents to have
a more ‘servo-assistance’ mode of action, and thus would act more effectively to offset

spindle unloading during contraction.
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v-MNs also respond to chemoreceptor stimulation. Bradykinin (BK) and 5-HT are
both released in the muscle in response to contraction (Stebbins et al., 1990). BK and 5-
HT injections into a hindlimb or forelimb muscle increased the spindle afferent activity
during sinusoidal stretches in anaesthetised cats (Djupsjobacka et al., 1995, Jovanovic et
al., 1990). 5-HT was found to increase static y-MN firing only, while BK increased both
static and dynamic y-MN firing. The above studies also found that lactic acid injections
also increased y-MN firing rates, indicating that this pathway may play some role in central
fatigue processing and the tendency for pain and stiffness to spread from one muscle to
another (Simons, 1988). As BK, and 5-HT are known to excite group Ill and IV afferents
(Mense and Meyer, 1988), this indicates that the group III to y-MN input observed by
Ellaway et al. (1982) and Appelberg et al. (1983c) may not just be the group 11 afferents

responding to touch.

Appelberg et al. (1983a) found that stimulation of group | afferents did not have a
consistent significant effect on most y-MN firing rates. However, slow adapting type 1
(SA1) mechanoreceptors in the leg have been found to cause periods of synchrony and
raised firing rates in gastrocnemius y-MNs (Davey and Ellaway, 1989). The estimated
central latency of the response was 2.7-5.6 ms indicating a di or tri synaptic coupling of
the reflex. This discrepancy may be due to the preparation used by Appelberg et al. as they
did not denervate the contralateral limb and thus there may have been tonic effects masking
any group I to y-MN facilitation. Choralose was also used in Appelberg’s preparation and
the diffuse effects of this anaesthetic could disrupt the normal polysynaptic y-MN response
to certain group | afferents. By simply recording firing rate increases Appelberg et al. may
have missed some effects observed by Davey and Ellaway measuring y-MN firing
synchrony. The discrepancy of results does point to the limitations of purely
electrophysiological studies in determining the innervation of y-MNs and underlines the

need for anatomical studies to solve some of these disputes.

The possible group II to y-MN connection is the only monosynaptic segmental input
to y-MNs found to date. There are presumably many interneuronal connections, including

Renshaw cells, and dorsal horn interneurons such as dI3 which are found to excite a and
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possibly y-MNs in response to cutaneous stimulation (Bui et al., 2013). However, the

identity and origin of the vast majority of these interneuronal connections remain elusive.

In summary y-MNs are influenced by SA1 mechanoreceptors, secondary muscle
spindle afferents, group Il afferents responding to stretch or skin stimulation, and 5-HT
and BK intramuscular injections probably via group Ill and IV afferents. The influences
are many with different inputs to dynamic and static y-MNs which will have an effect on
their function during movement. Recurrent inhibition and the lack of primary spindle
afferent input to y-MNs also prevent any potentially unstable feedback loops. The only
other potentially unstable loop would be between secondary spindle afferents and y-MNs
and this pathway may be involved in disorders of muscle tone such as Parkinson’s disease
and spasticity. Figuring out the segmental inputs to y-MNs would open a new window to

study the spinal locomotor system and the role of y-MNs in the CPG and SCI recovery.

As y-MNs receive input from multiple segmental sources they also receive a large
amount of supraspinal input. Here again, the limitations of purely electrophysiological
studies are observed. The diverse input they receive once again points to their role
integrating signals from multiple sources. There is a similar dearth of information about
the INs involved in the relay pathway from supraspinal centres as there was with segmental

relay neurons (Figure 1.10).

The early research on supraspinal inputs to y-MNs relied on outputs from the muscle
spindle, and not direct recordings from the neurons themselves. The first such study
looking at spindle afferents was by Eldred et al. (1953). They found an inhibitory and
excitatory contralateral influence on spindle afferent firing from stimulating the internal
capsule and inferior colliculus respectively. Early on, two brainstem to y-MN pathways
were described, with one ‘fast’ pathway which was disrupted with lateral column incision
in the spinal cord and one slow pathway Granit and Holmgren (1955). The slow pathway
was not found to drive spikes in y-MN activity but rather provided a protracted excitatory
response. This slow pathway persisted with extensive sectioning of the cord displaying a
diffuse pattern which was unable to be interrupted without full transection of the spinal
cord. Granit and Kaada (1953) recorded from both Ia spindle afferents and y-MNs directly

while stimulating various supraspinal structures. Their results pointed to the reticular
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formation and pyramidal tract as having excitatory effects on la spindle afferents. While
stimulating the anterior lobe of the cerebellum was found to inhibit la spindle afferent
firing. While the above studies were important, the difference between dynamic and static
v-MN activity had not yet been discovered and as such changes in firing rates were

probably masked by discrepancy among the y-MN populations.
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Figure 1.10 Known supraspinal inputs to y-MNs.
v-MNs receive input from many of the same brain areas as a-MNSs. But there are
areas not found to excite a-MNs which do modify y-MN firing. Areas like the
MesADC.
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There are a few areas in which co-excitation of a and y motor neurons is seen in
response to supraspinal stimulation. Most locations within the mesencephalic locomotor
region (MLR) were found to co-excite ys and o motor neurons in de-afferented cats (Eldred
and Fujimori, 1958). Besides the a-y co-activation seen during MLR stimulation, reticular
stimulation also co-excites ys and o motor neurons in flexors (Bergmans and Grillner,
1968), and red nucleus stimulation di-synaptically co-excites flexor o and y motor neurons
while co-inhibiting extensor o and y motor neurons (Appelberg et al., 1975). Monosynaptic
excitatory connections between the lateral vestibular nucleus and y-MNs were recorded
intracellularly in half of all y-MNs in an extensor muscle (Grillner et al., 1969). As only vs
motor neurons are assumed to be mono-synaptically excited from supraspinal stimulation
(Bergmans and Grillner, 1968), these y-MNs were probably of the static type . The motor
cortex was also found to mono-synaptically co-excite 1/3 of y-MNs along with a-MNs in
the forearm and hand of monkeys (Clough et al., 1971).

While a-y co-activation has been seen during stimulation of a number of sites, this is
not always the case; indeed if it were, what need would there be for separate y and a motor
neurons, instead of just B-MNs as are seen in the amphibian. Selective control of y and a-
MNs was demonstrated by Granit et al. (1955). Here, ablating the anterior lobe of the
cerebellum was shown to decrease y-MN firing while increasing the firing rate of a-MNs.
Gilman and Ebel (1970) found that base firing of individual y-MNSs reduced after cerebellar
ablation. Here the sensory evoked increase in y-MNs firing rate was the same regardless of
cerebellar ablation, suggesting that the cerebellum is not involved in descending control y-
MNs segmental response. However it is hard to make conclusions as to the role of the
cerebellum in y-MN and spindle control, as further research is needed to discover which
type (dynamic or static) of y-MN the cerebellum controls and which cerebellar areas are

involved in this control.

The distinction between the actions of dynamic and static y-MNs made earlier is
important because their actions have sometimes opposing effects. Thus looking at the
innervation of y-MNSs as a whole does not tell the whole picture. In fact, looking at the
distinct innervation differences between y-MN types can be beneficial. For example,

fusimotor set (the state of readiness or arousal during the learning of a motor task) probably
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includes increased spindle sensitivity (Prochazka and Wand, 1981) and thus probably
dynamic y-MN action (Prochazka, 1989). Looking at areas responsible for increasing the

dynamic y-MN activity could reveal the areas involved in fusimotor set and arousal.

One such area for exclusive yq control was found by stimulating an area ventro-rostral
to the red nucleus (Appelberg and Jeneskog, 1972). This area is termed the mesencephalic
area for dynamic control (MesADC). The MesADC could be involved in fusimotor set,
and is potentially responsible for the increased dynamic sensitivity of muscles in the cat
during moderately opposed movements (Prochazka et al., 1988). The pathway was found
to have collaterals to the inferior olive and stimulation also excited the climbing fibres of
the posterior cerebellum (Appelberg and Molander, 1967). The MesADC to yq pathway
has been found to proceed through the dorsal lateral funiculus of the spinal cord. However,
destruction of the rubro-spinal tract or corticospinal tract did not attenuate the dynamic
effect of MesADC stimulation (Appelberg and Jeneskog, 1969), thus the MesADC
pathway is not confined to the pathway of either tracts. MesADC stimulation has been used

frequently to identify dynamic y-MNs in cats.

Static y-MNs have a number of different supraspinal inputs which yq neurons do not
have. For example, the aforementioned vestibular nucleus (Grillner et al., 1969), and an
area dorso-caudal to the red nucleus (Taylor et al., 1993, Donga et al., 1993). An interesting
area of static y-MN control are non-dopaminergic substantia nigra pars reticulata (SNpr)
neurons. Chemical excitation with Picrotoxin, or electrical stimulation of the caudo-lateral
SNpr caused a decrease in static y-MN activity (Wand et al., 1981, Schwarz et al., 1984a).
Another study by Schwarz et al. (1984b) found that non dopaminergic SNpr neurons fired
in response to limb perturbations, especially during movement to overcome an unexpected
impediment during treadmill walking. These two studies point to the SNpr as an important
output centre for basal ganglia control of spindle bias and sensitivity during movement. By
decreasing the amount of static y-MN activity the dynamic sensitivity of the spindles will
increase if there is an unexpected limb perturbation, this should allow the reflexes a greater
ability to counteract the perturbation. These studies underline the importance of taking the
differences between static and dynamic y-MNSs into account, as in this case the inhibition

of static y-MNs is potentially leading to an increase in dynamic sensitivity.
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The above research looked at spindle afferent firing and direct y-MN activity. While
this is useful it does have limitations; a novel approach looking at neuron firing synchrony
enabled the discovery of other supraspinal inputs, in particular monoaminergic input. In a
normal decerebrate cat there is no y-MN firing synchrony and discharges are dispersed.
However, when brainstem input was removed there was an increase in y-MNs firing
synchrony (Davey and Ellaway, 1988). This increase in synchrony was reversed by the
application of either levodopa (L-DOPA) or the SHT precursor 5 hydroxytryptophan. Thus
suggesting that dopaminergic and serotonergic pathways are the brainstem structures
involved in y-MN control. y-MN synchrony is due to segmental inputs such as SA1 , type
I1, and type Il afferents (Davey and Ellaway, 1989). Further investigation into brainstem
structures involved in y-MN control was completed by Baker et al. (1991). y-MN firing
synchrony was measured after electrolytic lesions of various brainstem structures. Lesions
to the subcoeruleus nucleus were found to increase synchrony of y-MN firing, while
lesioning the locus coeruleus, central raphe nucleus, and periaqueductal grey had no effect.
This, along with evidence showing increased synchrony of firing in response to monoamine
depletion in the spinal cord (Ellaway et al., 1989), indicates that there is monoaminergic

control of y-MN firing patterns.

To summarise, there are structures such as the lateral vestibular nucleus, reticular
formation, and certain areas in the MLR which have similar effects on a and y motor
neurons. However, selective control of y and not a motor neurons has been observed from
areas including the subcoeruleus nucleus, SNpr, MesADC, and anterior cerebellum.
Differences in supraspinal areas for dynamic and static control are also observed with the
MesADC exciting yq only, and an area dorsal and caudal to the red nucleus exciting ys only.
The SNpr and vestibular nucleus also exert control on ys and not yqg. This separate control
of vy and a-MNs makes sense as there would be no reason to have separate systems if they
were always activated at the same time. Further, the separate areas of control for ysand yq
may be useful as the two y-MN types often display opposite effects on spindle afferents.
During small movements or postural tasks it may be useful to have a high dynamic spindle
sensitivity so that if there is a small change in muscle length the afferent system would
react strongly and quickly enough to resist the change. During larger rhythmic movements
decreased spindle sensitivity would be useful so that the antagonist muscles would not be
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receiving strong la input causing them to oppose the movement. The evidence presented
here suggests that there is such control, figuring out the spinal networks involved in this

control could allow us to further understand spinal motor control.

1.2.3.4 y-MN role in movement

Severin et al. (1967) was the first to show that spindle firing increased with voluntary
contraction during locomotion in a decerebrate cat. The idea of a-y co-activation was
furthered with a study on de-afferented and decorticated cats when both a and y motor
neurons were found to fire in phase during L-DOPA induced locomotion (Sjéstrom and
Zangger, 1976). While there was no distinction made between static and dynamic y-MNs
within this study it has been shown that dopamine selectively excites ys motor neurons
(Grillner et al., 1967). While a-ys co-activation appears common, there is more debate as
to whether yg motor neurons are co-activated with a-MNs. This lack of a-yq co-activation
was seen during breathing as yq motor neurons of the intercostal muscles were tonically
active throughout the cycle, while ys motor neurons were phasically co-activated with a-
MNs (Greer and Stein, 1990).

Extensors and flexors have possibly different types of y-MN control during
locomotion in the decerebrate cat, with extensors observed to have predominantly dynamic
control and flexors predominantly static control (Cabelguen, 1981). This was found by
recording primary afferents response to sinusoidal and ramp stretches. ys activity was
presumed when primary afferents maintained their firing rates during contraction. yq
activity was presumed when primary afferents increased their firing rate more during the
application of stretch and then reduced their firing almost completely after stretch
termination. This difference in predominant action may be due to the role of these muscles
during locomotion, flexors may benefit from more ‘servo-assistance’ from ys action during
contraction. The increased dynamic action raising spindle sensitivity in extensors, could
assist in the counteraction to lengthening which occurs during the stance phase of
locomotion. yq activity is also found to dominate in the extensors of resting cats (Bennett
et al., 1996). As extensors are more involved in postural control than flexors, this
predominance of yq action in extensors during rest appears appropriate to condition the

extensors to respond to small disturbances. The predominance of ys action in flexors and



36

during locomotion appears well suited to offset spindle and extrafusal length mismatch

during shortening.

Murphy and Hammond (1993) stated that there were two types of y-MN activity
occurring in the decerebrate cat during locomotion as measured by direct small MN axons
from the anterior branch of the flexor tibialis anterior (TA) nerve. One type was phasic
with TA electro-neurogram activity, while the other was tonically active during
locomotion. Murphy and Hammond argued that the phasic activity was ys and that the tonic
activity was yq. However, this was simply based on muscle afferent firing rates, and there
were no direct recordings from identified static or dynamic y-MNs to confirm this. In fact,
one of the same authors concluded the opposite in an earlier study (Murphy et al., 1984).
Others, (Greer and Stein, 1990, Appenteng et al., 1980), have also attempted to link phasic
or tonic y-MN activity with either dynamic or static y-MNSs. In most cases there is an
assumption that one or the other is involved without actually stimulating any of the y-MNSs
they recorded from in order to confirm type. The limited direct recordings from identified
dynamic or static y-MNs led to a variety of theories as to the role of y-MNs during

locomotion, and a general lack of clarity as to the true picture.

The most robust and complete investigations of y-MN activity during locomotion were
completed by Taylor et al. (2004) in their series of experiments. During locomotion in the
decerebrate cat, single y-MNs innervating spindles in an ankle flexor (tibialis anterior) were
recorded from. They were identified in the resting state as either dynamic or static by their
effect on spindle afferent firing and their response during MesADC stimulation. During
locomotion, in phase ysactivity with EMG was observed, with rapidly increasing yqactivity
observed after the onset of shortening, which began a slow after half decay at the onset of
lengthening (Taylor et al., 2006). The results were similar for an experiment done in the
extensor medial gastrocnemius, with the only differences being a phase advance of vs
activity in the extensor muscle prior to shortening (Taylor et al., 2000). While vys activity
could be maintaining muscle spindle firing rates during contraction yq action at the phase
seen is probably preparing the spindle to detect the onset of stretch during the stance phase.
Two separate types of ysaction were also seen in their earlier studies with a lesser and more

highly modulated firing rate distinguishing the two types (Taylor et al., 2000). These two
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types of ys activity were assumed to be from ys motor neurons selective for by fibres (less
modulated) and c fibres (highly modulated). This was the first study in locomoting animals
to observe and define the two types of ys activity which were identified earlier by Boyd
(1986) in resting cats.

The difficulty of identifying and recording from single y-MNs during normal
locomotion led to a lack of clarity as to their role. The majority of studies prior to those by
Taylor et al. were only able to record from afferents and calculate the difference in firing
rate compared to passive movements; this led to unclear theories surrounding the activity
of the different y-MN types during locomotion. With the studies by Taylor et al., the picture
is clearer, although locomotion in the decerebrate cat is not the same as natural movement.
The limitations of the preparation mean that much about the role of y-MNs in locomotion

is still yet to be uncovered.

1.2.3.5 The role of y-MNs in spinal cord injury

Although it is known that spindle afferent feedback is necessary for recovery of
locomotion following spinal cord injury in a rat (Takeoka et al., 2014), the role of y-MNs
in this is yet to be elucidated. The data in this field are incredibly limited. With a study by
Ichiyama et al. (2011) one of the very few to look at synaptic changes after injury. The
study found loss of synaptic input to y-MNSs after injury while locomotor training returned
synaptic inputs closer to normal. Barring this one study the role of y-MNs in recovery is
unknown. The wide array of sensory inputs that y-MNs receive does point to their
importance in SCI. Adding to the possible importance of y-MNs in SCI is their lack of
plasticity inhibiting perineuronal nets (Smith et al., 2015). Potentially pointing to their

more plastic nature as shown earlier (Ichiyama et al., 2011).

There is far greater research into the effects of y-MNSs on spasticity after injury. Our
SClI experiments did not look at spasticity, however it would be remiss to not mention their
possible role in this area. One prominent theory on clonic spasticity suggests that reflexes
remain at high ‘default parameters’ in patients with spasticity, and that the reflex sensitivity
is not able to be reduced or controlled by supraspinal centres (Prochazka, 1989). Evidence
to support this theory was found by Powers et al. (1989) studying patients with hemiparetic

clonic spasticity. Patients were able to consciously mimic spasticity in their non-affected
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limb so that the response to stretch was the same as their spastic limb. However, patients
were not able to change or reduce the reflex sensitivity on their affected side. There is also
some evidence against the role of y-MNs in spasticity as well. Two studies using
microneurography found no increase in spindle firing in spastic patients (Hagbarth et al.,
1973, Hagbarth et al., 1975). Although the small number of patients and small number of
neurons recorded from does limit the conclusions that can be drawn. The evidence from
the studies by Hagbarth et al. (1973 and 1975) and from Macefield (2013) point to a lack
of increased static y-MN activity. However, it is more complicated to study the effects of
dynamic y-MNs on spasticity as measuring single afferents in humans does limit the type
of actions that can be completed. Some evidence of increased yq activity was suggested by
Szumski et al. (1974) as they found higher firing levels and a pronounced double twitch of
single unit action potentials in la afferents during the relaxation phase of clonus. Thus
providing some possible evidence that it was increased dynamic y-MN action sensitising

the spindle to the onset of stretch.

Decreased monoaminergic control from the brainstem may be implicated in SCI
induced spasticity. Earlier it was mentioned that removing the brainstem was found to
increase y-MN synchrony (Davey and Ellaway, 1988), probably due to lack of modulation
of reflex inputs. Systemic clonidine application, or direct L-DOPA or tizanidine (another
a-2adrenergic receptor agonist) administration all decrease secondary afferents input to y-
MNs (Jankowska et al., 1998). Of the three, only clonidine reduced spontaneous y-MN
firing rates. Thus suggesting that some of the antispastic effects of L-DOPA and tizanidine
on y-MNss is probably via their effect on reducing the secondary spindle afferent to y-MN
reflexes. As ya MNs may be more affected by secondary spindle afferents than ys MNS, this
agrees with the theory of increased yq action in patients with spasticity. Of course, all the
drugs above are also known to affect a-MNs as well, so it is unlikely they are acting solely

through their effect on y-MNS.

While y-MN dysfunction may be an important factor in clonic spasticity, there are
other working theories. Dysfunctional CPGs (Beres-Jones et al., 2003), increased spinal
excitability (Little and Halar, 1985), generally reduced supraspinal inhibition (Ditunno et
al., 2004), and 5-HT receptor overactivity (Murray et al., 2010) have all been suggested
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as possible causes for SCI induced clonic spasticity. The different theories need not be
mutually exclusive, and there is some evidence supporting a role for y-MNs in SCI induced
clonic spasticity. There is certainly insufficient evidence presently to rule out a role for

dynamic y-MNs in spasticity.

1.2.3.6 Conclusion

The y-MN is a critical part of the motor system. Controlling the spindle feedback the
locomotor network receives allows them to alter the response of the motor system to
external and internal influences. The separate control allows for adaptation of the reflexes
responses in different environments and during different levels of arousal. This allows the
dynamic y-MNs to increase spindle responsiveness in resting states in order to counteract
small postural differences. And allows the static y-MNS to increase and maintain spindle
firing during contraction in order to assist in force production. Unfortunately, the lack of
recordings made from clearly identified static and dynamic y-MNs in naturally moving
animals or humans has limited the conclusions that can be made as to their role. With
studies in decerebrate cats providing the clearest picture (Taylor et al., 2004). However
informative the above studies, the preparation used is probably not completely
representative of y-MN activity in normal movement. At present there is still much debate
as to y-MNs’ role in normal movement and locomotion, learning, clonic spasticity, and
postural control. This appears unlikely to be resolved in the near future due to the technical
difficulties involved in continuously recording from identified y-MNs in awake normally
moving animals or humans. Looking at their changing inputs after SCI, and attempting to
determine their innervation would enhance our understanding of this fascinating neuron.

And in so doing add to our understanding of the spinal motor network in general.

1.3 Spinal cord injury

1.3.1 Introduction

Spinal cord injury causes the impairment of motor and autonomic functions as well as
sensory processing. This greatly impacts the approximately 50,000 people in the UK living
with some kind of SCI. The cost to the NHS over the lifetime of a patient range in the
millions with the ~1,200 new patients per year estimated to cost 1.43 billion (McDaid et
al., 2019). The life changing and costs aspects of SCI could be ameliorated by recovery of
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voluntary movement and autonomic function. Among the priorities for SCI patients are
hand function, bladder control, sexual function, pain, and recovery of locomotion

(Anderson, 2004). It is the recovery of locomotion we are focusing on here.

SCI is a complex problem with no solution currently available. In this section I will
briefly cover spinal cord pathology before taking a deeper dive into the current therapies
to enhance plasticity and restore locomotor capacity.

1.3.2 Pathology

SCI may be caused by a few different primary physical mechanisms. These
mechanisms include a laceration, a compression, or a contusion. Of these the contusion
injury is most common (49% of SCI cases) (Ribak et al., 2008). Of note the majority of
SCI’s are not full transections, with some spared tissue almost always present. The
clinically relevant contusion injury was used in our study, and it is this injury type that will
be the focus of this section. The pathology of a contusion is complex, with numerous
related cascading events stemming from the original injury. The various timepoints are
subdivided slightly differently by different authors. Here the injury pathology is divided
into acute, subacute, and chronic with a summary of some of the process seen in Figure
1.11.
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Blood brain barrier breakdown
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Figure 1.11 Pathology of SCI
There are numerous processes involved in SCI pathology. There is the immediate
damage to cells and axons. There is the microglia activation leading to cytokine
production. There is the grey matter haemorrhage and blood brain barrier
breakdown leading to oedema and further inflammation and necrosis. Later
astrocytes are activated with some beginning to seal off the injury site with the
formation of a glial scar.

The immediate damage to spinal cord causes cell death via direct mechanical
disruption. Spinal shock occurs almost immediately after the initial damage with the loss
of spinal reflexes (Ditunno et al., 2004). A number of other processes occur in rapid
succession. Grey matter haemorrhage from the injury leads to rapid haemorrhagic necrosis
and oedema (Rowland et al., 2008). The oedema increases ischaemia in the spinal cord
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leading to further necrosis. Microglia activation is almost immediate with cytokines like
TNF-o and IL-B upregulated within minutes (Pineau and Lacroix, 2007). The immediate
cell death and membrane damage also leads to glutamate release which in turn causes
excitotoxicity (Wrathall et al., 1996). There is often quite limited damage visible at this
stage with the later stages causing most of the injury. The secondary damage is especially
important in contusion injuries, where in the rat the damage and cell death can spread >4

mm on either side of the lesion epicentre (Grossman et al., 2001).

In the acute stage there are many different processes occurring simultaneously with
cascading events leading to secondary damage due to some of these cascades. The blood
brain barrier breakdown leads to plasma accumulating in the extracellular space. This
plasma accumulation causes pressure induced ischaemia and further necrosis. The necrosis
causes more release of glutamate and reactive oxygen species leading to a further cycles of
cell death. Axonal swelling also accompanies the necrosis at this stage (Kakulas, 2004).
Lymphocyte invasion along with the plasma causes more cell death and immune
neurotoxicity due to the production of free radicals (Hausmann, 2003). The time course for
the blood brain barrier breakdown shows a peak at 24 hrs which is under control within
two weeks (Noble and Wrathall, 1989). While some of the immune response and
inflammation is harmful, some of the processes described here are not always detrimental.
A certain amount of astrocyte activation, or immune response are probably useful to

prevent even worse damage or infection (Anderson et al., 2016).

The sub-acute stage up to two weeks after injury is known to be a critical period during
which plasticity is high and interventions are often administered. During this stage
phagocytes clear debris from the injury site. Astrocytes at the lesion core experience
cytotoxic oedema and die, while some astrocytes on the lesion border become hypertrophic
and start to form the glial scar (Okada et al., 2018). There is some apoptosis of
oligodendrocytes at earlier stages and this continues along with demyelination at this later
stage (Rowland et al., 2008).

In the chronic stages there is continued cyst formation, mesenchymal fibrous scar
formation, further demyelination, and importantly Wallerian degeneration. Wallerian

degeneration in the CNS is a slow and progressive degeneration of the axon. The slowness
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of Wallerian degeneration in the CNS compared to the peripheral nervous system (PNS) is
due to the slow clearing of myelin debris (Vargas and Barres, 2007). This slow clearing
leaves myelin associated growth inhibitors to retard the growth of axons in the CNS. These
inhibitors will be discussed in the following section, they are one reason there is less

regeneration in the CNS compared with the PNS.

The complexity of SCI pathology has provided multiple opportunities to limit its
damage. As such there are numerous treatments targeting the damage cascade above. This
is vitally important, however, we focus more on regeneration after injury, and as such the

following sections will cover some of the regenerative approaches taken after SCI.

1.3.3 Plasticity enhancing treatments

Plasticity and axonal regeneration within the spinal cord is vital in order to achieve
any functional recovery. However, following SCI the spinal cord is an inhibitory
environment not setup for the plasticity needed. Before we move into therapies to enhance
plasticity it is useful to understand what we are referring to with plasticity and what it is
we want to achieve following SCI. After injury there are three major mechanisms to repair
or recover lost connections (Figure 1.12). Axonal regeneration of injured neurons, axonal
sprouting from spared neurons, and plasticity of synaptic connections. Axonal regeneration
and sprouting of spared fibres are important for recovery. However, within our study much

of the focus is on the synaptic plasticity, specifically spinal plasticity below the lesion.
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Figure 1.12 Axonal regeneration, sprouting, and plasticity after SCI
After injury there are three important mechanisms for neural repair and recovery.
Axonal regeneration of lost axons, sprouting from spared fibres, and synaptic
plasticity. (Schwab and Strittmatter, 2014)

Following SCI there is some spontaneous regeneration and neural plasticity. The
following section will cover this spontaneous regeneration and then current treatments to
enhance this. The final section will cover locomotor training. This training is key as without
task-specific rehabilitative training many of the plasticity enhancing therapies have little
functional benefit. In the following sections it is worth noting the interplay between
plasticity enhancing interventions and rehabilitation (Figure 1.13) (Dickson et al., 2019).
Without the mix of these two the functional recovery that can be achieved is greatly limited.
Indeed, spontaneous reorganisation in the absence of training can often lead to maladaptive
plasticity and negative behavioural results (Beauparlant et al., 2013).
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Figure 1.13 Interplay between plasticity enhancing interventions

and rehabilitation

The many plasticity enhancing interventions interact with rehabilitation to result
in functional recovery. The results of this interaction are not always positive, with
some plasticity enhancing interventions and some rehabilitative therapies
sometimes resulting in dysfunction. (Dickson et al., 2019)

1.3.3.1 Spontaneous regeneration and modulating intrinsic growth factors

There is some spontaneous axonal regeneration and recovery following SCI. This is
especially true in rodent models which likely self-train after incomplete injury (Caudle et
al., 2011). Some of these changes have been studied recently using previously unavailable
chemogenetic silencing techniques. Spared dorsolateral CST sprouting (Hilton et al.,
2016), reticulospinal sprouting onto propriospinal neurons (Filli et al., 2014, May et al.,
2017), and a new rubro-raphe pathway (Siegel et al., 2015) have all been implicated in

motor recovery following incomplete SCI. The types of neural reorganisation shown in

Figure 1.12 are all at play in spontaneous regeneration.
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The spontaneous recovery following SCI is important. However, the functional
recovery from this is often limited. Therefore, finding ways to enhance this spontaneous
plasticity and regeneration are vital. Recent reviews by van Niekerk et al. (2016) and
Tedeschi and Bradke (2017) have discussed the mechanisms by which this spontaneous
regeneration occurs. Numerous targets present in spontaneously regenerating neurons have
been recently identified (Fink et al., 2017). The potential for further manipulation of the
spontaneous regenerative capacity of the spinal cord is a large and growing field. However,
many of these treatments lead to axonal growth and reorganisation without any functional
improvement. One example of this is viral overexpression of the transcription factor Sox11
which increased CST sprouting but actually impaired functional recovery (Wang et al.,
2015b). There has been some limited behavioural improvements and axonal growth using
Docosahexaenoic acid (Liu et al., 2015), a combination of insulin like growth factor-1
(IGF-1), osteopontin and 4-AP-meOH (Liu et al., 2017a), epothilone B treatment (Ruschel
et al., 2015) or histone deacetylase inhibition (Zhang et al., 2018). All these studies have
attempted to modify the intrinsic growth mechanisms within the spinal cord with varying
degrees of success.

There is massive growth in this field with many promising interventions. However,
there is limited functional recovery using any of these interventions alone. Figuring out
how these therapies interact with rehabilitative training and other neuromodulatory

interventions will be vital to take the field further.

1.3.3.2 Inhibitors

As mentioned earlier, the environment in the adult spinal cord is not especially
conducive to axonal growth. After injury there may be a short window where growth is
promoted, but this quickly reverts to the spinal cord’s normal inhibitory state (Poplawski
et al., 2020). After SCI there are three major inhibitors of axonal growth. First there are
many inhibitory factors within neurons such as phosphatase and tensin homolog
(PTEN)(Park et al., 2008) and poly(ADP-ribose) polymerases (Byrne et al., 2016). These
are not the focus of this thesis, and are reviewed here (He and Jin, 2016) and here (Filous
and Schwab, 2018). Second, there are extracellular matrix components chondroitin
sulphate proteoglycans (CSPGs). And finally there are myelin associated factors such as
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Nogo-A. I will briefly discuss CSPGs and how current treatment are attempting to blend
rehabilitation with individual therapies. The later parts will cover the myelin associated

Nogo-A as this is the target we have pursued in our study.

CSPGs are a major component of the extracellular matrix in the CNS. These CSPGs
are also found attached to cell membranes where they form part of perineuronal nets
(PNNSs) and are also found concentrated in the glial scar after SCI. CSPGs are implicated
in a large range of plasticity inhibiting functions (Zimmermann and Dours-Zimmermann,
2008), and interventions to remove or inhibit their action are a major source of study in the
SCI field. CSPG sidechain digestion by the bacterial enzyme chondroitinase ABC
(ChABC) has shown some promising effects on recovery following SCI (Bradbury et al.,
2002, Caggiano et al., 2005, Tester and Howland, 2008, Lee et al., 2010). ChABC
treatment has been combined with training in order to achieve significant improvements in
forepaw function (Garcia-Alias et al., 2009, Wang et al., 2011). ChABC treatment is
promising, however it has also been found that removing the glial scar completely (Rasouli
etal., 2009, Faulkner et al., 2004), or removing the glial scar forming astrocytes (Anderson

et al., 2016) has negative effects on recovery from SCI.

As alluded to earlier, after SCI, there is myelin debris adding to inhibition of axonal
growth. The causes of the inhibition are several proteins enriched within CNS myelin.
Some of these factors are myelin associated glycoprotein (MAG), oligodendrocyte myelin
glycoprotein (OMgp), semaphorins, ephrins, CSPGs, and importantly for us, the neurite
outgrowth inhibitor (Nogo-A) (Schwab, 2004). It is this Nogo-A which we have targeted

as part of our combinational treatment.

Nogo-A is not just present in myelin, in the developing nervous system it is enriched
in many projecting neurons where it acts to enhance fasciculation (Schwab, 2010). In the
adult CNS Nogo-A acts to limit axonal growth and is a stabilising factor on neuronal wiring
(Huber et al., 2002). Nogo-A has two inhibitory domains, the nogo-66 domain acting on
the nogo receptor NgR-1 complex, and the A20 domain or ‘amino nogo domain’ acting on
the sphingosine-1-phosphate receptor 2 (S1PR2) (Oertle et al., 2003) (Figure 1.14).
Interactions between Nogo-A and both of these receptors leads to the activation of RhoA

and Rho-associated, coiled-coil containing protein kinase 1 (ROCK) (Fournier et al., 2003).
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This activation leads to growth cone collapse via disruption of the actin cytoskeleton
(Schmandke et al., 2007). This first growth cone collapse function of Nogo-A is also
supplemented by a later action of an internalised nogo-A20 causing reduction in growth
associated transcription factors (Joset et al., 2010). This dual inhibitory role is one reason

Nogo-A is such a promising therapeutic target.
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Figure 1.14 Nogo-A inhibitory pathway
The nogo-66 domain interacts with the NgR-1 complex, and the A20 domain
interacts with SIPR2. RhoA is the downstream pathway for both receptors and the
result is the collapse of the neurite outgrowth through effects on the actin
cytoskeleton. (Schwab and Strittmatter, 2014)

Nogo-A inhibition has proven a promising therapy for SCI (Z6rner and Schwab,
2010). Axonal sprouting and some functional recovery is observed in a number of different
animal models with different lesions (Mullner et al., 2008, Bregman et al., 1995, Freund et
al., 2009). Anti-Nogo-A is also currently in clinical trials for acute SCI treatment (Kucher
et al., 2018). There are two important points about anti-Nogo-A antibody therapy. One is
that the most recovery is seen following acute rather than delayed treatment (Gonzenbach
et al., 2012). The other is that synchronous anti-Nogo-A therapy and locomotor training
actually has a negative combinational effect on recovery (Maier et al., 2009). It has since
been shown that sequential treatment first with anti-Nogo-A and then locomotor training
does enhance recovery after SCI (Chen et al., 2017).
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As seen above, anti-Nogo-A therapy in various combinational treatments is widely
studied. Indeed the effectiveness of anti-Nogo-A therapy has led to multiple attempts at
combinational treatment. Combined deletion of the inhibitors PTEN and Nogo resulted in
limited behavioural recovery (Geoffroy et al., 2015). More successfully, combined
treatment with anti-Nogo-A and then ChABC followed by rehabilitative training also
produced synergistic effects not just on axonal sprouting, but on behavioural recovery as
well (Zhao et al., 2013). One of the things which is novel in our study is the type and
severity of injury. No one has, to date, attempted to use anti-Nogo-A with the clinically
relevant contusion injury, or attempted to use the therapy in such a severe injury as our

experiments outlined in chapter 3.

1.3.3.3 Locomotor training

We know from numerous studies that treadmill training or wheel running leads to
some recovery of locomotor function after SCI (Barbeau and Rossignol, 1987, Lovely et
al., 1986, Engesser-Cesar et al., 2007). What we do not know is precisely how this is
working. Our knowledge is also limited with regards to training timing and training
modality, and crucially, how to combine it with other treatments. What follows is a general
description of the role of exercise training, before looking at specific circuitry changes

following locomotor training.

The role of activity dependant plasticity in locomotor recovery is key. The idea that
use of a pathway ensures its survival, and that lack of use leads to its loss. Some evidence
for this comes from cat developmental studies inhibiting either regions of the motor cortex
or specific muscles (Martin et al., 2007). There is a loss of stable synaptic connection
between the motor cortex and motor neurons by inhibiting either one or the other during
critical periods of development. More evidence of activity dependant spinal plasticity is
seen when one hemisphere of the motor cortex is inhibited during development. Here, the
inhibition led to a lack of refinement of CST to interneuron connections, and left CST
terminations resembling the immature spinal cord (Chakrabarty et al., 2009). The spinal
circuitry is especially plastic during development and may be more susceptible to activity
dependant plasticity during this stage. Supporting this is evidence that early training and

constraint induced therapy is able to restore normal cholinergic interneurons after unilateral



50

motor cortex inhibition, whereas later training did not have this effect (Friel et al., 2012).
While CST was not shown to have a critical period in this study, it does appear that there
is critical period for development for the cholinergic interneuron subtype. Further,
following SCI, the transcriptional state of many neurons is returned to a developmental
phenotype (Poplawski et al., 2020). Thus indicating activity dependant circuitry
remodelling may be even more important during this stage. Indeed cortical reorganisation
has been observed following cycling with 5-HT agonists in a rat SCI model (Ganzer et al.,
2016). Activity therapy has also been shown to increase certain developmentally important
transcription factors which are normally repressed in adults. Factors such as the
mammalian target of rapamyacin (mTOR), which is upregulated following cycle training
(Liuetal., 2012).

As mentioned, our knowledge of the mechanisms causing exercise induced plasticity
is limited. It is known that exercise training is found to upregulate several plasticity
enhancing transcription factors. Brain derived neurotrophic factor (BDNF) is among the
most studied. It has been shown to increase axonal growth (Bregman et al., 1997) and
dendritic spine formation (McAllister et al., 1995). BDNF expression is not always
upregulated with training (Macias et al., 2009) but most studies suggest that it is
(Hutchinson et al., 2004) and that this increase is associated with enhanced neurite
sprouting and behavioural recovery (Wang et al., 2015a). Overexpression of BDNF has
also been shown to increase locomotor ability following SCI, although this was negated by
increased spasticity in those rats receiving treatment (Boyce et al., 2012). Another
neurotrophic factor upregulated by exercise is glial derived neurotrophic factor (GDNF)
(Detloff et al., 2014). This factor has been found crucial to facilitate sprouting of
propriospinal neurons across a severe lesion (Anderson et al., 2018). The combination of
these factors presents a possible mechanism whereby training induces axonal

reorganisation.

While this general plasticity enhancement is noted, there are several questions
regarding the timing and task specificity of training. If the increased plasticity is not guided
correctly there may be negative behavioural effects. Negative transfer occurs when training
one task is found to interfere in the function of another task. This negative transfer is
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observed with stand and step training, (Leon et al., 1998), with pellet training and the
horizontal ladder (Girgis et al., 2007), and with enriched environment and pellet reaching
with ChABC therapy (Garcia-Alias et al., 2009). Getting the timing of rehabilitative
intervention right may be important to discourage negative transfer. It has previously been
shown that delaying training by three months resulted in less training induced behavioural
recovery in a rat (Norrie et al., 2005). However, by delaying training 12 days, Krajacic et
al. (2009) observed that reach training did not negatively impact horizontal ladder ability
also in rats. Further, mixing step and stand training also resulted in no negative transfer in
SCl rats (Ichiyama et al., 2009), and is supported by human studies (Gill et al., 2018). Thus
it appears the timing and combination of training are important considerations when

designing effective rehabilitative treatments.

For locomotor training it appears that changes in spinal sensory integration are the key
driver of locomotor recovery. This is mentioned later in the electrical epidural stimulation
section (1.3.3.4). The concept of the locomotor CPG is key. Understanding the ability of
sensory input to drive the central pattern generator is important to understand locomotor
training induced recovery. This sensory driven CPG was demonstrated in spinalised cats
walking on a treadmill (Forssberg et al., 1980). Here cats were able to modulate their limb
speed independently of each other with a split treadmill. Thus proving the ability of afferent
information to robustly modify locomotor output in the absence of supraspinal input. This
theory of locomotor training portends that epidural stimulation, and/or pharmacological
stimulation simply modulate the spinal cord in a way that allows for sensory input to drive
the CPG (Edgerton et al., 2008). The idea of modulation allowing for sensory activation is
also observed in studies using clonidine (Chau et al., 1998), or the 5-HT agonist quipazine
(Fong et al., 2005). Neither of which directly activate the CPG, but both of which allow for

activation of the CPG by sensory inputs.

The theory of sensory driven recovery is well evidenced. With research showing that
sensory changes are a key driver of recovery following locomotor training. Changes in the
MSR and its electrical analogue, the H reflex, are a mechanism whereby we can study
changes in the sensory circuitry (section 1.2.2.1 Monosynaptic reflex and H-reflex). After
SCI there is an increase in the H-reflex, this higher H-reflex is restored to more normal
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levels following wheel running (Skinner et al., 1996). la and Il input during cycling were
found to mediate this response, as removing their input during cycling training resulted in
no modulation of the H-reflex following spinal transection (Ollivier-Lanvin et al., 2010).
Frequency dependant depression (FDD) occurs when repeated stimulation of the H-reflex
at smaller intervals results in decreased response to the second stimulus. This is probably
caused by pre-synaptic inhibition of sensory input to MNs. FDD of the H-reflex is also
reduced following SCI, and this FDD is restored with training (Reese et al., 2006). The
same FDD reduction also occurs in humans and is returned with cycle training (Kiser et
al., 2005). The exercise mediated return of FDD has also been tied to the potassium chloride
transporter KCC2, which is downregulated after SCI and upregulated following training
(Coté et al., 2014). These changes in local circuitry have allowed us a closer look at spinal
changes. Further studies into sensorimotor circuitry changes after treatment could allow us
to tease out these specific changes leading to recovery. At present much of the research
suggests la afferent changes after training. However, this research has not causally linked
these afferent changes with specific kinematic and/or behavioural changes following SCI

and treatment.

At present our understanding of training induced recovery is limited. Much more
research is needed into the mechanisms and modalities best suited for locomotor recovery
after SCI. Although we can say that training is necessary. Our lack of understanding has

not limited our use of training in combination with other treatments as seen below.

1.3.3.4 Electrical epidural stimulation
In order to achieve synergistic effects on recovery, we are attempting to combine some
already moderately successful therapies together. Electrical epidural stimulation (ES) is

one of these therapies.

The central pattern generator of the spinal cord contains much of the circuitry
necessary for movement. By exciting this circuitry with ES one is able to elicit locomotor
type movement in the absence of supraspinal input (lwahara et al., 1992). By activating
this network in SCI it is possible to modulate and train the CPG to act with the limited

spared supraspinal input and rely more on sensory input. The role of sensory input in
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modulating the CPG is crucial, as such nearly all the studies below combine locomotor

training with ES in order to activate the spinal locomotor CPG.

The first such study to tap into this network was completed on neonatal rats. Here ES
was able to elicit fictive locomotion (lwahara et al., 1991). This was followed up with ES
on spinally transected cats in order to elicit locomotion on a treadmill (Iwahara et al., 1992).
The first studies on ES and training after SCI in rats were completed by V. Reggie
Edgerton’s lab at UCLA (Ichiyama et al., 2005). These pioneering studies showed that
stimulation of the spinal cord at L2 produced consistent stepping on a treadmill with body
weight support in rats. Further research combined ES and step training with 5-HT agonists
(Gerasimenko et al., 2007, Ichiyama et al., 2008a, Ichiyama et al., 2008b, Courtine et al.,
2009), or a cocktail of 5-HT, and dopamine agonists (van den Brand et al., 2012). These
studies all point to the importance of training alongside ES as a key for recovery. Exactly

how epidural stimulation acts to remodel the spinal circuitry is still not fully understood.

Various theories have been put forward for the mechanisms by which ES elicits motor
recovery. First, it is very clear that sensory information is vital, as de-afferented regions
showed no activity following ES (Lavrov et al., 2008). Computer modelling ES has backed
this up, with a suggestion that large myelinated sensory axons are the primary target of
epidural stimulation  (Capogrosso et al., 2013). The necessity of proprioceptive
information has been shown clearly in other studies. Including one where mice lacking
muscle spindles were unable to recover function from a hemisection, whereas mice with
muscle spindles were able to regain control of the affected limb (Takeoka et al., 2014).
Recovery of a long latency reflex after spinal cord transection has also been suggested as
a possible mechanism for ES. This was suggested as ES and step training were found to
recover this reflex, which was correlated with better stepping (Lavrov et al., 2006). Step
training with ES and a 5-HT agonist was also found to reduce the number of active
interneurons during locomotion (Ichiyama et al., 2008a). This reduced activation was
suggested to be due to improved sensorimotor specificity leading to a more selective and
stable excitation pattern. An argument has been put forward that the main role of ES is to
alter the state of the CPG such that sensory input is more easily integrated into locomotion
(Stawinska et al., 2012). This argument portends that there is no voluntary recovery of
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locomotion, but it is postural changes leading to activation of the CPG by sensory
activation. Possible evidence against this is a more recent study suggesting that supraspinal
changes are important in ES induced locomotor recovery. Here, in a contusion injury , a
cortico-reticular-spinal pathway was shown to be vital for locomotor recovery following
ES, step training, and 5-HT agonist treatment (Asboth et al., 2018).

Understanding the changes occurring in the spinal cord due to ES is incredibly
important, especially when looking to combine therapies. The past decade has seen several
new studies into the therapeutic use of ES in humans. From recovery of locomotion
(Harkema et al., 2011, Angeli et al., 2014, Angeli et al., 2018, Wagner et al., 2018), to
bladder function (Herrity et al., 2018), to blood pressure control (Harkema et al., 2018).
The large increase in the therapeutic use of ES has increased the need for more
understanding of this field. While the exact mechanisms for ES mediated recovery is
unclear, human studies using ES have demonstrated the need for combinational
rehabilitation with stimulation (Angeli et al., 2018). How to best combine rehabilitation
with ES is still a very live debate. Classically negative transfer has been observed during
training. In a rat model, step training has led to reduced standing ability, and stand training
has led to reduced stepping ability (Ichiyama et al., 2009). However in humans, multimodal
step and stand training with ES has proved effective in locomotor recovery after SCI (Gill
etal., 2018). The above study found no negative transfer of ability from one task to another.
Sustained recovery was also observed using ES timed to the desire of patients (Wagner et
al., 2018). Studies like those above are rapidly advancing the field. However, further,
mechanistic insights are needed to determine the interplay between rehabilitation, epidural

stimulation, and other plasticity enhancing therapies.

1.3.3.5 Combinatorial treatments

After SCI there is a period of increased plasticity, during which many interventions
seek to extend or enhance this plasticity for behavioural recovery. We do know however,
that plasticity itself is not always beneficial. In the absence of training maladaptive
plasticity can occur with aberrant synaptic connections causing motor dysfunction
following SCI (Beauparlant et al., 2013). Training, as described above, seeks to modulate

this plasticity and lead to functional networks.
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Combinatorial therapy has been a constant presence in research into ES. Training
along with ES and 5-HT agonists has been described in detail above. Combinatorial
therapies with other treatments are more limited with mixed results. ChABC and reaching
training has been combined for improved forelimb function (Wang et al., 2011, Garcia-
Alias et al., 2009). Anti-Nogo-A and sequential locomotor training has also shown
increased locomotor capability (Chen et al., 2017). While the treatments above have been
mentioned before, there is more recent evidence demonstrating the effectiveness of
plasticity enhancing treatments with training. Recovery in a reaching task was only
significant following a C4 lesion when a CST specific protein kinase A inhibitor was
combined with reaching training (Wei et al., 2016). Either an antibody against or a motor
cortex specific knockout of the repulsive Wnt receptor RyK increased CST sprouting
following a cervical dorsal column lesion in a mouse (Hollis li et al., 2016). However,
cortical reorganization and motor improvements in a reaching task were only seen if
animals were given weekly reaching testing in combination with this knockout.
Rehabilitative reaching training was also found to be vital with increased reaching accuracy
and increased CST sprouting observed when reaching training was combined with a mild
inflammatory lipopolysaccharide following a dorsal column lesion (Torres-Espin et al.,
2018) The neurite growth enhancer docosahexaenoic acid and reaching training were
similarly found to have a synergistic effect on CST and serotonergic sprouting, as well as
on reaching task (Liu et al., 2017b).

The above studies demonstrate the ability of training to guide recovery in concert with
other treatments. However, the evidence is limited regarding mechanisms. Training also
seems to be effective in guiding locomotor recovery following stem cell treatment. Here,
there does appear to be a possible mechanism of action. Increased glutamic acid
decarboxylase 65 kDa isoform (GADG65) expressing inhibitory interneurons were found
with treadmill training and neural stem cell treatment (Tashiro et al., 2016). These
inhibitory interneurons are a possible source of rhythmic inhibition during fictive
locomotion (Wilson et al., 2010) and there is a reduction in these neurons following SCI
(Kapitza et al., 2012). Thus, restoring these neurons could be important to restore the
capacity of the locomotor CPG to produce stepping after injury. However, understanding
changes in this circuitry are constrained due to limited targeting ability of the various
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interneurons in adults. Slightly easier to study are la afferent inputs to MNs. la afferents
on MNss are increased after Anti-Nogo-A treatment, but following locomotor training these
are decreased (Chen et al., 2017). Changes in this la to MN network appear to be pivotal
for training induced recovery, and this probably applies in combinational treatment as well.

1.3.4 Conclusion

The spinal networks controlling locomotion are complex, as described in section 1.2.
The pathology and treatments for SCI are equally complex. Overcoming the inhibitory
environment and promoting axonal growth is just one step for recovery. Epidural electrical
stimulation and locomotor training are both important tools to activate the locomotor CPG
and enhance recovery. Both the above treatments are attempting to reconfiguring spinal
circuitry so that it can function without the need for fully intact supraspinal inputs. A key
driver of this reconfiguration is sensory modulation. We know this as without muscle
spindles providing proprioceptive information mice are unable to recover from SCI
(Takeoka et al., 2014). The neurons controlling this proprioceptive information are y-MNS.
Their separate supraspinal control, broad spectrum segmental inputs, and potentially

unique capacity for synaptic plasticity make these neurons attractive targets.

1.4 Aims and objectives

There are no current treatments for SCI at present. The substantial personal and
economic cost of the disease make finding a cure an imperative. The Anti-Nogo-A
antibody 11C7 is one treatment showing beneficial effects on recovery. We are the first
group to test this antibody in the more clinically relevant contusion injury rodent model.
By combining this drug with epidural stimulation and locomotor training we aim to
enhance recovery more than with any of the individual interventions alone. We have
interrogated changes on a behavioural, structural, and electrophysiological level. We aimed
to determine which factors were important in recovery and which factors were changed by
individual treatments. The overall hypothesis was that combinatorial treatment would
result in the best locomotor recovery. We aimed to do this by increasing axonal growth and
sprouting with Anti-Nogo-A antibody and then harnessing this plasticity with a training
paradigm assisted by epidural stimulation. As proprioceptive sensory input is necessary for
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recovery we have interrogated changes in this network via electrophysiological and

structural methods.

On the theme of sensory changes we have specifically targeted y-MNSs to determine

their inputs. These neurons control the sensory output from muscle spindles and as such

are key regulators of the locomotor CPG. Their role in recovery from spinal cord injury is

currently unknown, but it is very likely they play a key role. We have targeted them using

multiple methods.

141 Aims

1.4.1.1 Spinal cord injury aims

i)

i)

We aimed to discover which combination of anti-Nogo-A antibody

treatment, locomotor training and epidural stimulation would result in the

greatest functional recovery.

(1) To do this we investigated kinematic changes in body weight supported
locomotion as well as open field behaviour

As reviewed in previous sections, plasticity enhancing treatments and

rehabilitative therapy lead to sensory changes in the spinal cord. We aimed

to interrogate these changes by measuring structural and electrophysiological

differences in afferent networks between treatment groups. Training and

epidural stimulation would lead to changes in afferent and pre-synaptic

inhibition circuitry.

(1) We aimed to determine whether combinational treatment resulted in
reduced H-reflex response

(2) We studied sensory fibre innervation changes by immunohistochemistry
of the vesicular glutamate transporter 1 (VGIuT1) found in primary
muscle spindle afferents

(3) We studied changes in pre-synaptic inhibition via immunohistochemistry
and 3D reconstruction for accuracy

Anti-Nogo-A antibody treatment and training can both lead to axonal

sprouting after SCI. We aimed to determine if this took place in our study,

and if there was any increase in CST or monaminergic fibres below the lesion.
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(1) We aimed to determine if any CST fibres had crossed the lesion or if any
spared fibres had increased sprouting after treatment

(2) We aimed to study 5HT expression changes below the lesion

(3) We determined whether any of our treatments led to an increase in 5SHT
fibres in close apposition with a-MNSs

(4) We also investigated tyrosine hydroxylase expression below the lesion
and attempt to determine whether dopaminergic/noradrenergic fibre
sprouting had occurred

1.4.1.2 y-MN study aims
) We aimed to investigate y-MN expression in various muscles as this may
enable us to determine more about their function.

(@) To do this we have injected cholera toxin subunit g (CTB) into seven

different muscles and have imaged stained tissue with light sheet
microscopy after applying tissue clearing

i) In order to study y-MNs we have attempted to specifically target them and

their inputs via virus tracing. We aimed to determine if it was possible to

target y-MNs via adeno associated viruses (AAVs) with y-MN specific

promotors.

1.5 Hypotheses

1.5.1.1 Spinal cord injury hypotheses
i) Combinational treatment would result in the highest behavioural recovery
(1) Open field behavioural (BBB) score will be highest in the combination ES,
training, and 11C7 antibody group
(2) Changes in kinematics will elucidate and expand on this recovery
i) Local sensory changes measured with immunohistochemistry and
electrophysiology will be modulated differently in various treatments
(1) The H-reflex amplitude should be reduced in the trained groups and should
be correlated with locomotor recovery
(2) Changes in direct sensory innervation (VGIuT1) could be mediating this

and should be correlated with H-reflex results
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(3) Pre-synaptic inhibition of these sensory inputs measured by GAD65+ p

boutons should be increased in trained groups
iii) Axonal sprouting caudal to the lesion will increase with 11C7 treatment and

exercise

(1) BDA tracing should show more corticospinal tract sprouting after treatment
with 11C7

(2) 5-HT should also increase with 11C7 and with training

(3) Tyrosine Hydroxylase (TH) will increase with 11C7

1.5.1.2 y-MN study hypotheses
I.  y-MN expression will vary by muscle type. More postural muscles will contain
a higher proportion of y-MNs
(@) A higher proportion of y-MNs will be observed in postural muscles
(b) Fewer y-MNSs will be observed in more distal fine control muscles
ii.  An AAV with the Err3 promotor will specifically target y-MNs and allow us to
determine their inputs and potentially manipulate their behaviour via

optogenetic stimulation



2 General methods

Specific methods are contained within experimental chapters. Common surgery, tissue

preparation, and immunohistochemistry methods for both chapters are below.

2.1 Animals and Surgeries

44 Adult (200-250 g) female Sprague Dawley rats (Charles River) were used for SCI
experiments. For SCI experiments animals were housed individually under a 12 h
light/dark cycle with food and water access ad libitum. A mix of Sprague Dawley (Charles
River), and Wistar (in house) animals were used for y-MN experiments. These were
multiply housed under a 12 h light/dark cycle with food and water access ad libitum. All
procedures were performed in accordance with the United Kingdom’s Animal (Scientific
Procedures) Act 1986 (ASPA) under project licence PPL 70/8085 and P7TDD7EE20.

For surgeries, animals were anaesthetised with inhalable 5% isoflurane for induction
and 1.5-2.5% for maintenance with O2 flow at ~1.5 litres/minute. Animals were placed on
heat pads for the duration of the surgeries and left in warmed incubation chambers post-
surgery. Animals were given subcutaneous pain relief (0.015 mg/kg, Vetergesic®) and
antibiotic (2.5 mg/kg, Baytril®) immediately following all surgeries.

2.2 Perfusion and tissue preparation

Animals were deeply anaesthetised with intraperitoneal injection of sodium
pentobarbital (100 mg/kg). When the rats became unresponsive they were then
transcardially perfused with 0.1 M phosphate buffer (PB) before perfusion with 4%
paraformaldehyde (PFA) in PB. Spinal columns (and brains where applicable), were
removed and post-fixed overnight at 4 °C in 4% PFA in PB. Spinal cords were then
dissected out of columns. Care was taken to retain all dorsal root ganglia from T13 caudally
to identify spinal segments (Figure 2-1). Spinal cords were then left overnight at 4 °C in
30% sucrose in PB. They were then cryoprotected for at least a further two nights in fresh
30% sucrose in PB at 4 °C. Spinal cords and brains were stored in 30% sucrose in PB at 4

°C with a drop of 4% PFA until further processing.
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Areas of interest were briefly washed in PB before being embedded in FSC 22 Frozen
Section Media (Leica, USA) for 1 hr at room temperature before being frozen on crushed
dry ice. Tissue was stored at -80 °C for at least one night or until further use. Transverse
sections of spinal cord were cut on a cryostat at -20 °C. 25 um sections were cut free
floating unless otherwise stated. Samples were stored in cryoprotectant at -20 °C until
immunohistochemical analysis. For in-situ hybridisation experiments sections were cut

directly onto slides and stored at -80 °C.

Figure 2-1 Dissection with lumbar enlargement DRGs

2.3 Immunohistochemistry and imaging

After removal from -20 °C storage, free floating sections were washed three times ten
minutes in 0.1 M phosphate buffered saline (PBS) at room temperature (RT). Sections were
incubated in primary antibody solution at 4 °C for 16-48 hrs depending on the antibody
requirements. After this, sections were washed three times ten minutes in PBS before 2 hrs
incubation of secondary antibody all at RT. Sections were washed two times ten minutes
PBS, before a final two times ten minutes wash in 0.1 M tris non saline to remove
background from salts. Sections were mounted on glass slides (SuperFrost Plus™, Fisher
Scientific, UK) with mounting media (FluorSave reagent, Millipore, Germany) and glass

coverslips before storage at RT.
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Carl Zeiss Zen Black (Germany) was used for image capture with a confocal
microscope (LSM 700, LSM 880, or LSM 880 inverted, Zeiss, Germany). All imaging

settings were identical for each individual experiment investigating one structure.



3 Combinational treatment for spinal cord injury

3.1 Introduction

Spinal cord injury results in a cascade of events which can lead to severe loss of motor,
sensory and autonomic function. Restoring locomotion after spinal cord injury is a high
priority for those affected (Anderson, 2004). However, at present there is still no effective
treatment. The most common type of injury, the contusion injury, leads to a cascade of
secondary damage. First there is the immediate mechanical damage and cell death before
a breakdown of the blood brain barrier. This breakdown and the accompanying cell death
leads to oedema and further necrosis (Rowland et al., 2008). The acute secondary damage
increases the lesion size, this larger lesion then undergoes gliosis and then mesenchymal
scar formation (Okada et al., 2018). Slow Wallerian degeneration of axons in the CNS
leads to further loss of function (Vargas and Barres, 2007). These cascades of injury lead
to disconnection between the brain and spinal cord.

After and during the process briefly described above there is some spontaneous
reorganisation of network in the spinal cord. During this time some neurons transiently
return to a more developmental transcriptional state (Poplawski et al., 2020). This period
of increased plasticity can lead to some behavioural improvements. However, in the
absence of training, this plasticity is often maladaptive and can lead to negative behavioural
results (Beauparlant et al., 2013, Dickson et al., 2019). There are many therapies aiming to
augment endogenous plasticity by targeting various transcription factors and inhibitors.
One such inhibitory target is the Nogo-A pathway. In the adult CNS this pathway acts to
limit axonal growth and stabilize neuronal pathways (Huber et al., 2002). Nogo-A acts on
various receptors on the cell surface to activate the Rho/Rock pathway and leads to growth
cone collapse via disruption of the actin cytoskeleton (Schmandke et al., 2007). A section
of Nogo-A is also internalized where it leads to a reduction in growth associated
transcription factors (Joset et al., 2010). These various well documented effects of Nogo-
A are the reason why it has been so heavily targeted as a treatment for SCI and stroke
(Mdllner et al., 2008, Bregman et al., 1995, Freund et al., 2009, Gonzenbach et al., 2012,
Kucher et al., 2018).



64

There are various experimental therapies for SCI, however at present the only widely
used clinical intervention is rehabilitative therapy. Combining locomotor training and anti-
Nogo-A requires sequential anti-Nogo-A and then locomotor training to enhance recovery
after SCI (Chen et al., 2017). Synchronous anti-Nogo-A therapy and locomotor training
actually has a negative combined effect on recovery (Maier et al., 2009). There is a growing
push to combine plasticity enhancing therapies with rehabilitation. Rehabilitative training
has been combined with inhibition of the repulsive Wnt receptor RyK (Hollis li et al.,
2016), digestion of chondroitin sulphate proteoglycans with ChondroitinaseABC (Wang et
al., 2011, Garcia-Alias et al., 2009), mildly inflammatory lipopolysaccharide (Torres-Espin
et al., 2018), and docosahexaenoic acid (Liu et al., 2017b) among others (reviewed in
Dickson et al. (2019)). Determining the individual and combinatorial changes occurring is
important for the eventual application of combinational therapies for enhanced behavioural

recovery.

Electrical epidural stimulation (ES) is one treatment with combinatorial potential. ES
has been combined with training to induce locomotor stepping after complete spinal
transection (Ichiyama et al., 2005). Further treatments combined ES and training with 5-
HT agonists (Gerasimenko et al., 2007, Ichiyama et al., 2008a, Ichiyama et al., 2008b,
Courtine et al., 2009). This early research has led to human studies which often combined
ES with training for lasting behavioural improvements. (Harkema et al., 2011, Angeli et
al., 2014, Angeli et al., 2018, Wagner et al., 2018).

The exact mechanisms governing recovery following training or ES are not entirely
clear. Following SCI, exercise increases expression of neurotrophic factors such as BDNF
and GDNF (Detloff et al., 2014, Wang et al., 2015a). These neurotrophic factors are both
associated with axonal growth and sprouting (Anderson et al., 2018, Wang et al., 2015a).
Proprioceptive afferents are a potential source for some increase in neurotrophic factors.
As neurotrophic factor 3 (NT3) and to a lesser extent BDNF are both increased in the spinal
cord following afferent stimulation (Gajewska-Wozniak et al., 2013). This proprioceptive
driven increase in growth factors is probably a key driver in training and ES induced

plasticity.
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Proprioceptive afferents are a key driver of locomotor recovery following ES or
training. The spinal network responsible for the control of locomotion is termed the central
pattern generator (CPG). This network is able to control stepping in the absence of
supraspinal control using just sensory input from a treadmill (Forssberg et al., 1980). In the
absence of proprioceptive feedback there is a degradation of locomotor pattern, including
interjoint and flexor extensor coordination (Akay et al., 2014). Proprioceptive feedback
plays an important role in locomotor recovery following SCI. Indeed, proprioceptive input
is vital for locomotor recovery after SCI in mice, as without muscle spindles animals do
not recover (Takeoka et al., 2014). Sensory feedback is also vital for recovery of movement
following epidural stimulation, as without sensory input ES has no effect (Lavrov et al.,
2008).

Changes in afferent input occur after SCI and training. Increased proprioceptive input
is observed after unilateral CST transection in the rat (Tan et al., 2012). This increased
direct sensory input (as measured by VGIUT1 boutons on MNSs) is hypothesized to
contribute to spasticity after SCI. Another, full transection study found decreased VGIuT1
fibres in the medial Lamina VII interneuronal area (Kapitza et al., 2012). So there appears
to be some difference in afferent changes between full transection and more targeted
lesions. Locomotor training has been shown to reduce VGIuT1 boutons in the ventral horn
and on MN dendrites of rats given 11C7 after a T-lesion (Chen et al., 2017). Although this
reduced VGIuUT1 input is not always the case, and an increase in VGIuT1 boutons has also
been observed following training with a 5-HT agonist in a separate full transection study
(Khalki et al., 2018). Further investigation of sensory changes in the clinically relevant
contusion model are needed to understand how ES and training are modulating spinal cord

circuitry.

The H-reflex is one method whereby we can probe sensory changes following SCI. In
rats SCI increases the amplitude of the H-reflex and exercise training returns the reflex to
more normal levels (Skinner et al., 1996). Sensory feedback is critical for this training
induced recovery of H-reflex in spinally transected rats (Ollivier-Lanvin et al., 2010). In
the Ollivier-Lanvin et al. (2010). study exercise did not lead to a reduction H-reflex if

afferent signalling was blocked during training. We have investigated both H-reflex
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changes and modulation of VGIuT1 input in the spinal cord. We have also investigated
presynaptic inhibition in our study, as SCI has been shown to decrease pre-synaptic
inhibition of sensory input (Caron et al., 2020). After a full transection and training with
5-HT agonists, there is an increase in the density of the inhibitory P boutons causing pre-
synaptic inhibition (Khalki et al., 2018). Thus providing both anatomical and
electrophysiological evidence of SCI induced reduction in pre-synaptic inhibition, and

training induced increase in boutons mediating this inhibition.

Plasticity of local afferent networks are not the only changes after SCI and
treatment. Given the loss of descending inputs, supraspinal pathways reorganisation is
important for recovery (Asboth et al., 2018). We have investigated supraspinal descending
pathway fibre sprouting in the lumbar cord. In rats, the CST terminates primarily in
Laminae VI and VII and not directly on MNs as it does in primates (Alstermark et al.,
2004). In rodents the CST primarily provides input to pre-motor interneuron controlling
distal limb muscles with a focus on flexor muscles (Lemon, 2008). Given its role in control
of movement the CST is often a target for plasticity enhancing treatments (Hollis li et al.,
2016, Liu et al., 2017b, Geoffroy et al., 2015). Fine movements are especially influenced
by CST loss, and regeneration of the CST is correlated with recovery of fine motor control
(Jin et al., 2015). 11C7 therapy has been shown to increase CST sprouting following a
targeted lesion (Chen et al., 2017, Maier et al., 2009). To determine whether there are
similar changes following a severe contusion injury we have investigated cortical sprouting

with biotinylated dextran amine injections into the sensorimotor cortex.

We have also quantified serotonergic and dopaminergic/noradrenergic fibre
expression to see if there are any monoaminergic fibre changes. The mono-aminergic
pathways provide broadly excitatory input, where they may not directly activate circuitry
they can increase excitability for other stimuli (Schmidt and Jordan, 2000). Serotonergic
sprouting is correlated with locomotor recovery in a rat spinal hemisection model
(Saruhashi et al., 1996). Both wheel running and treadmill training have both been shown
to increase 5-HT sprouting after SCI (Engesser-Cesar et al., 2007, Maier et al., 2009),
although this is not always the case (Chen et al., 2017). 11C7 has also been shown to
increase serotonergic sprouting in a targeted lesion (Chen et al., 2017, Maier et al., 2009).
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We aim to determine if this also occurs after a severe contusion injury. Tyrosine
hydroxylase (TH) is an enzyme responsible for dopamine and noradrenaline synthesis, and
is found in noradrenergic and dopaminergic cells and fibres (Yamamoto et al., 2011). We
have investigated TH in the lumbar spinal cord to determine fibre sprouting. TH
immunoreactivity below the lesion is correlated with swimming recovery in a lamprey
spinal cord transection (Kuscha et al., 2012). Locus coeruleus noradrenergic neurons were
recently implicated in motor learning in a autism spectrum disorder mouse model (Yin et
al., 2021). Thus indicating both of these catcholamines are important for locomotor

function and recovery.

In our study we have combined a plasticity enhancing treatment, (the anti-Nogo-A
antibody 11C7), with locomotor training and epidural stimulation. The goal was to increase
axonal sprouting with anti-Nogo-A, and then refine and modulate this new growth into
functional networks with locomotor training and electrical epidural stimulation. We are the
first group to investigate anti-Nogo-A antibody treatment in a contusion injury rat model,
and the first to combine anti-Nogo-A antibody therapy with training and epidural

stimulation.

3.2 Aims

In this study we aimed to determine if combinatorial therapy would increase locomotor
behaviour above a single therapy. We attempted to elucidate what could be mediating this
recovery by observing kinematic, electrophysiological, and anatomical changes. We also
aimed to study interactions of the treatments and their effects individually and in

combination.

3.3 Hypothesis

i) Combinational treatment will result in the highest behavioural recovery
(1) BBB score will be highest in CB 11C7 group
(2) Changes in kinematics will show improved step consistency and reduced

drag



i) Local sensory changes measured with immunohistochemistry and
electrophysiology will be modulated differently in different treatments and this
will underly the behavioural changes
(1) The H-reflex amplitude will be reduced in the trained groups and will be
correlated with locomotor recovery

(2) Changes in direct sensory innervation of MNs (VGIuT1) will mediating this
H-reflex reduction

(3) Training will increase pre-synaptic inhibition of these sensory inputs

iii) Axonal sprouting from supraspinal input will increase with 11C7 treatment and
exercise
(1) Biotinylated dextran amine (BDA) tracing will show more corticospinal

tract sprouting after treatment with anti-Nogo-A
(2) 5-HT below the lesion will increase with 11C7 and with training
(3) 5-HT contacts on MNs below injury will increase with 11C7 and training
(4) Tyrosine Hydroxylase may increase with 11C7

iv) Analysing all this together will allow us to link the local spinal changes with
behavioural improvements associated with the individual and combined

therapies
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3.4 Methods

3.4.1 Study plan

First all animals received implants and injuries and were divided into treatment groups
(Figure 3.1A). The timeline for the study is shown in Figure 3.1B. After injury animals
were then left for two weeks before mini osmotic pumps containing anti-Nogo-A or control
IgG were removed. One week after pump removal animals started to receive therapeutic
interventions based on their group. Therapy continued for 8 weeks. Kinematic experiments
were then completed within two days of the last training session. Shortly after this, tracer
injections were injected into the sensorimotor cortex. Animals were then left between 12-
16 days for terminal electrophysiology and perfusions. For the first cohort, cortical,
epidural and electromyography wires were implanted one week before injury and pump

implantation.

Grou CGCT TR ES
P 96| 11c7 74677 __1e6___| et
No. animals 5 | 4 R 3 | 6

. . . 3D kinematic analysis.
Contusion, epidural Osmotic pump Followed by tracer
wire and osmotic removal Y Terminal

N injections
pump implant Training begins electrophysiology
l and perfusions
v .
L] ] L Ll

1 3 5 7 9 1" 13

(weeks)

A

Figure 3.1 Timeline of experiments and groups
3.4.2 Surgical procedures

3.4.2.1 Spinal cord injury

44 Adult (200-250 g) female Sprague Dawley rats (Charles River) were used for SCI
experiments. Animals were anaesthetised with inhalable isoflurane as per the general
methods (Chapter 2). After shaving and sterilisation of the surgical site, a large midline
skin incision was made from mid thoracic (~T4) through lumbar (L1-L6) up to mid sacral
level (~S3). Partial laminectomies were completed at T8/T9, T12/T13 and L2 vertebrae
(Figure 3.2A). After laminectomies the spinal column was secured with stereotaxic holders
just rostral (T6/T7) and caudal (T10/T11) to the injury site at T8/T9 vertebral level
corresponding to T9/T10 spinal cord (Figure 3.2B). Injury was completed at a proscribed
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force of 250 kilodynes using the Infinite Horizon impactor (Precision Systems &

Instrumentation, Lexington, KY, USA).

3.4.2.2 Epidural wire implantation

Another ~2 cm skin incision was made at the skull and wires were passed under the
skin to the back. The epidural wires were then implanted on the midline of the spinal cord
at spinal levels L2 and S1 (Figure 3.2C). These were Teflon coated stainless steel wires
(AS632, Cooner Wire, Chatsworth, CA, USA) connected to 16-channel amphenol
connectors (MCS-16-SS; Omnetics, Minneapolis, MN, USA). Wires were passed caudally
between the spinous process and the dura from the laminectomy rostral to implantation.
For stimulation approximately 1 mm of stainless steel was exposed around 1 cm from the
end of the insulated wire. A small suture (Ethilon 9.0, Ethicon) was then placed either side
of the exposure in order to secure the wires. A third wire was left in the subcutaneous space
of the back as a common ground. To secure the amphenol connector to the skull, three
screws (0-9.0 X 3/32; Otto Frei, USA) were anchored to the skull in holes drilled for this
purpose. Cold cure dental acrylic (Simplex Rapid; Kemdent, Swindon, Wiltshire, UK) was

used to secure the connector to the screws.
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Figure 3.2 Spinal epidural implantation, injury and catheter
implant
Partial laminectomies were completed at T9/T10, T12/T13 and L2 (A) Before
injury at T9/T10 spinal level (B). Epidural wires were then implanted (C), before
insertion of the mini-osmotic pump catheter (D). Adapted from Al'Joboori (2016).
3.4.2.3 Mini-osmotic pump implant
Drug delivery was by mini osmotic pumps (Alzet 2ML2, Durect Co., Cupertino,
USA). These pumps were filled with 2 ml of 11C7 (University of Zurich) or control
antibody mouse monoclonal IgG1l anti-cyclosporin A (University of Zurich) (both 3
mg/ml) and pumps were blinded by a third party. Attached to the pumps were custom made
silicon catheters (0.702 mm inner diameter, 00702, Detakta, Norderstedt, Germany and
0.108 mm inner diameter, 0041, ReCathCo, Allison Park, USA). The day before surgery,

pumps were placed in sterile saline water baths at 37 °C. The body of the pump was



72

implanted subcutaneously in the back of the rats. The larger end of the catheter was passed
through a paravertebral muscle and secured with sutures. The smaller catheter was inserted
from the L2 laminectomy site through a hole in the dura into the subdural space. The
catheter was then passed rostrally to the injury site at T9/T10 (Figure 3.2D). The anti-
Nogo-A or control antibody were delivered intrathecally at a rate of 5 pl/hour before
removal after two weeks. A roughly equal number of 11C7 and control 1gG pumps were

implanted every day of surgery.

3.4.2.4 Recording electrode implantation

A small subset of animals received left hemisphere cortical implants to chronically test
cortical responses and right side electromyography (EMG) electrodes in the tibialis
anterior, gastrocnemius soleus and spinodeltoid for muscle responses (Figure 3.3). The
cortical electrode consisted of five gold electrodes with a polymer base placed on the dura
of the sensorimotor cortex after removal of a section of the cranium (Figure 3.3A). EMG
electrodes in the hindlimb and forelimb were implanted in order to test chronic cortex
responses (Figure 3.3B). The EMG and cortical wires were connected to the Amphenol
connector mentioned previously. These extra recording wires were discontinued in later

cohorts as no cortical to hindlimb response was ever observed in chronic recordings.
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Figure 3.3 Electromyography and cortical electrode placement

A subset of animals had cortical implants over the sensorimotor cortex (A), and

EMG electrode implants in the tibialis anterior, gastrocnemius soleus and

spinodeltoid muscles.
3.4.2.5 Post-operative animal care

All animals were given subcutaneous saline, pain relief (0.015 mg/kg, Vetergesic®)

and antibiotic (2.5 mg/kg, Baytril®) for 3 days post-surgery. Animals were manually
expressed twice daily until the end of the study, or until they were able to evacuate their

bladder autonomously.
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3.4.3 Treatment groups and interventions

The mini-osmotic pump delivering 11C7 or control 1gG was removed after two weeks.
After this there was a one week break to have the wash out period, as synchronous 11C7
therapy and training have proven to have a negative combinatorial effect on locomotor
recovery after stroke and SCI (Wabhl et al., 2014, Maier et al., 2009). Rats were randomly
divided into treatment groups as seen above (Figure 3.1). Animals were either cage control
(CGCT), trained (TR), given electrical epidural stimulation (ES), or a combination of
epidural stimulation and training (CB). All these groups had an 11C7 and control IgG

cohort.

3.4.3.1 Epidural stimulation

The amphenol connector on the rats skull was attached via a cable and an isolator unit
(SIU-V Isolation unit; Astro-Med®, Inc. Grass instruments, Middleton, WA, USA) to a
Grass stimulator (S88X stimulator; Astro-Med®, Inc. Grass instruments, Middleton, WA,
USA). Electrical stimulation consisted of 0.2 ms rectangular pulses at 40 Hz using a
protocol designed by Ichiyama et al. (2005) for rats. Stimulation strength ranged from 0.5-
5 volts. The threshold for L2-S1 stimulation or the reverse S1-L2 was determined by
feeling for movement in the hindlimbs. Animals were then stimulated at sub movement
threshold. Stimulation took place alongside training in the CB group or without training in
the ES alone group. Therapy consisted of ten minutes stimulation/training, a ten minute
break, and then ten minutes stimulation/training. Training took place five days a week for

eight weeks and was always completed after behavioural assessments.

3.4.3.2 Locomotor training

Training consisted of the same ten minutes on, ten minutes rest, and ten minutes on
again as the above epidural stimulation. This distributed practice is so that animals do not
fatigue during training and is also supported by evidence showing distributed practice
results in faster and more permanent skill acquisition (Lee and Genovese, 1988). For
training, rats were placed in an upper body harness and suspended by a body weight support
system over a treadmill (Robomedica; Irvine, CA, USA) (Figure 3.4B). Animals were

moved from a more bipedal to quadrupedal position over the course of the session, and
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body weight support was adjusted to ensure rats were able to weight bear while walking.

Speeds ranged from 7-21 cm/s according to ability.

3.4.4 BBB scoring

The Basso, Beattie and Bresnehan scoring system is a widely used open field scoring
system for SCI rats (Basso et al., 1995). The assessment requires relatively little time and
equipment and because of this it can provide a general overview of behaviour over time.
Rats are placed on a round table of ~1 metre diameter with clear sides for unobstructed
view. Animals are assessed for a range of tasks of both hindlimbs for a period of four
minutes. The BBB scale is not linear, and ranges from small limb movements (1) to full
range of movement (7) to body weight supported stepping (10) to coordinated stepping
(14) to full trunk stability, toe clearance, and parallel paw placement (21). This test was

completed one week after injury and for the subsequent 11 weeks until the end of training.

3.4.5 Kinematics

Kinematic recordings of the hindlimb were made one or two days after the final
training session. Six Vicon motion systems infrared cameras recorded at 100 Hz, along
with one video camera (Figure 3.4A) (Bonita cameras, Vicon, Oxford, UK). Reflective
markers were placed bilaterally on the shaved skin overlaying the fifth digit of the distal
phalange (toe), lateral malleolus (ankle), lateral epicondyle of femur (knee), greater
trochanter (hip) and iliac crest (crest), along with one marker over the midline spine (Figure
3.4B).

All recordings were made with animals receiving no stimulation, however, body
weight support was provided and optimised for each rat. Ten consecutive steps were
recorded for each speed (7,14 and 21 cm/s). Not all animals were able to walk at 21 cm/s
and 7 cm/s was too slow for others, therefore we have used 14 cm/s recordings for all
analysis. Recordings were processed using Vicon Nexus 7 to label and then export data as
excel files with cartesian coordinates. Custom MATLAB (MathWorks, Natick, USA)

scripts were used to extract variables before further analysis (Figure 3.5).

Overall, 90 variables were used for analysis. Not all are reported individually here,

however they are available in the appendix (Figure 7.1, Figure 7.2). First, the swing phase
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was determined by the toe marker leaving the z-plane of the treadmill, the stance phase
began after the toe marker returned to the treadmill. Other variables were calculated using
this definition for swing and stance. One variable compared here is swing height, which
was defined as mean toe marker height (z value) during the swing phase. Stride length was
calculated as the y value of the marker at end of the swing phase minus the y value at the

beginning of the swing phase.

Toes drag does not normally occur in uninjured rats, however SCI animals frequently
display this behaviour (Chen et al., 2017, Maier et al., 2009). Toe drag was defined as the
percentage of the swing phase during which the toe marker was less than 1 mm above the
treadmill level. Consistency scores were also calculated for each individual point using
methods described in Chen et al. (2017). These scores measure how repeatable each step
is compared to the last and is calculated by resampling the x, y and z positions of the
marker. The higher the score the more consistent a step was in the combined xyz positions
(Fong et al., 2005). M score is an average of the individual toe, ankle, knee, hip and iliac

crest consistency scores.
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Figure 3.4 Kinematic recordings
Kinematics were recorded with 6 infrared one video camera (A). Reflective
markers were placed on the toe, ankle, knee, hip, iliac crest, and the middle of the
spine (B). Recordings were made of ten consecutive steps at 14 cm/s. Animals

were unstimulated but were given body weight support.

As mentioned earlier, 90 different kinematic variables were computed. Principal
component analysis (PCA) was undertaken in order to reduce these multiple dimensions
(Figure 3.5). There can be no missing data when doing PCA with R (R Core Team, 2020),

therefore data had to be imputed for the few missing variables. Missing variables were rare,
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however, left right couplings and coupling variation were missing for a few animals. The
‘R’ package ‘mice’ along with the package ‘dplyr’ were used for imputation (van Buuren
and Groothuis-Oudshoorn, 2011, Hadley et al., 2020) (see appendix). Multivariate
imputation by chained equations (mice) uses the surrounding variables to predict the values
for missing data, while the package ‘dplyr’ is a grammar system for general data
manipulation. For PCA the package ‘ggbiplot’ was used (Vu, 2011). SPSS was used to
visualize factor loading, by determining the correlation between variables and the
individual principal components. Animals individual principal component scores were

extracted and group and subgroup means were then graphed (Figure 3.5).

Figure 3.5 Workflow for kinematic data analysis
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3.4.6 BDA tracing

After kinematic recording tracer injections into the sensorimotor cortex were
completed using biotinylated dextran amine (10,000 MW; Invitrogen, Carlsbad, USA).
Animals were anaesthetised as before with inhalable isoflurane. Headplugs were removed
and a small piece (3 mm by 3 mm) of skull was removed (~1-4 mm lateral and ~0.5-3.5
mm posterior to bregma). ~400 nl of 10% BDA in 10 millimolar PBS was injected into
nine sites as shown in Figure 3.6. All injections were 1.3 mm deep and were spaced so as
to cover the hindlimb CST projection neurons in layer V (Paxinos and Watson, 2006).
Pulled glass pipettes (1.5 mm outer diameter, 0.84 mm inner diameter, 1B150-4. WPI,
Sarasota, USA.) were back filled using Hamilton needles and injections were completed
by air pressure using the Pneumatic PicoPump (SYS-PV830, WPI, Sarasota, USA). After

400 nl was injected pipettes were left for two minutes before withdrawal from the cortex.
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Figure 3.6 BDA tracing sites
A total of 3.6 pl of 10% BDA was injected into nine sites of the right
sensorimotor cortex. The 400 nl injections were made at a depth of 1.3 mm from
the surface of the dura. Shaded green shows removed skull portion.

3.4.7 Electrophysiology
Electrophysiological investigations were not completed by me. Therefore, what
follows is a brief description of only one portion of this study, for which results are

mentioned later. These studies were terminal and were performed under a ketamine (200
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mg/kg) and xylazine (80mg/ml) injectable anaesthetic by way of a jugular vein catheter.
H-reflex recordings were made from the intrinsic foot muscles in response to medial plantar
nerve stimulation. The maximum H and maximum M wave response were recorded, and
these are the data referred to in section Error! Reference source not found.. In addition t
o this, paired pulse depression, and H-reflex response to cortical stimulation was also

recorded. However these data are not included in this thesis.

3.4.8 Immunohistochemistry
Perfusions, tissue preparation and storage were completed as per the general methods

(Chapter 2). The primary and secondary antibodies used are presented in Table 3.1.

Table 3.1 Antibodies and concentrations
Primary antibodies

Name Target Host Dilution Supplier
Anti-ChAT Choline acetyltransferase Goat 1:500 Millipore
Anti-NeuN Neuron specific nuclear protein Mouse 1:500 Millipore

Anti-VGLUT1 Vesicular glutamate transporter 1 | Guinea pig| 1:15,000 Millipore

Anti-TH Tyrosine hydroxylase Mouse 1:100 Millipore

Anti-5-HT 5-hydroxytriptamine Rabbit 1:15,000 |Immunostar

Anti-GAD65 | Glutamic acid decarboxylase 65 kDa | Mouse 1:10,000 Invitrogen

Secondary antibodies

Target Fluorophore Host Dilution Supplier
Goat 488 Donkey 1:500 Invitrogen
Mouse 488 Donkey 1:500 Invitrogen
Rabbit 555 Donkey 1:500 Invitrogen
Goat 555 Donkey 1:500 Invitrogen
Mouse 555 Donkey 1:500 Invitrogen
Guinea pig 555 Donkey 1:500 Invitrogen
Rabbit 647 Donkey 1:250 Invitrogen
Mouse 647 Donkey 1:250 Invitrogen
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3.4.8.1 Double VGIUT1 ChAT staining

Three replicate sections of L4 lumbar spinal cord were analysed for each animal.
Sections were incubated in ChAT for 48 hours and VGIuT1 for 24 hours in phosphate
buffered saline 0.2% triton x-100 (T8787-100ML, Sigma) and 3% normal donkey serum
(NDS) (D9663-10ML, Sigma). The secondary antibodies used were donkey anti-Goat-555
and donkey anti-guinea pig-488. After mounting, slides were imaged at 20x with a confocal
microscope (LSM 880, Zeiss) using Zen 3.2 tile scan function. Settings were kept the same
for all imaging completed for each experiment. VGIUT1 integrated density was calculated
in three regions of interest using ImageJ. The three regions of interest were two 300 um
square regions of the lateral ventral horn (VH) and intermediate zone (IMZ), and one 100
pum by 400 pm region of the dorsal horn (DH) (Figure 3.17). Integrated density
measurements were normalised to the mean of the IMZ of CGCT IgG animals. VGIuT1
boutons in close apposition to MNs and their proximal dendrites were counted manually.
Counts were normalised to 100 um of cell perimeter and only boutons in close apposition
to large (>100 um circumference) ChAT positive ventral horn neurons with a visible
nucleus were measured. This is because smaller y-MNs do not receive direct la

proprioceptive input.

3.4.8.2 Double 5-HT/ChAT and TH/ChAT staining

Three replicate sections of L4 were used for the 5-HT analysis. The protocol was
similar to that above, with 48 hour anti-ChAT and then 24 hour anti-5-HT with the same
buffer. In this case an anti-goat-488 and an anti-rabbit-555 secondary were used. After
mounting, slides were imaged at 20x with a confocal microscope (LSM 700, Zeiss) using
the same Zen 3.2 tile scan function. Integrated density was calculated for the entire grey
matter of the ventral horn and date were normalised to the CGCT IgG group mean. Axons
were quantified after thresholding with imageJ and were included for integrated density
analysis if they were larger than 0.5 um in total area. 5-HT fibres in close apposition to
MNs and their proximal dendrites were counted manually and normalised to 100 um cell

perimeter.
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Tyrosine hydroxylase staining was completed as above, but with TH instead of 5-HT
primary antibody, and with anti-mouse-555 instead of anti-rabbit-555 secondary. Imaging
and analysis were the same for integrated density measurements, with all data normalised
to the mean CGCT IgG group mean. Axons were quantified after thresholding with imageJ
and were included for integrated density analysis if they were larger than 0.5 um in total
area. The sparsity of fibres precluded an analysis of TH innervation of MNs as the vast

majority of MNs had no TH in close apposition to either the soma or proximal dendrites.

3.4.9 3D reconstruction of p boutons

The immunohistochemistry protocol was similar to those above and the general
methods (chapter 2). Briefly, three replicate sections of L5 were used for analysis. Sections
were incubated 48 hours in ChAT, and 24 hours in VGIuT1 and GADG65. Antibodies were
diluted in phosphate buffered saline with no triton or blocking serum. After mounting,
slides were imaged with a confocal microscope (inverted LSM 880, Zeiss) at 63x with oil
immersion. MNs were imaged using Z-stacks with .5 um steps and 2 times averaging. At
least ten lateral ventral horn MNs per animal were imaged and subsequently analysed with
IMARIS after 3D reconstruction.

3.4.10 Statistical analysis

For BBB improvement week over week a repeated measures analysis of variance
(ANOVA) was used (Greenhouse-Geisser corrected for lack of sphericity). Data were
tested for normality using a Shapiro-Wilk test. If data were not normally distributed
(Pbouton off, Pbouton 3+, TH expression) a non-parametric Kruskall-Wallis test was used.
For normally distributed kinematic, VGIuT1, and 5-HT data a one-way ANOVA was used
followed by a LSD post hoc test. A pearsons correlation was completed to compare
principal components with kinematic parameters. All statistical analysis was completed
using SPSS 26 (IBM, Chicago, USA).
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3.5 Results

3.5.1 Injury and lesion volume

A higher impact force results in less sparing of tissue and worse behavioural outcomes
(Scheff et al., 2003). All animals received an impact set to 250 kilodyne. The IH impactor
use should reduce variability as there is a force sensor which immediately withdraws the
impactor once a specific force is reached. Stereotaxic arms holding the spinal cord level
and tight should also minimise variability. Impact force recorded from the device shows
the actual impact was 270 kilodyne +5 SEM. There were no differences between groups (p
= .641). Animals which were not fully injured, as evidenced by same day lower limb

movement after injury, were excluded from the study.

Lesion volumetrics have not been completed yet. Spinal cord tissue is currently in
China where it is being analysed. BDA cortical tracing is also taking place at Beihang

University Beijing.

352 BBB

Behavioural testing was completed each week using the Basso Beattie and Bresnahan
scoring system (BBB) (Basso et al., 1995). The test is a simple and easy way of monitoring
recovery over time. However, the scale is not linear and there is limited scoring
discrimination between some very different behaviour. One week after injury all animals
had a score of 7 or below, this indicates that none of the animals could produce a sweeping
or stepping movement. Those animals that could step or sweep at this stage were excluded
from further study and are not included in results.

The BBB score for all groups are shown in Figure 3.7A below. All groups improved
from their week one scores (p <.001). There was a general trend of improved scores in the
CB 11C7 vsthe ES 11C7 group (p =.099) and between the CB 11C7 and the TR 1gG group
(p = .115). Interestingly 11C7 treatment had no effect in the untrained cage control or in
the ES without training group. In fact, there appears to be a negative interaction between
non trained ES animals and 11C7. Unfortunately, none of these data reached statistical

significance, so any conclusions from these data need to be understood as such.
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As mentioned, the BBB scale is not linear and there is limited scoring discrimination
between some very different behaviour. Large functional improvements may be masked
by the low scoring discrimination of the BBB scoring system. Due to the lack of distinction
in raw BBB scores we have also looked to divide the animals based on more clinically
relevant cut-off points. Weight supported plantar stepping achieves a score of at least 10
on the BBB scale. We divided our animals into those that averaged >10 in the last four
weeks or those that did not. The results can be seen in Figure 3.7B. This further analysis
did not change results between the 11C7 and 1gG cage groups. However, the TR 11C7
groups had more animals averaging weight supported stepping than their TR IgG
counterparts (p = .009), than the CB 1gG group (p = .045), and than the ES 11C7 group (p
=.009). The CB 11C7 groups had more animals averaging weight supported stepping than
the TR IgG group (p = .023) and the ES 11C7 group (p = .023). The negative interaction
between untrained ES animals and 11C7 is again seen here with no animals averaging

weight supported stepping in this group.
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Figure 3.7 BBB score over time
The blue line marks the point at which weight supported stepping occurs, and the
shaded area at the beginning indicates that training had not yet started at this point
(A-D). There was a general trend of improved score in the CB 11C7 group (D).
However, results did not reach statistical significance. More animals in the CB
and TR 11C7 group averaged a BBB > 10 in the last four weeks of the
intervention (E). CGCT IgG (n=5), CGCT 11C7 (n=4), TR 1gG (n=6), TR 11C7
(n=6), ES 1gG (n=6), ES 11C7 (n=6),CB IgG (n=6), CB 11C7 (n=5). Error bars +
SEM
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3.5.3 Kinematics

3.5.3.1 Independent kinematic variables

Kinematic analysis can expand on the rough picture given by the BBB scores. We
have highlighted step height and stride length, as both these variables have been shown to
increase after training under ES in SCI rats (Lavrov et al., 2008). In the above study
kinematic measurements were taken during ES assisted stepping. However, in our study
we investigated stepping in the absence of ES. We have also investigated the percentage
of toe dragging during the step cycle. After SCI rats often display toe dragging behaviour
(Basso et al., 1995) and toe dragging is reduced following 11C7 treatment (Chen et al.,
2017, Maier et al., 2009).

For swing height there were no statistically significant differences between treatment
groups or between injured and naive animals (Figure 3.8A). For stride length the TR 11C7
group had a significantly longer stride than either the ES 1gG (p = .003) or CB IgG (p =
.05) groups. The ES IgG group had a shorter stride length than the naive control (p = .013)
(Figure 3.8B). Normalised stride length and step height show the clear difference between
the longer strides and lower step height of the TR 11C7 group and naive controls, and the
higher step height and concurrent lower stride length of the ES IgG group (Figure 3.8C).
All groups bar ES IgG (p = .051) and CB 11C7 (p = .133) had a higher percentage of toe
drag during swing as compared to naive controls (Figure 3.8D). The CB 11C7 group also
had less drag than CGCT 11C7 (p = .046).
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Figure 3.8 Individual kinematic parameters
The key kinematic measures of swing height (A) and stride length (B) were
compared between treatment groups and naive controls. The dashed lines
represent naive animal kinematics (A, B, and D) with ¢ representing significant
differences between the experimental groups and naive controls. For swing height
there were no statistically significant differences between groups or between
injured and naive animals (A). The TR 11C7 group had a longer stride length than
either the ES 1gG or CB IgG group and the ES 1gG group had a shorter stride
length than the naive control (B). Normalised stride length and step height show
the clear difference between the longer strides and lower step height of the TR
11C7 group and naive controls, and the higher step height and concurrent lower
stride length of the ES 1gG group (C). All groups bar ES 1gG (p = .051) and CB
11C7 (p = .018) had a higher percentage of toe drag during swing as compared to
naive controls (D). The CB 11C7 also had less drag than the CGCT 11C7 group.
CGCT IgG (n=5), CGCT 11C7 (n=4), TR 1gG (n=6), TR 11C7 (n=5), ES IgG
(n=6), ES 11C7 (n=6), CB IgG (n=6), CB 11C7 (n=5), Naive control (n=3). Error
bars + SEM. * p <.05. ** p<.005.
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To test for step consistency all markers were sampled every step and compared to other
steps in the cycle. All points were then given a consistency score and these were averaged
for a general M score (Figure 3.9). The toe, knee, and crest points are shown in Figure
3.9A-C. The ES 11C7 groups had higher toe (p =.032) and knee (p =.006) scores than the
ES IgG group (Figure 3.9A-C). Indicating that here 11C7 did improve step consistency
even if it did not improve weight supported stepping (Figure 3.7E). The ES 1gG group also
had a significantly worse knee scores than TR11C7 (p = .006), CB IgG (p = .028), and
naive controls (p = .018) (Figure 3.9C). The TR 11C7 group had significantly higher toe
scores than CGCT 11C7 (p = .041), ES IgG (p = .003), and CB IgG (p = .036) (Figure
3.9A). In addition to the ES IgG group, the naive control group also had higher toe scores
than CGCT 11C7 (p =.027), TR IgG (p = .047) and CB 1gG (.024) groups (Figure 3.9A).
There were no significant differences for crest scores (Figure 3.9C). The ES IgG group had
less consistent overall step kinematics than either TR 11C7 (p =.019), ES 11C7 (p =.036),
or the naive controls (p = .027) (Figure 3.9F).
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Figure 3.9 Step consistency
Consistency scores for each marker as described in the methods (section 3.4.5
above). The dashed lines represent naive animal kinematics (A-F) with
representing significant differences between the experimental groups and naive
controls. The ES IgG group had less consistent step kinematics than either TR
11C7 (p = .019), ES 11C7 (p = .036), or the naive controls (p = .027) (F). CGCT
IgG (n=5), CGCT 11C7 (n=4), TR IgG (n=6), TR 11C7 (n=5), ES IgG (n=6), ES
11C7 (n=6), CB IgG (n=6), CB 11C7 (n=5), Naive control (n=3). Error bars +
SEM. * p <.05.

3.5.3.2 Kinematics PCA
PCA was completed to add another level of analysis to the individual gait parameters.
The first two principal components (PCs) were chosen for initial analysis as PCs below

them accounted for less than 10% of variance each. PC1 and PC2 accounted for 22.1 and
11.8% of variance respectively.
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The eigenvectors indicate the weighting and direction each variable provides to the
PCA, and the eigenvectors for the first two PCs are shown in Figure 3.10. The length of
the arrow indicates how much influence each variable has on the PC. Another way to
visualise this is by looking at correlations between individual variables and the PCs. The
PC1 correlations are shown in Figure 3.11A along with the percentage of variance
explained by the PC (Figure 3.11B). The most correlated factors with PC1 included the
standard deviation of many parameters, including variation in gait timing and variation in
step height, and length. PC1 was negatively correlated with the step consistency scores for
individual joints and the average step consistency. The PC2 correlations are shown in
Figure 3.12A along with the percentage of variance explained by the PC (Figure 3.12B).
PC2 was correlated with many of the drag related parameters including drag length in mm,
drag time in seconds, and drag as a percentage of length and time.
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Figure 3.10 PCA 1 and 2 eigenvectors
The eigenvectors for the first two PCs are shown. The length of the arrow
indicates how much influence each variable has on the PC. The dots are individual
animals.
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A. PC1 variable correlation
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Figure 3.11 PC1 correlations and scree plot
PC1 was positively correlated with many variability related factors and negatively
correlated with the step consistency variables (A). The percentage of overall variance
explained by this PC was 22.1% (B)
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A. PC2 variable correlation
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Figure 3.12 PC 2 correlations and scree plot
PC2 was positively correlated with many of the drag related variables, and negatively
correlated with some coupling related variables (A). The percentage of overall
variance explained by this PC was 11.8% (B).
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There were no statistically significant group differences between any of the treatment
groups for PC1 and PC2 (Figure 3.13). However, there were differences between naive
controls and treatment groups. For PC1 naive controls were significantly lower than CGCT
lgG, CGCT 11C7, TR IgG, ES IgG, and CB IgG (p = .042, .010, .016, .005 and .019
respectively) (Figure 3.13B). This difference did not reach statistical significance for the
TR 11C7, ES 11C7, and CB 11C7 groups (p = .069, .064, and .056 respectively). For PC2
naive controls were significantly lower than CGCT 11C7 (p = .018) and TR 11C7 (p =
.024) (Figure 3.13C). The difference did not reach statistical significance for the CGCT
IgG, TR IgG, ES IgG, ES 11C7, CB IgG, and CB 11C7 (p = .076, .341, .243, .057, .051,
and .102 respectively).
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Figure 3.13 Kinematic PC1 and PC2 by group
PCL1 (x axis) and PC2 (y axis) showed that groups were largely overlapping (A).
Naive controls are represented by the dashed lines in B and C) with t representing
significant differences between the experimental groups and naive controls. The
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naive controls were statistically significantly lower than all IgG groups and the
CGCT 11C7 group in PC1 (B). However, the naive control group was not
statistically significantly different than the TR 11C7, ES 11C7, or CB 11C7
groups. For PC2, only the CGCT 11C7 and TR 11C7 were statistically
significantly different from the naive controls (C). CGCT IgG (n=5), CGCT 11C7
(n=4), TR IgG (n=6), TR 11C7 (n=5), ES 1gG (n=6), ES 11C7 (n=6), CB IgG
(n=6), CB 11C7 (n=5), Naive control (n=3). Error bars = SEM. * p <.05.

Subgroup analysis of different treatments showed that there were no statistically
significant differences between animals given IgG or 11C7 (Figure 3.14). However, both
1gG (p =.010) and 11C7 (p = .037) treated animals were higher on PC1 than naive controls
(Figure 3.14B). For PC2, the IgG treated animals were not statistically significantly higher
than naive controls (p = .083), whereas 11C7 treated animals were (p = .014) (Figure
3.14C). Subgroup analysis of different treatments showed that there were no statistically
significant differences between animals given treadmill training or untrained (Figure 3.15).
For PC1, both trained (p = .010) and untrained (p = .005) animals were statistically
significantly different from naive controls (Figure 3.15B). For PC2, both trained (p = .046)
and untrained (p = .042) animals were significantly higher than naive controls (Figure
3.15C). Subgroup analysis of different treatments showed that there were no statistically
significant differences between animals given ES or unstimulated animals (Figure 3.16).
Both animals receiving epidural stimulation (p = .007) and those with no stimulation (p =
.008) were significantly higher than naive controls in PC1 (Figure 3.16B). For PC2, there
was a statistically significant difference between naive controls and non-stimulated animals
(p = .035), but this did not reach statistical significance for those receiving epidural
stimulation (p = .053) (Figure 3.16C).
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Figure 3.14 PC1 and PC2 by 11C7 vs 1gG
PC1 and PC2 analysis showed that there were no statistically significant
differences between subgroups (A-C). However there was a significant difference
between naive controls and injured animals. For PC1, both groups were
statistically significantly higher than naive controls (B). While for PC2, the IgG
group was not significantly higher than naive controls (C). IgG (n=23), 11C7
(n=20), naive control (n=3). Error bars + SD. * p <.05
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Figure 3.15 PC1 and PC2 trained vs non-trained
PC1 and PC2 analysis showed that there were no statistically significant
differences between trained and non-trained animals (A-C). However, there was a
significant difference between naive controls and injured animals in both PCs. For
PC1 and PC2 both groups were statistically significantly higher than naive
controls (B-C). Non trained (n=21), trained (n=22), naive control (n=3). Error bars

+SD. * p <.05
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Figure 3.16 PC1 and PC2 ES vs unstimulated
PC1 and PC2 analysis showed that there were no statistically significant
differences between animals receiving epidural stimulation and those without (A-
C). However, there was a significant difference between naive controls and
injured animals of either group. For PC1, both animals given ES and those
unstimulated were statistically significantly higher than naive controls (B). For
PC2 animals receiving ES were not statistically significantly different than naive
controls (C). No stimulation (n=20), epidural stimulation (n=23), naive control
(n=3). Error bars + SD. * p <.05
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3.5.4 Sensory input in lumbar spinal cord

Vglutl is a marker for synaptic input from proprioceptive afferents. VGIUT1 is also
present in the descending CST. However, with the severity of our injury there is very
limited amount of descending input remaining. Thus it can be inferred that the vast majority

of VGIuT1 immunoreactivity is due to sensory input from muscles.

We have analysed three areas within the spinal cord. The dorsal horn around laminae
[1-111, the intermediate zone around Laminae 1VV-VI, and the lateral ventral horn Lamina
IX/Lamina VII (Figure 3.17A). Integrated density of these discreet areas was measured
using ImageJ and normalised to the intermediate zone of the CGCT IgG group. The dorsal
horn (Figure 3.17B) had the most variability between animals with no clear pattern in
dorsal horn VGIuT1 immunostaining. The large variability here precludes comment on
possible trends. The intermediate zone (Figure 3.17C) data were also highly variable.
However, there is a trend with the TR 11C7 group expressing higher amounts of VGIuT1
than the TR 1gG, CB IgG, and CB 11C7 groups (p = .089, .058, and .057 respectively).
There were no statistically significant differences in ventral horn VGIuT1 density (Figure

3.17D). Examples of ventral horn VGIuT1 can be seen in Figure 3.17E.

To summarise, it appears there is little to no inter-group differences in proprioceptive
innervation to Laminae Il and I11. There is a trend for increased innervation in the IMZ of
the TR 11C7 group. VGIUT1 innervation in the medial ventral horn Lamina 1X has been
shown to increase following 11C7 treatment with training (Chen et al., 2017). However,
there were no statistically significant changes in ventral horn VGIuT1 in any of our

treatment groups
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Figure 3.17 Sensory input in lumbar spinal cord
Proprioceptive input as measured by VGIUT1 integrated density. All data are
normalized to the intermediate zone of the cage control 1gG. Three discreet areas
were analysed, (A). The dorsal horn (B) had the most variability with no clear
pattern in VGIUT1 differences. The intermediate zone data were also highly
variable (C). However, there is a trend for increased density in TR 11C7 group.
The ventral horn VGIuT1 differences were not statistically significant (D).
Representative samples shown in E. CGCT IgG (n=3), CGCT 11C7 (n=4), TR
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IgG (n=5), TR 11C7 (n=3), ES IgG (n=4), ES 11C7 (n=4), CB IgG (n=6), CB
11C7 (n=4). Red = VGIuT1, green = ChAT. Scale bar in A =200 pm, in E =100
um. Error bars +SEM

Also quantified were VGIuT1 inputs to individual a-MNs at L5. Contacts in close
apposition to the cell body and proximal dendrites of large (>100 pum perimeter) Chat+
MNs were counted. Data were reported as boutons per 100 pum cell perimeter. Post hoc
analysis revealed a few differences between groups (Figure 3.18 A). Notably, there was a
reduced number of VGIuT1 boutons in the CB 11C7 group as compared to the CGCT IgG
(p =.023) and the TR 11C7 (p = .032) groups. These results are broadly similar to those in
Figure 3.17 D for VGIuT1 density in the ventral horn. The results are also very similar to
the H-reflex experiments (Figure 3.18A). Where the ratio between Hmax and Mmax aligns
closely with numbers of VGIuT1 boutons on MNs (Figure 3.18C).
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Figure 3.18 VGIuT1 boutons on MNs
Boutons were counted on large (>100 pm perimeter) Chat+ MNs and on their
proximal dendrites. There were less contacts in the CB 11C7 group compared to
the TR 11C7 or CGCT IgG groups (A, B). This closely matched Hmax:Mmax
ratios (C). And the group results were correlated (D). CGCT IgG (n=3), CGCT
11C7 (n=4), TR IgG (n=5), TR 11C7 (n=4), ES 1gG (n=4), ES 11C7 (n=4), CB
IgG (n=6), CB 11C7 (n=5). Scale bar = 50 pum. Error bars +SEM. * p <.05
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3.5.5 Presynaptic inhibition

Gad65 boutons on VGIuUT1 contacts in close apposition to large Chat+ a-MNs in the
lateral motor pool of the ventral horn at the L5 level of the spinal cord. Images were taken
with confocal Z stack (Figure 3.19A) and converted into 3D with IMARIS (Figure 3.19B).
P boutons (in blue Figure 3.19A-C) in close apposition to VGIuT1 sensory afferents (in red
Figure 3.19A-C) close to MNs (in green Figure 3.19A-C) were counted. VGIuT1 boutons
in close apposition to MNs showed no size differences across groups (Figure 3.19D). P
boutons per 10 pm? of VGIuT1 surface were not significantly different across groups
(Figure 3.19E) and neither were VGIuT1 boutons with no P boutons (Figure 3.19F). There
were more VGIUT1 boutons with 3+ clusters of P boutons in the CB 11C7 group as
compared to the CB IgG, ES IgG, TR IgG, and TR 11C7 (p = .014, .003, .019 and .017
respectively) (Figure 3.19G). The ES 11C7 group also had more afferent boutons with 3+
clusters of P boutons than the ES 1gG group (p = .019). These data were not normally
distributed, thus a Kruskal-Wallis with pairwise comparison was used to compare between

groups.
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Figure 3.19 Pre-synaptic inhibition on MN contacting VGIuT1
boutons
Images were taken with confocal Z stack (A) and converted into 3D with IMARIS
(B). P boutons (in blue A-C) in close apposition to VGIuT1 sensory afferents (in
red A-C) close to MNs (in green A-C) were counted. VGIUT1 boutons in close
apposition to MNs showed no size differences across groups (D). P boutons per 10
um? of VGIuT1 surface and VGIuT1 boutons with no P boutons were not
statistically significantly different across groups. There were more VGIuT1
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boutons with 3+ clusters of P boutons in the CB 11C7 group as compared to the

CB IgG, ES IgG, TR IgG, and TR 11C7. The ES 11C7 group also had more

afferent boutons with 3+ clusters of P boutons than the Es IgG group (G). CGCT

IgG (n=4), CGCT 11C7 (n=4), TR IgG (n=5), TR 11C7 (n=3), ES IgG (n=5), ES

11C7 (n=6), CB IgG (n=5), CB 11C7 (n=4). Scale barin A\B=20 um,inC=5

pm. * p <.05
3.5.6 5-HT expression in lumbar spinal cord

One way of measuring axonal growth after injury is to look at 5-HT expression below

the lesion. This has been done previously measuring 5-HT varicosities on lumbar MNs
(Chen et al., 2017) or ventral horn fibre density (Maier et al., 2009). In our study we have

looked at both integrated density and contacts on MNs in the lumbar spinal cord.

Post hoc analysis of 5-HT expression in the ventral horn of L4 showed there were
some group differences (Figure 3.20A). The TR 11C7 group had more 5-HT than either
the CGCT 11C7 (p = .046) or the ES 11C7 (p = .043) groups. Data for 5-HT terminals in
close apposition to a-MNs were not statistically significant (Figure 3.20B). Although the
ES 11C7 group did have a trend for less contacts per 100 um of cell perimeter than the TR
11C7 group (p = .079).
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Figure 3.20 5-HT expression and MN contacts
5-HT expression analysis in the ventral horn of L4 showed that the TR 11C7
group had significantly more 5-HT than either the CGCT or ES 11C7 groups (A).
5-HT fibres in close apposition with large MNs showed no statistically significant
differences (B). Although the ES 11C7 group did have a trend for less contacts per
100 um of cell perimeter. Representative samples of ventral horn shown in C,
with examples of 5-HT boutons (white arrows) in close apposition to MNs of the
CGCT 11C7 and ES 11C7 groups. For 5-HT density in ventral horn CGCT IgG
(n=3), CGCT 11C7 (n=3), TR 1gG (n=6), TR 11C7 (n=3), ES IgG (n=4), ES 11C7
(n=6), CB 1gG (n=4), CB 11C7 (n=4). For fibres per 100/um, CGCT IgG (n=2),
CGCT 11C7 (n=2), TR IgG (n=4), TR 11C7 (n=4), ES 1gG (n=4), ES 11C7 (n=3),

lag

11C7
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CB IgG (n=3), CB 11C7 (n=4) Green = ChAT, red = 5-HT. Scale bar in C = 100
pum, in C* and C** scale bar = 50 um. Error bars £ SEM
3.5.7 TH expression in lumbar spinal cord
One enzyme, tyrosine hydroxylase (TH), reliably marks both dopaminergic and
noradrenergic projections. We studied the expression of TH in the lumbar spinal cord
below lesion in a similar manner to the serotonergic integrated density analysis (Figure
3.21A). There were extremely sparse contacts on MNs, thus we did not analyse these

contacts.
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Figure 3.21 Tyrosine hydroxylase expression in lumbar spinal cord
Integrated density of tyrosine hydroxylase positive fibres in the ventral horn of L4
were measured (Data were normalized to CGCT IgG) (A). Axons were quantified
after thresholding and were included for integrated density analysis if they were
larger than 0.5 um in total area and the entire ventral horn was analysed. CGCT
1gG (n=2), CGCT 11C7 (n=2), TR IgG (n=6), TR 11C7 (n=3), ES IgG (n=5), ES
11C7 (n=4), CB IgG (n=5), CB 11C7 (n=4). Scale bar = 25 um.
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3.6 Discussion

There were a number of major findings within this study. These are summarised briefly
below. In this study our primary aim was to demonstrate that the combined use of 11C7,
locomotor training, and epidural stimulation would lead to the greatest functional recovery.
Our secondary aim was to determine the structural and electrophysiological changes
underpinning this recovery. The results show that the CB 11C7 group had the highest BBB
scores although this result did not reach statistical significance (Figure 3.7). What was
significant is that in the last four weeks of the study the CB 11C7 and TR 11C7 groups had

the most animals weight supported stepping.

To further investigate detailed aspects of locomotor recovery we analysed joint
kinematics and computed principal components from these data. For individual kinematic
measurements, stride length was highest in the TR 11C7 group, swing height in the ES 1gG
group, while drag percentage was lowest in the CB 11C7 group (Figure 3.8). Step
consistency scores were best for the TR and ES 11C7 groups, while being the lowest for
the ES 1gG group (Figure 3.9). PCA revealed two important principal components (Figure
3.10). The first PC was negatively correlated with consistency scores and positively
correlated with gait time and kinematic variability while the second PC was highly
correlated with toe drag variables (Figure 3.11A). For both PCs the naive control group
had a lower score than any of the SCI groups. For PC1, this was not significant for the TR,
ES and CB 11C7 groups. Indicating the combination of 11C7 with all three of the
treatments made them less dissimilar to naive animals than the other groups (Figure 3.13).
For PC2, the TR and CGCT 11C7 groups were statistically significantly different from the
naive controls while the other groups were not (Figure 3.13). Grouping the animals by
drug, epidural stimulation and locomotor training showed there was a significant difference
between all groups and naive controls for PC1 (Figure 3.14, Figure 3.15 and Figure 3.16).
For PC2 the difference between IgG treated animals or epidurally stimulated animals and
naive controls was not statistically significant while all the other groups were different to

naive controls.

We analysed local spinal changes below the lesion to determine if sensory changes

were underlying the behavioural changes between groups. In the TR 11C7 group there is a
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trend for increased proprioceptive afferent input to the premotor interneuronal area in
Laminae V and VI (Figure 3.17C). Other VGIuT1 differences between groups were not
significant. There was a significant difference in direct proprioceptive afferent input to o-
MNs. Here, the CB 11C7 group had the lowest VGIUT1 contacts per MN perimeter (Figure
3.18A). The maximum H-reflex was also observed to be correlated with VGIUT1 inputs to
a-MNs. With the CB 11C7 and CGCT 11C7 having the lowest Hmax:Mmax ratio (Figure
3.18B-C).

We hypothesised that 11C7 and training would increase axonal sprouting of
supraspinal inputs. Unfortunately, we have been unable to analyse CST sprouting as BDA
analysis is being done by a lab in Beihang University, Beijing, and the data are not yet
available. However, there were increased 5-HT fibres in the L4 ventral horn of the TR
11C7 group (Figure 3.20). There was a large variability in TH expression within groups,
but the TR 11C7 group was also the highest here (Figure 3.21).

3.6.1 Combinational treatment with 11C7, treadmill training and epidural
stimulation resulted in the highest recovery of locomotor function

We are the first group to investigate 11C7 therapy in a rat contusion injury, and the

first to deliver a combinational treatment with sequential 11C7 therapy before epidural

electrical stimulation and training. The results support our hypothesis that combinational

treatment would lead to the greatest behavioural recovery. Thus, suggesting that there is

potential for further investigation into this combination.

The plan for our combinational therapy was first to increase neural plasticity and
axonal growth with 11C7, and second to guide this increased plasticity with locomotor
training under electrical epidural stimulation. We know that increased plasticity and axonal
growth does not always lead to behavioural recovery (Dickson et al., 2019). Therefore it
was important for us to harness this with a previously proven training and epidural
stimulation paradigm (Ichiyama et al., 2005). We are not the first to investigate plasticity
enhancing therapies with behavioural training. Other groups have attempted combinatorial
treatments with varying degrees of success. Reaching training is often combined with
plasticity or growth promoting drugs for beneficial behavioural results (Liu et al., 2017Db,
Torres-Espin et al., 2018, Wei et al., 2016, Hollis li et al., 2016, Garcia-Alias et al., 2009).
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Although this is rarer with locomotor training (Chen et al., 2017, Kubasak et al., 2007),
where combinational treatment normally involves excitatory drug cocktails with training
under epidural electrical stimulation (Ichiyama et al., 2008a, Courtine et al., 2009, van den
Brand et al., 2012, Manohar et al., 2017, Asboth et al., 2018). Of course, the results of
combined training and plasticity enhancing therapies do not always sum. For example,
none of simultaneous training and 11C7 treatment (Maier et al., 2009), lumbar ChABC
and training (Jakeman et al., 2011) or Nogo receptor deletion and training (Harel et al.,
2010) resulted in enhanced behavioural recovery.

In our study we have observed some positive transfer from locomotor training under
epidural stimulation to open field locomotor behaviour. This is not always the case, and
sometimes there is even negative transfer from training one task to behaviour in another
(De Leon et al., 1999, Garcia-Alias et al., 2009). Our kinematic measurements are also
proof of positive transfer, as all our kinematic recordings were completed under no epidural
stimulation. Thus, we have also shown that training under epidural stimulation transfers to
treadmill performance without epidural stimulation. Namely in the form of reduced toe

drag and increased weight supported stepping in this group.

While we observed some behavioural improvement, full locomotor recovery was not
achieved. By delaying epidural stimulation and training we may have missed a critical
period where training results in the highest recovery (Norrie et al., 2005). Although it
should be noted this is not always the case, and starting training immediately rather than
delaying treatment does not always improve behavioural outcomes (Smith et al., 2009).
Another point to consider is the self-training which occurs after injury. The BBB score of
all rats improved over the course of the study. Part of this recovery can probably be ascribed
to self-training, as we know that immobilising rats after injury halts much of this
spontaneous behavioural recovery (Caudle et al., 2011). Other studies have demonstrated
this robust spontaneous recovery after thoracic contusion injury (Kuerzi et al., 2010), where
they have suggested that rats self-training in their cages has led to reduced impact of their
(swim) training regime on behavioural recovery. Discriminating the boundary between

spontaneous and training induced recovery is a difficult but important problem. Our
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training paradigm of twenty minutes per day five days a week may not be sufficient to

increase recovery much above the normal spontaneous level.

While we have demonstrated some recovery following combinational treatment, it is
important to understand the mechanisms underlying this and what each treatment is doing.
In the following sections | have looked at what is causing the recovery observed. And what
each treatment is doing individually and in concert with the others.

3.6.2 Locomotor training following 11C7 therapy is more effective than locomotor
training with control antibody

In our study the trained group only increased in BBB score if 11C7 was given prior to
locomotor training. The low impact of delayed training alone shows that it may not be as
effective in a severe contusion injury such as ours. Thus reinforcing the idea that
combinatorial treatments are necessary. Sequential 11C7 therapy with training led to
increased step consistency where training alone did not. Reduced toe drag was not observed
in either the TR 1gG or TR 11C7 groups, unlike what has been reported previously (Chen
et al., 2017). This may be due to the more severe lesion in our study. This severe lesion
meant that not all rats were able to properly train, even with high amounts of body weight
support.

The mechanisms of training induced recovery in the spinal cord are not fully
understood. We do know the spinal cord is capable of learning in the absence of supraspinal
input. This was proven with studies on spinally transected cats where treadmill training
resulted in weight supported stepping on a treadmill (Lovely et al., 1986, Barbeau and
Rossignol, 1987). We also know the role of sensory input is key, as without proprioceptive
afferent input mice do not recover from SCI (Takeoka et al., 2014), and destruction of
afferent input after spontaneous recovery resulted in a loss of the behavioural
improvements (Takeoka and Arber, 2019). After transection of the CST there is an increase
in afferent sprouting and connections to MNSs in the cervical spinal cord (Tan et al., 2012).
In some cases (Chen et al., 2017), but not all (Khalki et al., 2018), this increase in afferent
input is reduced by training. There is a difference in training between studies, and in the
latter study training is not uniform treadmill training, but rather a mix of enforced walking

on a carousel, and physiotherapy stretching followed by a 5-HT agonist. In our study
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training alone had no effect on afferent input to the intermediate zone of medial laminae
IV-VI, whereas training following 11C7 therapy led to a small increase in afferent input to
this area. This matches results by Chen et al. (2017), who showed similar afferent changes
following training or sequential training and 11C7 therapy.

Training has been shown to increase sprouting of spared fibres from both the CST and
serotonergic pathways. There is some evidence of increased CST sprouting following reach
training (Girgis et al., 2007), and locomotor training (Chen et al., 2017). However, we have
not yet been able to analyse the data for this. Post lesion 5-HT is increased following wheel
running in a rat contusion injury (Engesser-Cesar et al., 2007). Although we have not seen
similar increased 5-HT with training alone, this agrees with other data using a similar
training paradigm to ours (Maier et al., 2009, Chen et al., 2017). The TR 11C7 group did
have a higher density of 5-HT fibres in the ventral horn, indicating there are some
synergistic effects from combinational treatments. The TR 11C7 group also had a higher
density of tyrosine hydroxylase fibres in the ventral horn. This enzyme is present in both
dopaminergic and noradrenergic fibres (Kuscha et al., 2012). Dopaminergic input may be
important for micturition following SCI (Hou et al., 2016b), and noradrenergic sprouting
has been observed following training after a contusion injury (Bose et al., 2012). In our
study there was a large variation of TH expression between groups, and there did not appear
to be a specific pattern of changes bar the increase in fibres in the TR 11C7 group.

There were some behavioural improvements in the TR 11C7 group, but not the TR
IgG group. It is possible this is due to a ceiling effect. Where the training given was not
sufficient to improve behaviour above that of spontaneous recovery and self-training. In a
severe contusion such as the current study it appears that delayed training alone is not
enough to result in weight supported plantar stepping in the final weeks of treatment. This
was not the case for training after 11C7 therapy which did show improved BBB scores and
averaged higher number of animals with weight supported plantar stepping. This adds
contusion injury data to studies showing the benefit of delayed training after 11C7 therapy
in targeted T-shaped lesions (Chen et al., 2017). Previous research has shown negative
combinatorial effects of 11C7 with training (Maier et al., 2009). While increasing fibre
sprouting with anti-Nogo-A before beginning intensive rehabilitative therapy is also found
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to increase motor performance after stroke (Wahl et al., 2014). Our severe contusion injury
model has added more clinically relevant evidence for sequential combinatorial therapy.
The sequential nature of the combinational treatment has an added benefit in that SCI
patients are not usually able to train immediately after injury. Therefore, a therapeutic

timeline such as ours may be ideal for clinical interventions.

3.6.3 ES increased step height but not step consistency

ES has been used in humans with some promising results (Harkema et al., 2011,
Angeli et al., 2014, Angeli et al., 2018, Wagner et al., 2018, Gill et al., 2018). There are a
few hypotheses for how epidural electrical stimulation improves recovery after SCI.
Electrical stimulation is known to increase BDNF expression in spinal cord neurons
(Wenjin et al., 2011), and induce remyelination in peripheral nerves (Wan et al., 2010). In
our study, ES alone did not lead to open field or kinematic behavioural improvement, but
only did so when combined with 11C7, training, or both. This suggests that the actions of
ES alone are not sufficient for behavioural recovery. It is the combination of training with
ES which led to the greatest locomotor improvements. This tracks with the theory of state
dependence which suggests that ES is simply putting the spinal cord into a state where
proprioceptive feedback can initiate and control movement (Edgerton et al., 2008,
Stawinska et al., 2012). Much of the research into this method has often combined ES with
training and neuroexcitatory drugs such as quipazine (Gerasimenko et al., 2007, Ichiyama
etal., 2008a, Ichiyama et al., 2008b, Courtine et al., 2009, van den Brand et al., 2012). This
idea of increased spinal excitability modulated by sensory input also conforms with how
we think ES is acting on the spinal cord. In humans, ES is found to primarily activate
sensory afferents and ascending and descending dorsal column axons (Minassian et al.,
2007). De-afferented spinal cords of rats are also unresponsive to ES, further confirming
the importance of sensory fibres in ES (Lavrov et al., 2008). The suggestion of ES priming
the spinal cord to respond to sensory input is also backed up by our data. Animals only had
increased weight supported stepping when ES was combined with step training. Here, ES
only improved performance when combined with coordinated afferent input from step

training.
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Looking at individual kinematic parameters it appears that ES alone increased step
height while reducing stride length. This suggests that there is an exaggerated response to
afferent input from the treadmill. Stride length is also reduced in this group, suggesting the
response to afferent feedback is not leading to optimal behavioural results. In fact, the ES
alone group was farthest from naive controls for both swing height and stride length. The
ES alone group also had some of the worst consistency scores, with toe, ankle, and knee
consistency all low. Analysis of PC1 differences also showed ES alone to be the furthest
from naive controls. The coordinated sensory stimulation of step training is clearly required
for locomotor improvements. Step training under ES led to improvements in stride length
and step consistency as well as PC1 results more similar to naive controls. We have
demonstrated that ES alone cannot replace the necessary activity dependant plasticity from

treadmill training.

We are not the first to suggest that training is needed alongside ES to tune spinal
circuitry to produce appropriate motor behaviour (Shah and Lavrov, 2017). This is the idea
of ES turning the non-functional spinal cord into a more functional state where the CPG is
able to be activated. Earlier research has shown this using ES with training and 5-HT
agonists after a full transection (Courtine et al., 2009). Variability in training under ES and
5-HT agonists is also shown to improve locomotor performance, where sidewards and
backwards stepping under ES also improved forward stepping after a full transection (Shah
et al., 2012). There is other evidence pointing to the role of ES in altering spinal networks
to enable normal function. ES facilitates improved wheel running in a Parkinson’s disease
model where the nigrostriatal pathway is blocked (Zhong et al., 2019). In the above model
there is also a decrease in excitatory descending input for which ES is able to compensate.
Combined, these data suggest that the role of ES after SCI is to modulate the spinal network
to a more functional state, a state where both voluntary supraspinal control and

proprioceptive information result in meaningful motor output.

All the above studies test recovery during neuromodulation of the spinal cord with ES
and/or 5-HT agonists. Indeed, even in humans, voluntary control of movement after SCI is
possible with targeted epidural stimulation to facilitate this (Wagner et al., 2018). How

these ES interventions affect normal behaviour in the absence of stimulation is not always
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reported. In our study we have investigated the transfer of locomotor ability from treadmill
walking under ES to open field behaviour and treadmill walking in the absence of ES. One
other study has shown positive transfer from locomotor training under ES and 5-HT
agonists to body weight supported stepping in the absence of stimulation after a severe
contusion (Asboth et al., 2018). In the above study training with neuromodulation began
just one week after injury. Our study on chronic SCI presents further challenges due to the
delayed intervention where training under ES began three weeks after the initial injury.
Most patients are unable to receive treatment or training immediately after SCI, therefore
our model may be more clinically relevant, as humans are generally unable to begin
rehabilitation early after SCI (Wernig et al., 1995).

3.6.4 11C7improved behavioural outcomes in trained and combination groups, but
not in cage control or ES alone

The spinal cord generally not permissive to axonal growth, factors such as CSPGs
(Kwok et al., 2012), and myelin associated inhibitory factors act to limit neural plasticity.
One of these myelin associated factors is Nogo-A. In order to overcome some of this
inhibition we have used an antibody against Nogo-A. Anti-Nogo-A therapy has been found
to increase neuronal sprouting and axonal regeneration (Schnell and Schwab, 1990). And
sequential 11C7 therapy and training results in behavioural improvements following T-
lesions (Chenetal., 2017). However, in our study 11C7 by itself did not improve locomotor
behaviour. The reason for this unimpressive recovery is not entirely clear. We are the first
to investigate Anti-Nogo-A therapy in a rat contusion injury, and the severity of our injury
may have led to the modest behavioural improvements observed. The lack of behavioural
improvement in the 11C7 alone group underlines the need for rehabilitation in combination
with plasticity enhancing therapies (Dickson et al., 2019). While 11C7 by itself was unable
to overcome the severe injury, behavioural improvements were observed when 11C7 was

combined with locomotor training or training under ES.

Why 11C7 therapy alone did not improve locomotor recovery is unclear. There are
still many questions regarding the role of Nogo-A in axonal growth and other processes.
Many systems are changed by inhibiting Nogo-A with 11C7, some of which remain
unknown. The extracellular domain of Nogo-A, Nogo-66, acts on the NgR1 receptor to
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activate the RhoA pathway, which leads to cytoskeletal collapse of neurite outgrowth
(Schmandke et al., 2007). This pathway appears straightforward in that if neurite outgrowth
is disinhibited, then axonal sprouting should increase. Indeed, this is the case with most
studies inhibiting Nogo-A or its receptors, where increased axonal sprouting and synapse
formation is observed (Z’Graggen et al., 1998, Liebscher et al., 2005, Bregman et al., 1995,
Chen et al., 2017, Maier et al., 2009, Petrinovic et al., 2013, Wills et al., 2012). There is
another, more complex action of the ‘amino-nogo’ or N0go-A20 domain. This nogo-A20
domain is internalized into the nucleus, where it acts in a more diffuse manner to decrease
axonal plasticity via transcriptional changes (Joset et al., 2010). When nogo-A20 is
internalized there is a decrease in phosphorylated cAMP response element binding (CREB)
levels in the soma of these cells. The activity of nogo-A20 appears to directly oppose that
of growth associated factors such as nerve growth factor which increases CREB activity
(Cox et al., 2008). Nogo-A20 also acts on the sphingosine 1-phosphate receptor 2 (Kempf
et al., 2014), and was recently found to act on erythropoietin-producing hepatocellular
(EphA4) (Wang et al., 2021), itself a target for axonal regeneration (Goldshmit et al.,
2004). Nogo-A20 also inhibits microvascular endothelial cells (Wélchli et al., 2013), and
Anti-Nogo-A was also recently observed to be pro-angiogenic following stroke (Rust et
al., 2019). The above varied activity of Nogo-A makes discussion of its interactions with

training and neuromodulation even more complex.

In our study it does appear that the disinhibition possible with anti-Nogo-A is
insufficient to increase axonal sprouting below the lesion. Here again, combination of
sequential 11C7 therapy followed by training shows additive effects. In our study 5-HT
and TH did not increase with 11C7 therapy alone, but both did increase with sequential
11C7 therapy and training. While one study has shown increased serotonergic sprouting
after SCI and 11C7 (Maier et al., 2009), another has not (Chen et al., 2017). This may be
due to study timing, as in the latter study animals were trained for longer, and it is possible
serotonergic fibre sprouting had been pruned. In our study animals were also trained for
eight weeks before sacrificing around two weeks after that. It is also possible that there has
been some retraction in serotonergic sprouting in the 11C7 therapy alone, but that

continued locomotor training after 11C7 therapy was able to inhibit this retraction. The
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difference in 5-HT expression may also be due to the tracts spared by each SCI. 5-HT fibres
travel through the dorso-lateral and ventro-lateral funiculi (Bregman, 1987). While the T-
lesion from the above studies leaves the ventro-lateral funiculus intact, our more severe

contusion injury leads to almost complete destruction of this pathway.

Anti-Nogo-A therapy normally promotes CST sprouting after injury (Z’Graggen et al.,
1998, Liebscher et al., 2005, Bregman et al., 1995). We have not yet quantified CST
sprouting above or below the lesion, however both may be important for recovery. Even if
there is limited sprouting below the lesion due to our severe injury, CST terminations on
descending propriospinal neurons above the lesion may also be important for SCI recovery
(Bareyre et al., 2004).

Our data on afferent input is in contradiction with other studies of 11C7 after SCI
(Maier et al., 2009, Chen et al., 2017). In our study, 11C7 alone had no impact on afferent
input to MNs. Again, the time between 11C7 therapy and tissue collection may also be
important. Retraction of afferents could have occurred even if they had temporarily
increased following 11C7 therapy. In our study 11C7 therapy and training under ES results
in a decrease in afferent input in the CB 11C7 group. There is a general decrease in neuronal
activity associated with locomotion following step training under ES (Ichiyama et al.,
2008a). The reduced activity observed in the above study could be a function of reduced

afferent input that we have observed in our data.

Our severe contusion injury has led to differential effects on recovery and axonal
sprouting as compared to partial transection studies (Maier et al., 2009, Chen et al., 2017).
There is very limited study of combinational treatments with 11C7, and none in rat
contusion injuries. The contusion model, while more clinically relevant, has a great deal of
secondary pathology and tissue damage associated with it (Rowland et al., 2008). This
damage, and the severity of our injury, means that 11C7 alone did not have the effect of
recovery observed in other studies with mild injuries (Z6rner and Schwab, 2010, Chen et
al., 2017, Maier et al., 2009). It is also likely that with prior 11C7 studies animals were
able to self-train to a greater extent than in the current more severe and complex contusion
injury. What we have found is that there are behavioural improvements following

sequential 11C7 and training where there were none with 11C7 alone.
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3.6.5 Drivers for afferent and presynaptic inhibitions changes

As mentioned before, afferent input is vital for recovery from SCI. Without
proprioceptive muscle spindles mice are unable to recover from SCI (Takeoka et al., 2014).
Training also relies on afferent activity to exert its effect on the H-reflex (Ollivier-Lanvin
et al., 2010), and epidural stimulation requires intact afferents to result in CPG activation
(Lavrov et al., 2008). The importance of sensory input for locomotor recovery suggests
that changes in this sensory network could underpin recovery. However, the research on
these afferent changes is not always clear.

Sensory input to MNs is increased following unilateral CST lesion in adult rats (Tan
et al., 2012), and a lack of sensory retraction has also been noted in complete transection
studies of neonatal rats (Smith et al., 2017). However, there is not always an increase in
afferent sprouting after loss of descending input. Khalki et al. (2018) found a decrease in
VGIUT1 boutons on MNs of the ankle flexor tibialis anterior after a complete spinal
transection. This reduction in afferent input was reversed after training with a 5-HT agonist.
However, training does not always cause an increase in afferent to MN contacts after SCI
(Chenetal., 2017). It is possible that different models of injury have led to different results
for afferent input changes. Khalki et al. (2018) used a complete transection while the others
used more targeted lesions (Tan et al., 2012, Chen et al., 2017). We have actually found a
reduction in VGIuT1 boutons in the CB 11C7 group. This suggests a retraction or
refinement of sensory input due to combinational treatment. A refinement of activation
patterns was noted by Ichiyama et al. (2008a), where training under ES and a 5-HT agonist
led to a reduction in the number of active neurons during stepping. The reduction in afferent
input observed in our study could be underlying the refinement in neural activity observed
by Ichiyama et al. (2008a).

Another sensory change noted after SCI is a reduction in pre-synaptic inhibition
(Caron et al., 2020). Pre-synaptic inhibition is caused by what are termed GABApre
interneurons contacting sensory afferents, the somata of which reside in the deep medial
dorsal horn (Hughes et al., 2005, Rudomin, 2009). They act to filter sensory information
and without them oscillations in movement occur (Fink et al., 2014). Presynaptic inhibitory
P boutons have decrease following sacral transection in a rat (Kapitza et al., 2012) and
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training is found to increase P bouton density after spinal transection in a rat (Khalki et al.,
2018), although there was no significant decrease in P boutons after SCI in Khalki et al.
(2018). Further research after a spinal transection has demonstrated reduced pre-synaptic
inhibition from afferent input, with treadmill training was able to reverse this (Caron et al.,
2020). The mechanism for the increase in pre-synaptic inhibition and P boutons probably
relies on increased afferent activity from training. This is because afferent glutamatergic
activity is known to drive P bouton formation (Mende et al., 2016). Eliminating afferent
glutamatergic activity decreased GABA synthesising GADG5 in P boutons and resulted in
reduced presynaptic inhibition. The link between afferent input and P boutons is not always
clear. In development there is a retraction of afferent input which coincides with an increase
in P bouton coverage (Smith et al., 2017). In the above study a neonatal transection
inhibited the sensory retraction, thus keeping afferent input hight, while at the same time
stunting P bouton increases. Thus, the simple number of afferent inputs does not dictate
the amount of P bouton coverage, even though afferent activity is one driver of their
formation. In our study clusters of 3+ P boutons were only increased in the ES and CB
11C7 groups. The change in P boutons was not correlated with changes in VGIuT1 afferent
input to MNs, as the CB 11C7 group had the least afferent to MN input and the highest
number of VGIuT1 boutons with 3+ P boutons (Figure 3.22).
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Figure 3.22 Summary of MN afferent and P bouton changes
Afferent input and the H reflex were reduced in the CB 11C7 group. However, the
proportion of afferent terminals on MNs with 3+ P boutons were increased.
3.6.6 Delayed training may have stunted locomotor recovery
We have demonstrated some functional recovery following combinational treatment
with sequential 11C7 therapy and training under ES. While recovery was best in these
animals, it was still modest. The reason we have only observed modest recovery could be
due to the timing of our intervention. Our model may be more clinically relevant, as
training is normally delayed after SCI. However, the delay in training may mean we have
missed the critical period of plasticity after injury. Delayed training does reduce the
behavioural benefits observed from training soon after (1 week) injury (Norrie et al., 2005).
Translational profiling has shown that after SCI, CST axons transiently express a
regenerative transcriptome which is then downregulated after two weeks (Poplawski et al.,
2020). Further research has underlined this critical period following SCI. The importance

of activity dependant plasticity during this period was shown by Bradley et al. (2019). In
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the above study the activity of descending propriospinal interneurons was inhibited from
days 14-21 following a dorsal hemisection. This inhibition led to decreased CST contacts
on these neurons and reduced recovery of locomotion. When these neurons were inhibited
in normal animals, or 12 weeks after SCI there was no effect on CST to propriospinal
neuron connections. It is not just propriospinal activity which has a time sensitive window
to alter descending input connections. CST and propriospinal neurons have reduced post
lesion sprouting in mice without proprioceptive afferents, however ablation of these
afferents 7 weeks after injury does not alter below lesion sprouting (Takeoka and Arber,
2019). Taken together, these studies suggest a critical period for activity dependant
plasticity of both afferents and propriospinal neurons which we may have missed using our

delayed training intervention.

3.6.7 Conclusion

This study is the first to demonstrate the effectiveness of sequential 11C7 therapy and
training under ES. Combinational rehabilitative therapy and plasticity enhancing
treatments are necessary to achieve motor recovery following SCI (Dickson et al., 2019).
Our study has demonstrated this, as none of the individual 11C7, training, or ES therapies
alone led to improved locomotor function. Further, 11C7 alone did not lead to increased
sprouting of afferents, TH or 5-HT fibres. Only when followed by locomotor training did
TH and 5-HT fibre sprouting occur, this suggests that in a severe contusion injury such as
ours 11C7 alone is insufficient, and therefore must be combined sequentially with activity
based therapy. The current clinical trial of anti-Nogo-A therapy has shown it is well
tolerated and thus can be continued (Kucher et al., 2018). We have presented evidence it
could also be used with sequential training under ES for improved locomotor recovery.



4 Gamma motor neuron targeting and innervation

4.1 Introduction

We know that proprioceptive information is important for movement and motor
learning. The role of muscle spindles in endogenous recovery from SCI has also been
demonstrated (Takeoka et al., 2014). Sensory input is also vital in training mediated spinal
changes and ES mediated locomotor recovery (Ollivier-Lanvin et al., 2010, Lavrov et al.,
2008). y-MNss exist to control the output from muscle spindles, and thus modulate the many
functions which require sensory input. However, their role in learning or recovery from
SCl is unclear, even though there is evidence of changes in their synaptic connectivity after
SCI (Ichiyama et al., 2011).

The separate supraspinal and segmental control of y-MNs poses further questions as
to their role. If they existed just to maintain spindle sensitivity during muscle contraction
then why even have y-MNs, and not just the dual intrafusal and extrafusal fibre innervating

B-MNs? Selective y-MN control could be important in terms of ‘fusimotor set’, where

either static or dynamic y-MN control acts tonically to alter sensory output based on task
specificity (Prochazka et al., 1985). Whereas a-MNs are only active if the muscle is
required to move, y-MNs may be tonically active during certain types of movements. Early
evidence in cats suggested a role for selective y-MN and not a-MN activity in novel or
complex tasks (Prochazka et al., 1988). However, this has not been fully replicated in
humans, where spindle output is often decreased when learning a visuomotor task (Jones
et al., 2001). Although human studies have limitations with tasks constrained to small
movements of only one limb in controlled settings, which thus may not be fully

representative of the role of y-MNSs in normal movement.

How the spinal network learns is still highly debated. Much focus has been placed on
the final common pathway of a-MNSs, and on the last order interneurons directly contacting
them (reviewed in the IN section of the general introduction). The second order actions of
y-MNs modulating spindle afferents has been ignored in favour of these pre-motor

interneuron studies. We have targeted y-MNs to discover their interneuronal, segmental
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and supraspinal inputs. We did this to elucidate their potentially important role in motor
learning suggested by earlier studies. This earlier evidence suggested increased dynamic
y-MN activity in novel or complex tasks (Prochazka et al., 1988) and a reduction in more
routine walking and running tasks (Prochazka et al., 1985). Prochazka (1989) has
suggested the above research shows that y-MNs are necessary to deliver ‘uncensored,
unanalysed’ information to the cortex in novel movements. The current human evidence
actually suggests reduced proprioceptive output during visually guided learning (Jones et
al., 2001), and pre-synaptic inhibition of afferent input to MNs is also increased during
skill acquisition (Perez et al., 2005). The limits of recording from afferents in normal
movement means that investigation of these circuitry in complex, multi joint, and faster

movements is not currently possible.

The data from Prochazka suggest a pivotal role for y-MNs in motor learning, however,
further study and evidence is required to determine if this is really the case. Uncovering
the inputs to these MNs could lead to a greater understanding of these phenomena, and
shed new light on motor learning in the spinal cord. Below is a brief description of the gaps
in our knowledge of the inputs and role of y-MNs, summarised from the full description

given in the first part of the general introduction.

4.1.1 Current understanding of y-MNSs, their inputs and role

y-MNs control the sensitivity of the muscle spindle. The basic anatomy of the spindle
was reviewed in the general introduction. Briefly, there are usually 1-2 primary afferents
and 1-5 secondary afferents innervating the muscle spindle (Prochazka, 1996). The spindle
has motor innervation from multiple y-MNs and often a f-MN, and each § and y MN
innervate multiple spindles (Emonet-Denand et al., 1992). A B-MN is a motor neuron with
axons innervating both the intrafusal and extrafusal muscle fibres. The typical spindle
contains a dynamic bag fibre (b1), a static bag fibre (b2), and 2-10 chain fibres (c)
(Matthews, 1964). There are two types of y-MNSs, dynamic and static. Excluding B-MNs,
motor control of by fibres is from dynamic y-MNs (yg) and motor control of bz and ¢
intrafusal fibres is from static y-MNs (ys) (Barker et al., 1973). Primary muscle spindle
afferents (1a) have sensory terminals on by, b2 and ¢ intrafusal fibres and secondary spindle
(group 1) afferents have sensory terminals on bz and c spindle fibres (Emonet-Dénand et
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al., 1977). Primary spindle afferents fire more during the application of stretch, while
primary and secondary afferents signal the length of stretch and have a sustained higher

firing rate until the return of the muscle to resting length (Harvey and Matthews, 1961).

The two types of y-MNs have different and sometimes opposite effects on spindle
afferent firing. Dynamic y-MNSs increase the sensitivity to stretch of the spindle primary
afferents and lead to a pronounced drop in primary afferent firing after stretch termination
(Emonet-Dénand et al., 1977). Static y-MNs increase the base rate of spindle afferent firing
(bias) while decreasing the stretch sensitivity (gain). Static y-MN activity also attenuates
the drop in firing after stretch termination. During muscle shortening ysactivity acts to limit
the decrease in spindle afferent firing (Prochazka et al., 1979). ysactivity is able to occlude
the effects of yq activity on la spindle afferents during small movements (Hulliger et al.,
1977). There is some functional and spindle connectivity overlap between the two y-MN
types (Emonet-Dénand et al., 1977). The division of y-MN activity means that just looking
at the whole y-MN population may not be as informative as looking at the individual sub-
populations. Although at present there is no way to molecularly define them.

There have been many studies investigating the supraspinal and segmental inputs to y-
MNs. These are reviewed in the general introduction, however a brief description is
provided here. The segmental inputs are diverse, however, there is not much evidence of
direct sensory to y-MN input bar a possible secondary afferent to yq connection in the cat
(Gladden et al., 1998). y-MNs are influenced by SA1 mechanoreceptors, secondary muscle
spindle afferents, group Il afferents responding to stretch or skin stimulation, and 5-HT
and BK intramuscular injections probably via group 11l and 1V afferents (Djupsjobacka et
al., 1995, Jovanovic et al., 1990, Appelberg et al., 1977, Gladden et al., 1998, Davey and
Ellaway, 1989). There are presumably many interneuronal connections, including
Renshaw cells, and dorsal horn interneurons such as dI3 which are found to excite a and
possibly y-MNs in response to cutaneous stimulation (Bui et al., 2013). However, the

identity and origin of the vast majority of the IN to y-MN connections remain elusive.

For supraspinal input to y-MNs there are structures such as the lateral vestibular
nucleus, reticular formation, and certain areas in the MLR which have similar effects on o

and y motor neurons. Selective control of y and not a-MNs has been observed from areas
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including the subcoeruleus nucleus, SNpr, MesADC, and anterior cerebellum (Hulliger,
1984). MesADC stimulation excites only yd neurons, while only ys neurons are excited from
stimulating the SNpr, vestibular nucleus or an area dorsal and caudal to the red nucleus.
The separate areas of control for ys and yq appears logical, as the two y-MN types often
display opposite effects on spindle afferents. Controlling the spindle feedback to the
locomotor network allows y-MNs to alter the response of the motor system to
proprioceptive stimuli. The separate control of yg, ys and a-MNs allows for adaptation of
the reflexes responses in different environments and during different levels of arousal. This
allows the dynamic y-MNs to increase spindle responsiveness in resting states in order to
counteract small postural differences, and allows the static y-MNs to maintain spindle
firing during contraction in order to assist in force production. There is an observed
difference in dynamic and static y-MN activity across flexors and extensors, where yqg
activity is dominant in extensors and ys activity is dominant in flexors (Cabelguen, 1981).
The increased dynamic y-MN activity in novel or complex tasks is another example of a

demonstrable split in activity between the two different types (Prochazka et al., 1988).

The lack of recordings made from clearly identified static and dynamic y-MNs in
naturally moving animals or man has limited the conclusions that can be made as to their
role. With the work by Taylor, Ellaway, Durbaba, and Rawlinson (Reviewed in Taylor et
al. (2004)) providing the clearest picture of y-MN function in movement. However, even
the above studies were completed on decerebrate cats on treadmills, and thus are not fully
representative of y-MN activity in normal movement. Targeting y-MNs and being able to
control/record their activity in awake freely moving animals would provide much more
robust information as to their role. At present there is limited clarity as to the role of y-
MNs in normal movement and locomotion, learning, and postural control. This may not be
resolved soon, due to the technical difficulties involved in continuously recording from

identified y-MNs in awake normally moving animals or humans.

The advent of new viral targeting and with it the ability to trace inputs, modulate and
record activity (Wickersham et al., 2007, Watakabe et al., 2017) has led us to investigate
routes to molecularly identify and target y-MNs. With this accomplished many questions

about the innervation and function of y-MNs could be solved
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412 Aims

We know proprioceptive information is vital for SCI recovery as mice without muscle
spindles were unable to recover any locomotor ability following a unilateral hemisection
(Takeoka et al., 2014). It is currently unknown whether y-MNs are also vital for this
recovery, however it does seem likely, as they are responsible for the control of these
spindles. Further hints at the role of y-MNs in SCI include research by Ichiyama et al.
(2011) who showed that there was a decrease in synaptic coverage on y-MNs following
neonatal transection. More research has shown y-MNs lack plasticity restricting
perineuronal nets (Smith et al., 2015), even after SCI (Al’joboori et al., 2020), and have a
reduced amount of neurite outgrowth inhibitor Nogo-A as compared to a-MNs following
SCI (unpublished observations). These observations have led us to believe that y-MNs
present a uniquely plastic and important target for SCI recovery. Our aim is to target y-

MNs in order to uncover their inputs and role.

In the absence of y-MN specific targeting and tracing, we have also investigated the
proportion of y-MNss in various muscles to clarify the role of y-MNs in the spinal locomotor
system. Determining the distribution and proportion of y-MNs in various muscles will
uncover more information as to their role. Due to the multiple avenues of y-MN
investigation we have completed, this chapter is split into four separate short introductions,
methods, results and discussions for each major hypothesis.

4.1.3 Hypotheses

i) The proportion of y-MNs will vary per muscle

i) An AAV targeted to the oestrogen related receptor y (Err3) will selectively
target y-MNs
(1) Err3 will selectively label y-MNs
(2) An AAV with an Err3 promotor will be selective for y-MNs

iii) 5-HT1p targeting will selectively label y-MNs
(1) In-situ hybridisation will show 5-HT1p to be selective for y-MNs
(2) An AAV with a 5-HT1p promotor will be selective for y-MNs

iv) The small proximal branch of the soleus nerve will allow selective y-MN

targeting
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4.2 Proportion of gamma motor neurons per muscle

Some insight into the role of y-MNs can be found by looking at muscle spindle
distribution. The number of spindles per muscle increases with size, however the density
of spindles is lower in larger compared to smaller muscles (Peck et al., 1984). It was
suggested that the relative excursion of small muscles means they act as motors for the
detection of stretch. This does not appear to be case, and there is another explanation for
increased density of spindles in smaller muscles. Banks and Stacey (1988) observed that
small muscles in large animals, and large muscles in small animals have similar numbers
of spindles (soleus of the cat (2.4 g, 56 spindles, 23 g—1;) abductor pollicis brevis of
humans (2.7 g, 80 spindles, 29.3 g—1). The relationship of spindle numbers to muscle size
is approximately 38 times the cube root of the muscle in grams (Prochazka, 1996). Taking
size differences into account like this, the spindle density of each muscle still varies. The
neck muscles have increased numbers of spindles while the shoulder girdle muscles have
fewer spindles. The author (Banks) suggested the reason for the reduced number of
spindles in the shoulder was due to the large range of motion and high number of degrees
of freedom in the shoulder (Banks, 2006). He suggested the role of muscle spindles was
more limited in shoulder girdle muscles due to this higher range of motion. This may be
the reason for the lower density of spindles in shoulder girdle muscles. However, the fact
that spindle density is not related to H-reflex amplitude (Berthoz et al., 1992) means this
argument is not entirely convincing. There may be more afferents per spindle in the
shoulder, just as there may be more y-MNSs per spindle. Thus, muscle spindle density may

not fully explain the role of proprioception in control of the individual muscle.

While determining the number of spindles per muscle allows for a increased
understanding of dynamic motor control, determining the number of y-MNs in each muscle
could be just as important. Variations in control of muscle spindles means that spindle
density may not tell the whole picture. New labelling and analysis methods have allowed
us to quantify the proportion of y-MNs per muscle. The presence of ChAT and lack of
NeuN has allowed us to reliably identify y-MNs (Friese et al., 2009). Advances in 3D
clearing and imaging of tissue means that this experiment is currently possible, with high
spatial reliability compared to cryo-sectioning multiple spinal segments. Understanding the
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distribution and proportion of y-MNs in various muscles will provide more information as
to their function. Therefore, we have studied the proportion of y-MNs in various hindlimb

and forelimb muscles in the rat.
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Figure 4.1 CTB injections, clearing and light sheet microscopy
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Animals were injected with CTB in various muscles of the forelimb and hindlimb
(A). Three animals were used for analysis (B). Tissue clearing and
immunostaining protocol included dehydration, antibody incubation, and clearing
(C) before imaging with light sheet microscopy (D).

4.2.1 Methods
4.2.1.1 Surgeries

Under isoflurane anaesthesia, the tracer CTB was injected into six different muscles
of three animals (Figure 4.1A). Two of each Gastrocnemius (GS), Tibialis Anterior (TA),
and Triceps Brachii (Triceps), and one of each Biceps Brachii (Biceps), Flexor Carpi
Radialis (wrist flexor), and intrinsic foot (foot) were injected (Figure 4.1B). 5 pl of 1%
CTB was injected into the GS and TA, 3 pl into the Biceps and Triceps, and 2 pl into the

wrist flexor and intrinsic foot muscles. Animals were left 72 hours before perfusion.

4.2.1.2 Tissue clearing and light sheet microscopy

Rather than section thousands of sections, large segments of spinal cord were cleared
for light sheet microscopy. The major issues for imaging thick sections is light
scattering/translucence due to refractive index differences in heterogeneous tissue samples
(Richardson and Lichtman, 2015). All clearing techniques aim to equilibrate the refractive
index of a sample so that light scattering occurs in a uniform manner. The method we have
chosen was a modified immunolabeling-enabled three-dimensional imaging of solvent-
cleared organs (iDISCO) protocol (Renier et al., 2014). This solvent based clearing has a
few different steps (Figure 4.1C). First, dehydration with lipid solvation, second,
immunostaining, and finally further lipid solvation and clearing by refractive index

matching before imaging.

Perfusions were as described in the Methods chapter. Spinal columns were post fixed
overnight at 4°C in 4% PFA in 1x PB, and then stored in 1x PB at 4°C until further steps.
All steps were conducted at room temperature and on a shaker unless otherwise stated. The
room temperature antibody incubation steps were a modification to the iDISCO protocol
in order to reduce non-specific staining. The lumbar and cervical enlargements were
excised from the remainder of the spinal cord and washed 2x 30 minutes in PBS. Samples
were dehydrated in a methanol/H20 series of 25%, 50%, 75%, and 100% methanol for

three hours each. There was a final 100% methanol step of 2 hours at 4°C before samples
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were incubated overnight in 66% dichloromethane (DCM)/33% methanol. Samples were
then washed 2x10 minutes in 100% methanol before rehydration in a 100%, 75%, 50%,
25% methanol/H,O series for three hours each. Samples were left to equilibrate in PBS for
2 hours before washing in PBST (0.2 % triton) 2x 1 hour.

Immunostaining began with 2 days permeabilization in 20% dimethyl sulfoxide
(DMSO) and 10 pg/ml of glycine in PBST. Blocking was completed for 2 days with 6%
NDS, 10% DMSO in PBST. Primary antibody incubation was four days with 1:500 anti-
ChAT goat, 1:500 anti-NeuN mouse, and 1:500 anti-CTB rabbit (Sigma, USA) in a
solution of 10ug/ml heparin, 5% DMSO, and 3%NDS in PBST. Samples were washed in
10 pg/ml heparin in PBST 4x 2 hours and overnight. Secondary antibody incubation was
four days in 1:500 anti-goat-555, 1:500 anti-mouse-488, and 1:250 anti-rabbit-647 in a
solution of 10 pg/ml heparin and 3%NDS in PBST. Samples were then washed in 10ug/ml
heparin in PBST 4x 2 hours and left overnight.

A final dehydration step was completed in a methanol/H2O series of 25%, 50%, 75%,
and 100% methanol for three hours each and then overnight in 100% methanol. Following
this there was a three-hour clearing step in 66% DCM/33% methanol. The methanol was
washed off with 2x15 minutes washes in 100% DCM. The final clearing step was
incubation in dibenzyl ether which resulted in visual clearing within 15 minutes. The
samples were then stored in dibenzyl ether at room temperature until imaging the week

after.

The UltraMicroscope Il LaVision BioTec (Germany) with 2x objective was used for
imaging. In light sheet microscopy light is projected orthogonally to the detection lens, in
contrast to normal light microscopy or confocal microscopy (Figure 4.1D). Samples were
imaged in ethyl cinnamate with 470, 560, and 630 nanometre wavelength light with a Z

stack at 5 pum steps.

Files were processed using IMARIS 9.3, the files were batch processed to create 3D
volumes and manual stitching was completed where necessary. 3D objects were created
out of CTB staining (Figure 4.2A-A*). and a and y-MNs were distinguished by the
presence of CTB staining and lack of NeuN (Figure 4.2C-C**). Only cells with visible
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dendritic staining with CTB were counted in order to minimise false positives (Figure
4.2B) (Tosolini and Morris, 2012). Objects were then labelled as o and y-MNs before
positional and MN type data were exported to excel for analysis (Figure 4.2D).

Statistical analysis between individual muscles was not completed due to small sample
sizes. A one-way ANOVA was used to compare forelimb and hindlimb and flexor and

extensor subgroups.
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B Only cells with visible
dendrites were counted

Objects
were
created
from
Ctb
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o and y-MNs were analysed in 2D and 3D and objects were labelled

Labelled objects positional data were exported to excel

Figure 4.2 Image processing on IMARIS
Images were processed on IMARIS software. 3D objects were created out of CTB
staining (A-A¥*). Only cells with visible dendrites were counted so as to exclude
weak staining from CTB leakage (B). o and y-MNs were identified by presence of
CTB staining and lack of strong NeuN staining (C-C**) and labelled based on 2D
and 3D analysis of staining (D-D**) before data were exported to excel. Blue =
CTB, green = NeuN (A-D). Scale bar B-C = 100 pm. Scale bar A and D = 1000

um.

4.2.2 Results/discussion
There were proportionally fewer y-MNs in the triceps than in other muscles (Figure

4.3 A and B). However, statistical analysis between individual muscles was not completed
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due to the small sample size. There was a lower proportion of y-MNs in forelimb than
hindlimb muscles (Figure 4.3C) (F= 7.752, p = .027). And a higher proportion of y-MNs
in flexor than extensor muscles (Figure 4.3D) (F= 6.051, p = .043).

We are the first to determine molecularly defined number and distribution of y-MNs
in various somatic muscles. Due to the lack of antibodies to determine the difference
between a and y-MNs this has not been completed previously. In prior studies, a and y-
MNs were defined simply by size differences. However, our data do concur with the earlier
size-based analysis, as the proportion of y-MNs was suggested to be roughly 25-30% of all
MNs in the cat gastrocnemius (Burke et al., 1977). The number of MNs per muscle was
higher than reported with earlier Fluorogold tracing studies for some lower limb muscles
(Table 4.1) (Mohan et al., 2015), but were similar for some muscles such as the wrist flexor
(Harrigan et al., 2019). Our method of whole tissue clearing could result in higher number
of neurons counted as no sections are lost using this method. It is also possible nearby
muscles were labelled, and further investigation of y-MNs could include multiple
retrograde tracers in different muscles to ensure only one motor pool is quantified (Han et
al., 2019). There is less fascia separating nearby muscles such as the soleus from the
gastrocnemius, therefore some overlap is possible (Han et al., 2019). However, it is
unlikely our injections labelled unwanted motor pools given the distribution and shape of
the labelled motor pools obtained (Fig. 1.2). Injections of tracer into the gastrocnemius and
tibialis anterior show MN pools in the correct and separate positions for each muscle
(Figure 4.2A%*). Even if some of the injections labelled multiple muscles, the split between
flexor and extensor and hindlimb and forelimb muscles will still be present as these

muscles are not in the same muscle compartments.

Our data do not entirely conform to muscle spindle data, which, after correcting for
size differences, show decreased spindles in the leg compared to the arm (Banks, 2006).
However, the number of spindles per muscle does not necessarily restrict the amount of y-
MNss per muscle. Each muscle spindle can be contacted by multiple y-MNs, and one y-MN
can innervate multiple spindles (Walro and Kucera, 1985), thus y-MN numbers need not
conform to spindle density data. Our data demonstrate the amount of control over the

sensory information flow, rather than the total amount of sensory information possible.
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In our study the proportion of y-MNs is higher in flexors than extensors. Akay et al.
(2014), found that Golgi tendon organs (GTOs) provided sufficient sensory feedback in
extensors during normal walking and that the function of extensors was largely unaffected
by the lack of muscle spindles. This suggests that there may be less need for muscle spindle
afferent information in extensors. Looking at covariation in spindles and GTOs, one study
found increased muscle spindles and concurrently decreased GTOs using a mouse
knockout for the ETS transcription factor ER81 (Kucera et al., 2002). Although another
study has found no correlation between increased GTOs and decreased muscle spindles in
the mouse soleus (Sonner et al., 2017). It is possible that GTOs and muscle spindles are
able to be modulated independently, but that in some circumstances, there are co-factors
which can lead to the upregulation of muscle spindles and the concurrent downregulation
of GTOs. As is often the case, the picture is somewhat complicated by the dynamic/static
y-MN divide. Extensors have been found to have more yq activity while flexors have more
ysactivity (Cabelguen, 1981). It is possible that differences in the main type of activity may
influence the number of y-MNs needed. Dynamic y-MN activity may need relatively fewer
v-MNis to increase the stretch sensitivity of spindles. While the servo-assistance ys activity
may require more y-MNs to maintain spindle firing during rapid contractions. Although
this is only a hypothesis and there is currently no evidence of differences in yd/ys ratio

differences per muscle.

The reason we found a lower proportion of y-MNs in the forelimb compared to
hindlimb is unclear. It is possible that forelimb muscles require less afferent control due to
the greater role of visual information to guide these muscles. Afferent input is reduced in
visuomotor adaptation tasks in humans (Jones et al., 2001), where there may be a mismatch
between visual information and proprioceptive input. This may explain some of the
reduced proportion of y-MNs in forelimb muscles. One clue could be found by looking at
differences in spinal motor network INs between the hindlimb and forelimb, where spinal
V2a INs show a graded connectivity array across the rostro caudal axis (Hayashi et al.,
2018). There are more cervical VV2a INs which project to supraspinal structures, while in
the more caudal lumbar regions VV2a INs do no project supraspinally, and instead form

recurrent networks with local spinal neurons. It is possible that the increased proportion of
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v-MNs in the lumbar spinal cord is for a similar reason. Where in the lumbar spinal cord
they are more important to control and coordinate local activity without as much
supraspinal input as the cervical regions. This is slightly speculative and more work is
needed to uncover the reasons for the forelimb hindlimb differences in y-MN proportion

we have demonstrated.
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Figure 4.3 a and y-MNs across muscles
There were no obvious distribution differences between o and y-MNs across the
motor pools of individual muscles (A). There were individual differences in y-
MNss as a percent of total MNs (B). However statistical tests were not completed
due to limited data. There was a lower proportion of y-MNs in forelimb muscles
than hindlimb muscles (C). There was also a lower proportion of y-MNSs in
extensors than flexors (D).
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Table 4.1 Number of MNs per muscle

Muscle Total MNs a-MNs v-MNs Percent y-MN
Tibialis Anterior 1 331 221 110 33%
Tibialis Anterior 2 245 162 83 34%

Gastrocnemius 1 245 182 63 26%
Gastrocnemius 2 424 316 108 25%
Intrinsic foot 284 197 87 31%
Triceps 1 88 76 12 14%
Triceps 2 202 160 42 21%
Biceps 95 71 24 25%
Wrist flexor 202 152 50 25%

4.3 Targeting y-MNs using an AAV

The many question marks around the innervation of y-MNs led us to investigate these
inputs by selectively targeting them for further tracing studies. To do this we targeted y-
MNs with AAVs specific only to them and not a-MNs. The ability to trace the inputs of y-

MNs will also be useful to study their changes before and after SCI and training.

A technique first demonstrated by Wickersham et al. (2007) found that it was possible
to restrict a modified rabies virus to only monosynaptic inputs. Previously, rabies virus
tracing resulted in polysynaptic virus transduction. Cells of interest for input tracing are
induced to express the TVA viral receptor. This allows an EnvA pseudotyped modified
rabies virus to enter only these cells for initial infection. The modified rabies virus unable
to produce a specific ‘G’ protein and is therefore unable to enter other cells. The cells of
interest are induced to produce this G protein along with the TV A receptor. The modified
rabies virus is then able to assemble with the G protein and spread through synapses
contacting the initial cell, but is not able to spread further due to the G protein deficiency.
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The ability of this technique to monosynaptically trace inputs to specific populations led

us to pursue this method. This plan for y-MNs is shown in Figure 4.4.

The AAV technique to induce G protein expression was chosen for multiple reasons.
One is that if we were able to target y-MNs for G protein expression they could also be
modified in other ways. As there is a large range of modifications which can be made using
AAVs (Watakabe et al., 2017). The other main reason was to allow for investigations of
neural circuitry in non-genetically modified rats. This would simplify experiments without
the need for complex genetic modifications and would allow for more detailed behavioural

assessments in rats as compared to mice.

’
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G protein Muscle Muscle
deficient spindle
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Figure 4.4 Plan for AAV targeting
The plan for AAV targeting was to inject an AAV with a y-MN specific promotor
into the chosen muscle. The AAV (green) would induce cells to produce G
protein. A modified rabies virus deficient in G protein (red) would then be
injected into the same muscle and transduce into y-MNSs and go precisely one
synapse further. Thus identifying the monosynaptic connections to y-MNSs.

4.3.1 Err3 Background

Studies using AAV/modified rabies virus often use universal promotors with spatially
defined regions of interest to target their neurons of interest (Stepien et al., 2010). Due to
the colocalization of y and a-MNs in the spinal cord (as demonstrated in Figure 4.1, 1.2

and 1.3), this method is unavailable to us. Other studies have used AAVs to target cells by
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their birth date (Deshpande et al., 2013, Arenkiel et al., 2011) or with Cre expressing mouse
lines for Cre dependant virus transduction (reviewed by Callaway and Luo (2015)). As
mentioned earlier, we did not wish to use genetically modified mice due to the limited
behavioural analysis and training possible with these animals. Therefore we investigated a

v-MN specific promotor for an AAV to be used in normal non-genetically modified rats.

Identifying specific markers for y-MNs was the first step to progress with the
techniques above. The transcription factor, oestrogen related receptor y (Err3) was
previously shown to be specific to y-MNs (Friese et al., 2009). We investigated the
exclusivity of Err3 to y-MNSs using the antibody from the above study. Simultaneous testing
of an AAV with an Err3 promotor was completed alongside this, as the AAV-Err3-GFP
had already been conjugated by Dr. Melissa Andrews (Southampton University).

4.3.2 IHC for Err3

Perfusions, tissue processing and IHC conformed to the methods chapter 2 unless
otherwise stated. The Err3 antibody (R&D systems, USA) was the same as that of Friese
et al. (2009). First trials with this antibody using 24-72 hour incubations were unsuccessful
at producing clear nuclear staining (Figure 4.5A). Because of these negative results antigen
retrieval (AR) techniques were attempted. AR is used to reverse the masking of epitopes
which occurs during fixation/perfusion of the tissue. The AR protocol was 30 minutes
incubation in 12 mM sodium citrate at 80 °C. On first inspection the AR appeared to have
been successful with the nucleus of many cells stained (Figure 4.5B). Triple staining with
ChAT and NeuN was the next step to confirm the identity of the cells stained, however,
the results for this showed that the AR had led to staining in the nucleus of all cells
regardless of primary antibody (Figure 4.5C). For this reason, AR was discontinued, as the
method leading to universal staining did not appear reliable. Other research had shown
success with the Err3 antibody using harsh antigen retrieval in paraffin sections of mice,
but did not give the same results in our experiments (Yasvoina et al., 2013, Misawa et al.,
2012). | then tried a series of trials with more concentrated detergent in order to achieve
greater permeabilization of the cell and nuclear membrane. This was unsuccessful, with
higher concentrations of Triton*!% leading to hugely increased non-specific staining,

including white matter staining. These higher Triton*1% concentrations were also trialled
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with tris buffered saline (TBS) with similarly negative results. Three other antibodies were
also trialled. Neither an Err3 antibody from Proteintech (UK) nor GDNF receptor subunit-
al antibodies from Proteintech (UK) or R&D systems (UK) resulted in specific y-MN

staining.

Primary antibody

concentration
0.5 and 1% PBST
0.5% PBST
0.5% PBST
0.2% PBST
0.2% PBST*
1:100 Err3 1:250 ChAT 1:500
NeuN
1:100 Err3 1:250 ChAT 1:500
NeuN

0.2% PBST.*

0.2% PBST

0.5, 2.0, and 8.0% PBST

1:100 Err3 1:250 ChAT 1:500
NeuN
1:100 Err3_1:500 NeuN

0.5, 2.0, and 8.0% PBST
0.2% TBST

0.5, 2.0, and 8.0% TBST

Permeabilization

Primary incubation
time
24 hr
24 hr
72 hr
24,48, and 72 hr
24 hr
Chat 48h, Err3 &
NeuN 24h
Err3 72 hr, Chat 48

hr, & NeuN 24 hr
24 hr, 48 hrand 72 hr

Err3 72h, Chat 48h, &

NeuN 24h
24h

24 hr and 48 hr

No cellular staining
No cellular staining
Some unclear staining
Some unclear staining
Strong nuclear staining
All cells positive for all three

antibodies
Weak non-specific staining

Non-specific and white

matter staining
White matter staining

No cellular staining
Some oligodendrocyte

staining at 8.0% TBST

*antigen retrieval of 30 minutes in 12 mM sodium citrate solution at 80°C

w

Figure 4.5 Err3 staining attempts

Multiple attempts were made to target y-MNs with the Err3 antibody (R&D) (A).
Some cellular staining was seen after antigen retrieval techniques were used (B).
But further triple staining found that all cells were positive for all antibodies
following this pre-treatment (C). Scale bar in B = 100 pm, in C = 200 pm

Looking for further targets is necessary to selectively target y-MNs. The current
method to distinguish a from y-MNs is by lack of NeuN staining in y-MNs (Friese et al.,
2009). Using a negative marker does not allow for the design of specific y-MN targeting

viral vectors for tracing or modifying the neurons. Unfortunately, it does not look as if the
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Err3 antibody is ready to be used to identify y-MNs in rats. There are other potential targets
for immunohistochemistry for y-MNs , Wnt7a has been shown to be selective for y-MNs,
however that was using in situ hybridization and there has been no published data on a
Whnt7a antibody used in the spinal cord (Ashrafi et al., 2012). Na*/K" ATPase alpha 3
subunit (NKAa3), has been published as being selective for y-MNs (Edwards et al., 2013).
However, the results do not appear to be reliably conclusive regarding the exclusivity of
NKAa3 to y-MNs, as a-MNs also display some of this receptor on their cell membrane. It
is probable that there is less of the NKAa3 subunit on a-MNSs, but the evidence of its
complete specificity is not convincing given the images in the above paper. The serotonin
receptor 1d (5-ht1d) has been shown to be selective for y-MNs (Enjin et al., 2012), however
this too has only been accomplished using in situ hybridization and not

immunohistochemistry.

4.3.3 AAV-Err3-GFP

AAV-Err3-GFP injections continued alongside the immunohistochemistry
investigations above. The AAV serotype used was AAV-DJ, which is a hybrid of type 2,
type 8, and type 9 AAVs (Lerch et al., 2012). The serotype is more easily transduced and
escapes humoral neutralization and the immune response more effectively than any of its
three precursors (AAV 2, 8, or 9) (Grimm et al., 2008). The AAV was designed and
conjugated by Dr. Melissa Andrews (Figure 4.6A) and the Err3 promotor/reporter was
produced by GenoCopoeia (USA). The promotor was conjugated to the AAV-DJ by Dr.
Andrews and tested on cultured SKOV3 cells. SKOV3 cells are an ovarian cancer cell line
which express high levels of Err3. The test was successful, with a number of cells
expressing GFP 48 hours following AAV exposure (Figure 4.6B). Because the AAV-Err3-
GFP was successful in transfecting SKOV3 cells it was decided to pursue an in vivo

experiment to test the virus.

The AAV was diluted with sterile saline the night before surgery. Four animals
received intramuscular injections and two received intraspinal injections. The intraspinal
injections were in case the AAV was unable to be retrogradely transported from the
periphery. The injection concentrations, location and volumes of AAV given to each

animal are shown in Figure 4.6C. For intramuscular injections an incision was made to
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reveal the muscle, the fascia was opened and injections were administered with a Hamilton
syringe by manual pressure. For intraspinal injections an L1 dorsal laminectomy was
performed and animals were injected with pulled glass pipettes. The Nanolitre 2000 with
the Micro4 controller (World Precision Instruments, UK) was used for injections. Animals
were left for 25 days before sacrificing as per the protocol for intramuscular AAV
injections by Fortun et al. (2009). Animals were perfused and tissue was processed as per

the general methods chapter.

Perfusions, tissue processing and IHC conformed to the methods chapter unless
otherwise stated. Sections were incubated in primary antibody anti-ChAT (goat) (48 hr)
and anti-NeuN (mouse) (24 hr) (as before, chapter 3), and anti-GFP (1:500, 24 hr) (rabbit,
Abcam) in 3% NDS PBST. Secondary antibodies were anti-rabbit-488, anti-goat-555 and
anti-mouse-647 (as before in chapter 3). Imaging was completed using the LSM 880

(Zeiss) at 63x with oil immersion.

Initial imaging of sections counterstained for GFP showed that the AAV had
successfully transduced MNs in the ventral horn (Figure 4.6D). All spinal cord sections
imaged showed a number of MNs positive for GFP indicating that the virus was transduced
regardless of injection concentration. Sections from animals which received intraspinal or
intramuscular injections both showed MNs which were positive for GFP. Unfortunately, it
appeared as if both o and y-MNs were labelled regardless of type. Counterstaining for
NeuN and Chat confirmed this lack of transduction specificity as Chat"/NeuN" (a-MNs)
and Chat"/NeuN- (y-MNs) cells were transduced (Figure 4.6D). Thus, while the AAV is
transducing the MNs, either the Err3 promotor is not functioning as it is supposed to, or

both o and y MNs contain Err3.

The Err3 promotor was chosen in order to selectively target y and not a-MNs as it was
shown to be specific for y-MNs by Friese et al. (2009). Unfortunately, AAV-Err3-GFP has
proven not to be specific for y-MNs regardless of injection concentration. Either the Err3
promotor is not working in the AAV, or Err3 is not completely specific for y-MNs. Further
study of the literature has suggested the latter to be the case. Friese et al. (2009), Misawa
et al. (2012), and Shneider et al. (2009) all state that Err3 is specific for y-MNs. However,

they also show that Err3 is present in a-MNs, only in smaller amounts than in y-MNs. This
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could be the cause for the non-specificity of the AAV used in the current experiment, where
the presence of any amount of Err3 could be leading to the GFP being expressed in both a

and y-MNs.
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mm Location and volume of injection

1:10 Medial gastrocnemius bilaterally, and left Biceps 4 x 1.5 pl
— 1:50 Medial gastrocnemius bilaterally, and left Biceps 4 x 1.5 pl
n Pure Medial gastrocnemius bilaterally, and left Biceps 4 x 1.5 pl
n 1:10 Medial gastrocnemius bilaterally 4 x 1.5 pl

— 1:10 Dorsal L4-L5 intraspinal bilaterally .5 mm from midline 1.0 mm deep. 2 x .5 pl
— Pure Dorsal L4-L5 intraspinal bilaterally .5 mm from midline 1.0 mm deep. 2 x..5 pl
D

Figure 4.6 AAV-Err3-GFP intramuscular and intraspinal
injections
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An AAV viral vector with an Err3 promotor and a GFP insert was created by
GenoCopoeia (A). The AAV successfully transduced SKOV3 cells with GFP (B).
Six animals were injected in different locations with an array of viral
concentrations (C). AAV-Err3-GFP successfully transduced MNs after
intramuscular injection (D). However, both a-MNs (white arrow) and y-MNs
(white chevron) were transduced. Blue = NeuN, Green = GFP, Red =ChAT. Scale
bar =50 pm

4.4 Targeting y-MNs using AAV-5htl1d-GFP

After the unsuccessful AAV-Err3-GFP targeting, we turned to the 5-HT1p receptor.
This receptor was found to be selective for y-MNs by Enjin et al. (2012). They screened
small MNs in the motor columns using the GENSAT database (http://www.gensat.org). A

mouse line with GFP expression in 5-HTip expressing cells was found and In situ
hybridisation discovered 5-HT1p in small MNs of cranial motor pools. 5-HT1p was found
in cells in the abducens nucleus, which has y-MNs, while it was not found in motor pools
of the nucleus facialis which do not have y-MNs. Early growth response 3 (Egr3) knockout
animals lack muscle spindles and y-MNs (Tourtellotte et al., 2001). In the study by Enjin
et al. (2012), these Egr3 KO mice had greatly reduced numbers of 5-HT1p positive cells,
(~1 neuron per motor pool in Egr3 KO compared to ~11 in wild type mice). The evidence
above suggests that 5-HT1p is specific to y-MNs in mice. Therefore, we decided to pursue

this as a target for the next AAV experiments.

4.4.1 Insitu hybridization probe production

Because of earlier trouble with on-specificity of targeting, we decided to confirm that
5-HT1p is also specific to y-MNs in rats. To do this, in-situ hybridisation was performed in
combination with immunohistochemistry. A labelled RNA probe was created and the
process for doing so is shown in Figure 4.7A. Methods were similar to those of Knoth et
al. (2010) and are described below.

The Isolate Il RNA mini kit (Bioline USA) was used to extract RNA from the rat
olfactory bulb. First, 30 mg of tissue was homogenised with a scalpel blade and a large
syringe. Then 600 pl of lysis buffer RLY was added to the sample before vortexing and
further homogenisation with a syringe. Lysate was filtered by centrifuging at 11,000 g (g

= centrifugal force of gravity) for one minute on a filter column, all centrifuge steps were
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performed at 11,000 g unless otherwise stated. 600 pl of 70% ethanol was added before
lysate was added to a binding column and centrifuged for 30 seconds. 350 pl of membrane
desalting fluid was added to the column before centrifuging for a further 30 seconds. 100
pl of DNase 1 in reaction buffer was applied to the column and left to incubate at room
temperature for 15 minutes. In order to inactivate the DNase, 200 pl of wash buffer 1 was
added to the column and the sample was centrifuged for 30 seconds. 600 pl of wash buffer
2 was added before another centrifuge for 30 seconds. A final 250 pl of wash buffer 2 was
added and the sample was centrifuged for two minutes. To elute the RNA, 60 pl of distilled
H>O was added to the column before centrifuging for 1 minute. The Nanodrop 2000
(Thermo Fisher, USA) was used to measure RNA concentration at 491 ng/ul and a 260:280
ratio of 2.0 indicating pure RNA.

cDNA was created from extracted RNA using the Tetro™ c¢cDNA synthesis Kit with
MMLYV reverse transcriptase with oligo (dT)1s (Bioline, USA). For this process 4.9 pg of
extracted RNA from above was added to 1 pl 10 mM of deoxynucleoside triphosphate
(dNTP) mix, 4 ul of 5x reaction buffer, 1 pl of RNase inhibitor and 1 pl of 200 units/ul
Tetro reverse transcriptase. Diethyl pyrocarbonate treated (DEPC) distilled H2O (dH20)
was added to top the reaction up to 20 pl before the sample was left to incubate for 30
minutes at 45°C. The reaction was terminated by leaving for five minutes at 80 °C and the
samples was then stored at -20 °C.

The primers used for probe production were TCTTCACTCTGCTCGCTCAA forward
and ATGGGGAGGACCAAGGATALC reverse for a probe with nucleotides 742-968 from
the 5HT1p gene (Genbank accession number NM_012852.1). The MangoTagq™ DNA
polymerase kit (Bioline, USA) was used for polymerase chain reaction (PCR). A 50 pl
reaction was set up with 10 pl or 5x reaction buffer, 1.5 ul of 50 mM MgCl, 5 pl of 10
mM dNTP mix, 1 pl of 20 uM forward primer, 1 pl of 20 uM reverse primer, 1 pl of 5
units/ul Mango Taq DNA polymerase, 1 pl of .5 pg/ul cDNA template from above, with
29.5 ul of dH.0O added to top the reaction up to 50 pl. The PCR mix was denatured for 5
minutes at 95°C before 35 cycles of 30 seconds at 95°C for denaturation, 30 seconds at
56°C for annealing, and 30 seconds at 72°C for elongation. The final annealing step was
for 10 minutes at 72°C.
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The PCR product was run on a 1% agarose gel in Tris-acetate-
Ethylenediaminetetraacetic acid (EDTA) (TAE) buffer with .02 % ethidium bromide for
DNA detection. The gel containing the correct band of 226 base pairs was extracted and
DNA was purified from this using the QIAquick Gel Extraction Kit (Qiagen, Germany).
1200 pl of a high salt buffer was added to 400 mg of extracted agarose gel and left for 10
minutes at 50°C before 400 ul of isopropanol was added in order to precipitate the DNA.
The mixture from above was added to the silica membrane from the kit. After centrifuging
for 1 minute at 13,000 g, a further 500 pl of high salt buffer was added before another 1
minute centrifuge at 13,000 g. A further wash in 750 pl of a different buffer was completed
before centrifuging for 1 minute at 13,000 g, discarding of waste, and another identical
centrifuge. To elute the DNA 40 pul of dH20 was added to the column and this was left for

five minutes at room temperature before centrifuging for 1 minute.

The product from the gel extraction above was then added to a new PCR identical to
that above. The only differences were in the different primers and the cDNA template from
above replaced by the gel extraction product. The primers for the new PCR included the
promotor sequences for SP6 and T7 RNA polymerases on the forward and reverse primers
respectively. The SP6-forward sequence was ATTTAGGTGACACTATAGATCTTCA-
CTCTGCTCGCTCAA, and the T7-reverse sequence was TAATACGACTCACTATA-
GGATGGGGAGGACCAAGGATAC. The product of this PCR was then run on an
identical gel to that above, and the band containing the DNA with the SP6/T7 primer
sequences was extracted and purified in the same process as that above. The product was
sequenced by Genewiz (Germany) which confirmed that the correct sequence was

produced with no mutations.

The SP6/T7-Polymerase Digoxigenin (DIG) Labeling and Transcription Kit” (Roche
Diagnostics, Germany) was used to create the RNA probe. To start, 13 pl of 79 ng/ul DNA
with SP6/T7 primers from above was used as the template. 2 pl of 10x NTP labelling mix
(10 MM ATP, 10 MM CTP, 10 mM GTP, 6.5 mM UTP, 3.5 mM DIG-11-UTP) was added
with 2 pl of 10x transcription buffer and 1 pl of RNase inhibitor. Finally, 2 pl of either SP6
or T7 RNA polymerase (20 units/ul) was added to create the sense (control), or antisense
probes respectively. These reactions were incubated for 2 hours at 37°C, before 2 pl DNase
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| was added to remove the template and 2 pl of EDTA was added to stop the reaction. The

product of this reaction was then run on a gel to confirm successful probe creation.

To further purify the product from above it was run through the same RNA extraction
protocol with the Isolate I RNA mini kit (Bioline USA). Briefly, the reaction from above
was added to 60 pl of dH20, 300 ul of lysis buffer and 300 pl of 100% ethanol before being
added to a binding column and centrifuged for 30 seconds. 350 pl of membrane desalting
fluid was added to the column before centrifuging for a further 30 seconds. 200 pl of wash
buffer 1 was added to the column and the sample was centrifuged for 30 seconds and 600
pl of wash buffer 2 was then added before another centrifuge for 30 seconds. A final 250
pl of wash buffer 2 was added and the sample was centrifuged for two minutes. To elute
the probe, 40 pul of distilled H20O was added to the column before centrifuging for 1 minute.
The Nanodrop 2000 (Thermo Fisher, USA) was used to measure probe concentration at

370 ng/ul and control (SP6) sense probe at 140 ng/pl.
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Figure 4.7 DIG-labelled probe production and in-situ hybridisation
A 5HT1p DIG labelled probe was produced from olfactory bulb total RNA (A). In-
situ hybridisation and immunohistochemistry (B) confirmed that 5HT:0 mMRNA
was mostly present in presumed y-MNs (C). Scale bar = 50 um

4.4.2 In-situ hybridization confirms 5htld is specific for gamma motor neurons
The protocol for In-situ hybridisation was similar to those of Knoth et al. (2010) and
the major steps are outlined in Figure 4.7B. A single adult (200g) Sprague Dawley rat was
perfused, and the tissue processed as per the methods chapter. The only difference was that
spinal sections were placed directly on glass slides (SuperFrost Plus™, Fisher Scientific,

UK) which were stored at -80°C. All buffers for perfusions, tissue processing, hybridisation
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and immunostaining were prepared with sterilised and autoclaved .01% DEPC treated

water to destroy any RNase which could undermine the protocol.

The following steps were all completed at room temperature unless otherwise stated.
Slides were removed from the -80°C freezer and left for 1 hour to thaw. Slides were then
washed with PBS three times ten minutes (3x10) before permeabilization with 0.5% PBST
and washed again three times ten minutes in PBS. Triethanolamine (1.4%) and acetic
anhydride (0.25%) in dH>O were added for ten minutes to repress non-specific structure
formation before washing 3x 10 minutes in PBS. Slides were then left in pre-hybridisation
mixture consisting of 50% formamide, and 50% 5x standard saline citrate buffer (SSC)
(0.015 sodium citrate [pH 7.0], 0.15 M NaCl)) for two hours at 60°C. Formamide lowers
the melting point and annealing temperature of RNA to increase hybridisation rate and
lower denaturation. The hybridisation solution consisted of 50% formamide, 25% 20x
SSC, 20% blocking reagent from the DIG Nucleic Acid Detection Kit (Roche Diagnostics,
Germany), 1% 0.5 mM EDTA, 0.1% Tween-20, 0.2% 200 pg/ml salmon sperm DNA,
0.5% CHAPS with topped up sense or anti-sense DIG-labelled probes at a final
concentration of 0.5 pg/ml. 300 ul of hybridisation solution was placed on each slide and
the slides were left overnight at 60°C. The slides were then washed 2x15 minutes in 2x
SSC at 60°C, and then 1x15 minutes at room temperature in 0.1 x SSC. Slides were washed
2x10 minutes in PBS before proceeding to immunohistochemistry and detection steps.

Primary antibodies against ChAT (goat) and NeuN (rabbit) were used for triple
staining the sections. First, slides were incubated overnight in 1:250 ChAT in PBS at 4°C,
then one further night in 1:250 ChAT and 1:500 NeuN in PBS at 4°C. Sections were washed
3x10 minutes in PBS before a further 30 minutes in 1% blocking reagent from the DIG
Nucleic Acid Detection Kit in Maleic acid buffer (0.1 M Maleic acid, 0.15 M NaCl; pH
7.5 adjusted with NaOH). Further antibodies were added to the 1% blocking reagent in
Maleic acid buffer. These antibodies were 1:1000 anti-digoxigenin-alkaline phosphatase
(Roche, Germany), 1:250 anti-goat-555 and 1:250 anti-rabbit-488. Sections were washed
3x10 minutes in PBS, and then 10 minutes in detection buffer (0.1 M Tris-HCI, 0.1 M
NaCl, pH 9.5) to increase the pH. NBT/BCIP tablets (Roche, Germany) were used for
detection. BCIP is an alkaline phosphatase substrate, after dephosphorylation BCIP is
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oxidized by NBT to form a dark water insoluble indigo dye. The detection solution was
left on the slides for two hours until clear staining was visible on the non-control slides.
Sections were washed 2x10 minutes in PBS and then 2x10 minutes in TNS before

mounting with Fluorsave (Merck, Germany).

Images were taken at 10x magnification on the fluorescence microscope (Nikon
Eclipse E600) with Micro publisher 5.0 RTV used to take images and Aquis 2.0 software
used for settings adjustments. Results showed that 5-HT1p was present in y-MNs and did
not appear to be present in a-MNSs (Figure 4.7C). Thus, we proceeded with plans for an

AAV with a 5HT1p specific promotor.

4.4.3 AAV-5htld injections

A 5HTip-YFP plasmid was prepared by Dr. Melissa Andrews, from a sequence
created by GenoCopoeia (USA). The AAV was produced by Viogene Biosciences (USA)
who inserted the plasmid into the AAV-DJ serotype.

For the first experiment, 4 x 1.5 pl of 1x10'? genome copies/ml injections were made
into the left gastrocnemius of two Sprague Dawley rats (Figure 4.8A). Animals were left
for two weeks before perfusion and tissue preparation as per the methods chapter.
Immunostaining with antibodies against ChAT, NeuN, and GFP (methods for this triple
staining in section 4.3.3) revealed that no MNs were transduced by the injections (Figure
4.8B).

This lack of transduction with a 1:10 dilution of the AAV led us to use a higher
concentration of AAV (1x10'® genome copies/ml). We injected the AAV intraspinally to
determine if the intramuscular point of entry did not allow CNS transduction with this
virus. After two weeks animals were sacrificed and perfused as per the methods chapter
with immunostaining as above. No MNs were transduced after intraspinal injections, and

staining of any cells with GFP was sparse.

We then trialled a longer transduction time, this time waiting 4.5 weeks before
perfusions and tissue preparation. Intraspinal or intramuscular injections with the higher
concentration AAV (1x10* genome copies/ml) left for four and half weeks revealed no

improvement in MN transduction (Figure 4.8C). Our viral concentration was higher and
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our transduction time longer than other studies using intramuscular injections for tracing
(Chen et al., 2020). Therefore neither the transduction time or viral concentration appear

to be the problem.

The reason for this lack of transduction could be the lower levels of 5-HT1p mMRNA in
cells as compared to other promotors such as CAG and CMV which are both highly
expressed in all neurons. The targeting of individual neuron types by AAVs with specific
promotors does not appear to be a widespread technique, with more universal and highly
expressed cellular promotors normally used (Nieuwenhuis et al., 2021). Studies often use
universal promotors with spatially defined regions of interest to target their neurons of
interest (Stepien et al., 2010). Unfortunately, due to the colocalization of y and a-MNs in
the spinal cord, this method is unavailable to us. Other studies have used AAVs to target
cells by their birth date (Deshpande et al., 2013, Arenkiel et al., 2011). Many other studies
have targeted individual cell types via cell specific Cre recombinase expressing mouse
lines with Cre dependant AAVs (reviewed by Callaway and Luo (2015)). This method is
also unsuitable for our goals as there are no relevant Cre lines available with rats. There is
one study virally targeting cells by receptor subtype. However, the study used a special
bridge protein with the avian viral receptor TVB fused to the ligand for the specific receptor
where the TVB receptor allowed a EnvB-pseudotyped virus to transduce only the cells of
interest (Choi et al., 2010). This complex receptor-bridge protein technique is not currently
viable for this project. Future studies using Cre mice with Cre dependent AAVs could be

an option, even if the benefits of working with non-genetically altered rats are lost.
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A
mm Location and volume of injection Transduction time

1:10 Left gastrocnemius 4 x 1.5 ul 2 weeks

1:10 Left gastrocnemius 4 x 1.5 ul 2 weeks
Thoracic intraspinal bilaterally .5 mm from midline
1.0 mm deep. 2 x .5 i
Right gastrocnemius 4 x 1.5 ul
Pure Cervical intraspinal bilaterally .5 mm from midline 4.5 weeks

1.0 mm deep. 2 x .5 pl

Pure 2 weeks

Pure Right gastrocnemius 4 x 1.5 pl 4.5 weeks

Cc

2 weeks
with 1:10

Figure 4.8 AAV-5HT1p-YFP not transduced by MNs
AAV-5HT14-YFP was injected into the gastrocnemius of two animals and left for
two weeks (A). After the AAV was not successfully transduced (B), more
experiments were carried out (A). These experiments were similarly unsuccessful
at transducing MNs (C). Scale bar = 50 pum

4.5 Targeting y-MNs via the small nerve branch of the soleus

Attempts to create a y-MN specific AAV were unsuccessful using either Err3 or 5-
HTip. As mentioned previously, many AAV/rabies virus tracing attempts use location
based targeting (Stepien et al., 2010). That method is unavailable to us due to the
colocalization of y and a-MNs. However, some anatomical separation may be possible.
One study found that a branch of the rat soleus muscle nerve contained y, but not a-MNs

(Vult von Steyern et al., 1999). A proximal thin branch diverged from the main nerve prior
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to entry, this branch was confirmed to contain y but not a-MNs by anterograde and
retrograde tracing. The lack of extrafusal muscle activity from the small proximal nerve
branch was confirmed by electrical stimulation of the nerve after the larger distal nerve had
been cut. One point about the above study is that retrograde tracing of y-MNs was only
completed by aspirating the small branch with a glass pipette filled with dextran dyes.
Muscle injections with the large branch severed were not completed. Our method to trace
y-MN inputs require intramuscular injections rather than nerve preparations. This is
because the rabies virus transduction requires more time than is available to keep an
anaesthetised preparation going. Thus we have investigated the possibility of selectively
tracing y-MNs by cutting the large distal branch of the soleus and injecting tracers into the

soleus.

4.5.1 Surgeries and immunohistochemistry

Animal were anaesthetised with isoflurane as per the methods chapter. Adult male
Wistar rats were used for experiments as these were the same animals used by Vult von
Steyern et al. (1999). A small skin incision was made and muscles were blunt dissected
with one thin layer of the Gastrocnemius cut to expose the soleus muscle. The large branch
of the soleus nerve was first tied with two sutures (Ethilon 9.0, Ethicon, USA). There was
one suture close to the muscle and one close to the nerve bifurcation before the large branch
was then cut between these sutures and 3M Vetbond Tissue Adhesive (3M, USA) was
applied to both the cut ends of the large nerve branch (Figure 4.9A). Varying amounts of
1% CTB or 1 % fast blue were injected into the muscle using a Hamilton syringe (Hamilton
Company, USA) under manual pressure (Figure 4.9B). The needle was left for two minutes
after injection and the area was dried with a cotton bud following needle removal. 3M
Vetbond Tissue Adhesive (3M, USA) was applied to the injection site and the fascia and
skin incision of the animal was sutured. Animals received the normal post-operative care

and were perfused 48-72 hours later as per the general methods.

Immunohistochemistry for all spinal sections was performed on free floating tissue as
per the general methods. Primary incubation included antibodies against ChAT (48 hours),
NeuN (24 hours), and CTB (24 hours) (Rabbit. Sigma, USA). Secondary antibodies were
anti-goat-488, anti-rabbit-555, and anti-mouse-647 for unconjugated CTB injections. For
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fast blue injections or other pre-conjugated CTB injections no CTB immunohistochemistry
was completed, and non spectrally overlapping secondary antibodies anti-goat-488 or anti-
goat-555 were used depending on the conjugated CTB. Imaging took place on the LSM
880 (Zeiss) at 20x.
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Time
a or y-MNs
— 72 hr Left soleus 3 ul CTB y-MNs
n 72 hr Left soleus 3 ul CTB a and y-MNs
n 72 hr Left soleus 3 pl CTB a and y-MNs
Left soleus 2 pl fast blue (1%), right soleus 3 pl
72 hr a and y-MNs
Small CTB
proximal Left soleus 2 pl fast blue (1%), right soleus 3 pl .
branch 72 hr y-MN in left
CTB
Left soleus 3 pl fast blue (1%) and 2 pl of CTB-
72 hr a and y-MNs
555, right soleus 3 ul CTB-488
- - Left soleus 3 pl fast blue (1%) and 2 pl of CTB- y-MN in left
b
555, right soleus 3 ul CTB-488 CTB-555
Left soleus 3 pl fast blue (1%) and 2 pl of CTB-
72 hr . a and y-MNs
488, right soleus 3 pl CTB-555
Large branch cut N - Right soleus 3 pl CTB aand y-MNs

Combined

€5

Figure 4.9 Soleus injections with distal branch cut and tied
The soleus nerve large distal branch was cut and tied (A). Injections with either
CTB, conjugated CTB-488, conjugated CTB-555 or fast blue were injected into
the soleus (B). Some animals had few o and y-MNs traced following CTB
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injections (C #4), others had y-MNs only following CTB injections (C #7), or fast

blue injections (C #5). Other animals had many neurons stained indicating more

extensive staining potentially through other nerves or muscles (C#10). Scale bar

in A =~1mm, scale bar in C =50 pm.
4.5.2 Soleus small nerve branch tracing results

Small branch soleus tracing showed mixed results. Some animals had only y-MNs

traced from CTB or fast blue injections (animals #1, #5, and #7) (Figure 4.9C #5 fast blue,
and #7 CTB). While many of the other animals had both o and y-MNs labelled (Figure
4.9C #4 and #10 CTB). Why this is the case is not entirely evident. There are some
anatomical differences between animals and the nerve is not always exactly the same.
Vasculature and nerve branch structure vary considerably between animals. Possible
leakage of intramuscular tracer is possible. It is known that damaged nerves are quite
efficient at retrograde transfer (Todorova and Rodziewicz, 1995), so any small leakage
may be quickly picked up by the proximal end of the cut large nerve branch. The current
surgeries were completed with several precautions, the nerve was separated and cut, with
care taken so as not to damage the muscle. Sutures and glue were used to prevent
reconnection and accidental tracer uptake via the cut proximal end of the large branch. The
injection needle was left for two minutes following tracer delivery to minimise any leakage,
and the area was dried with cotton buds after.

Further surgeries may lead to more reliable results, however, rabies virus tracing is
currently most effective in young animals (Callaway and Luo, 2015). The combined low
success rate in adults in the current experiments, and potentially more difficult surgery in
young rats with smaller nerves means that this method may need some more refining before
the next steps are taken. This method would also only allow us to access one muscle which
has lost its motor innervation, thus any studies of function would be limited. This method
would, however, allow us to determine the inputs to y-MNSs through rabies virus tracing,

therefore this avenue should continue to be pursued.

4.6 Discussion

To avoid repetition, there is no large discussion of the individual results from the

different sections. To summarise the results, we have investigated the proportion of y-MNs
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across various muscles. There is a higher proportion of y-MNSs in flexors, and in hindlimb
muscles, as compared to extensors and forelimb muscles. We have demonstrated the lack
of y-MN specificity of both an antibody against Err3, and an AAV with an Err3 promotor.
The presence of 5-HT1p mRNA in y but not a-MNs of the rat has been confirmed. However,
an AAV with a 5-HT1p promotor does not transduce y-MNs. We have also opened up a
new avenue to selectively target y-MNSs by intramuscular injection in the soleus. These
studies could lead to future experiments studying the innervation of y-MNSs if the technical
difficulties of isolating y-MNs alone can be resolved.

If y-MN targeting is possible in the future, there are many avenues for further
experiments. After the initial modified rabies tracing experiment, the plan was to create an
inducible knockout for y-MNs. An inducible silencing technique is necessary in order to
study the role of different spinal network components. This is because transgenic
knockouts have many developmental compensatory mechanisms which cloud the study of
the true role of the component which has been knocked out. This has been demonstrated
clearly in a congenital knockout involving Renshaw cells (Enjin et al., 2017b). In that
model the spinal network was able to compensate for the lack of Renshaw cell activity in
numerous ways, including reduced a-MN excitability and an increased number of
proprioceptive afferent synapses on a-MNs. If this compensation is to be avoided in future
studies then inducible knockouts will need to be used. Introducing diphtheria toxin
receptors (DTR) into y-MNs is one way of accomplishing this. Crossing a Cre inducible
DTR transgenic mouse, (Buch et al., 2005), with a mouse which expresses Cre in only y-
MNs is a way this may be possible. The mutant mouse would express DTR in only y-MN:s,
subsequent injections with diphtheria toxin would lead to the acute knockout of y-MNs.

This method would require the use of mutant mice which do not yet exist.

Another method which could be used to study the function of y-MNSs is using a
designer receptor exclusively activated by a designer drug (DREADD) such as the receptor
used in this study (Armbruster et al., 2007) which may be inhibitory or excitatory. The
AAV would selectively insert a specific receptor into y-MNs, this receptor would only be
activated by specific non-endogenous drugs to turn off or on y-MNs. In this way it would
be possible to examine the changes in locomotion with and without y-MN activity. This



160

could also be used to test the role of y-MNs in motor learning, and spinal cord injury
recovery. Introducing channelrhodopsin/halorhodopsin into the cell using an AAV to
optogenetically control the cell is also a possibility (Rogan and Roth, 2011). However, due
to the presence of large amounts of myelin in the spinal cord the light source would have
to be very close to the target area, which would most likely preclude any chronic or awake
studies of the role of y-MNs in normal locomotion or learning. While we were unable to
investigate these further, our experiments have opened up the possibility of further tracing
studies using the soleus. Our negative results with potentially y-MN specific AAV targeting
suggests this may not be a viable method to selectively study the circuitry and function of
v-MNs.



5 General discussion

The two main experimental chapters on SCI and y-MNSs are not obviously connected.
However, there are many reasons to think y-MNSs are important in locomotor recovery from
SCI. I will first discuss these links before moving to more general theories of activity
dependent plasticity and motor learning after SCI. To conclude I will discuss theories of

motor learning in relation to y-MNs.

5.1 Link between SCI and y-MNs

The role of y-MNs is to modulate sensory feedback by increasing the firing rate or the
stretch sensitivity of spindle afferents. There is a clear and vital role for these spindle
afferents in endogenous as well as intervention mediated locomotor recovery. The specific
role of y-MNs in recovery is currently unclear, but the importance of spindle afferents is

clear and their control of these afferents suggest an important role for y-MNs as well.

Clear evidence of spindle afferent contribution to recovery after SCI was demonstrated
by Takeoka et al. (2014). The study demonstrated that mice without muscle spindles were
unable to recover their locomotor function after a unilateral hemisection. In the above study
lack of spindle afferent input not only inhibited locomotor recovery, but also restricted new
circuit formation of descending reticulospinal fibres and of new propriospinal pathways.
This lack of circuit formation is important as the reticulospinal pathway is a key target for
locomotor recovery (Zorner et al., 2014), as are propriospinal detour circuits (Bareyre et
al., 2004). The need for spindle afferent feedback was again confirmed by Takeoka and
Arber (2019). The study found that proprioceptive afferent deletion inhibited recovery to
the same extent as deletion of muscle spindles (Takeoka et al., 2014). The need for
proprioceptive afferents both during and after recovery was demonstrated, as deleting
afferents after full recovery at 7 weeks fully reversed locomotor recovery to a similar extent
to the afferent deletion before the SCI (Takeoka and Arber, 2019). Propriospinal detour
formation, however, did not change after the afferent deletion at 7 weeks. Thus indicating
that following SCI there is an earlier stage where afferents can drive descending

propriospinal plasticity.
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Sensory feedback is also vital for training and ES mediated recovery. Again, while we
are unsure of the role for y-MNs in this, their control of the sensory spindle afferents mean
they are likely important. The afferent dependence of ES was demonstrated by its inability
to elicit stepping in spinally transected rats if sensory feedback is eliminated (Lavrov et al.,
2008). Further modelling studies have proposed that large myelinated axons are the
primary target of ES (Capogrosso et al., 2013). Increasing the sensitivity of afferents to
sensory input from stepping/treadmill training is a key role of ES. As ES does not lead to
stepping without sensory stimulation via paw placement on a treadmill (Ichiyama et al.,
2005).

Primary spindle afferent activity also leads to other locomotor network changes. la
afferent activity leads to an increase in P boutons mediating pre-synaptic inhibition (Mende
et al., 2016). Pre-synaptic inhibition, first discovered by Frank and Fuortes (1957), is
inhibition of la afferents on MNs. Pre-synaptic inhibition is increased during training of a
visuo-motor task (Perez et al., 2005), and deletion of the ‘GABA pre’ neurons mediating
this inhibition leads to errors and muscle oscillations during reaching (Fink et al., 2014).
Locomotor training with 5-HT agonists, probably via sensory afferent activity, leads to an
increase in the pre-synaptic inhibitory contacts of these GABA pre neurons (Khalki et al.,
2018). There is clearer evidence suggesting afferent activity, (and thus potential y-MN
control), is needed for training induced modulation of the pre-synaptic inhibitory circuitry.
Frequency dependent depression of the H-reflex is due to pre-synaptic inhibition, and this
depression is lost after a SCI in humans or animals (Schindler-lvens and Shields, 2000,
Thompson et al., 1992). After spinal transection in a rat, cycle training returns this
frequency dependent depression, but only if afferent activity is not inhibited during training
(Ollivier-Lanvin et al., 2010).

As seen above, afferent activity has a large variety of impacts on spinal cord circuitry
and behavioural recovery after SCI. The control of y-MNs over this circuitry implicates
them in detour circuit formation, supraspinal synaptic circuit formation, ES mediated
recovery, training mediated recovery, and changes in pre-synaptic inhibitory circuitry. The
exact role of y-MNs in these processes is currently unknown, but their actions on muscle

spindles and afferents suggest a role in the afferent activity dependent plasticity. y-MNs
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have been shown to increase afferent activity in an amyotrophic lateral sclerosis model
(SOD1 mutants) whose MNs progressively degenerate (Lalancette-Hebert et al., 2016).
Mice without muscle spindles, and thus no afferents to excite them, have less MN death.
Further, selective deletion of half the population of y-MNs resulted in a longer lifespan for
the SOD1 mice. This is suggested, but not proven to be due to the reduction in afferent
activity caused by y-MNs. There is no direct study of this in animals with SCI, but it seems
likely that y-MNs play a similar role here, namely increasing afferent activity to MNs.
However in the case of SCI, the increased afferent activity is mediating positive spinal

circuitry changes and behavioural improvements.

The diffuse supraspinal and segmental inputs to y-MNSs (reviewed in the introduction
Chapter 1) also suggest that they may be especially important following SCI. If specific
supraspinal pathways are severed, then separate control of y-MNs could allow for spared
supraspinal input to activate the locomotor circuitry via y-MNs rather than a-MNs. There
is also some evidence to suggest y-MNs have more synaptic plasticity potential and thus
may present a good target for circuitry reorganization after injury. y-MNs lack plasticity
restricting perineuronal nets which are present on a-MNs in the spinal cord, and which
increase after SCI (Smith et al., 2015, Al’joboori et al., 2020). After a neonatal transection
there was a decrease in synaptic coverage on vy, but not a-MNs, with training found to
restore much of this synaptic coverage loss (Ichiyama et al., 2011). We have also observed
a reduced amount of Nogo-A in y compared to a-MNs following SCI (unpublished
observations), thus providing further indication of their potential for neural plasticity. To
summarise, y-MNs control the vital sensory afferents, are more plastic, and have separate
control potentially leaving them with supraspinal control even when supraspinal control of
a-MNs is limited. Taken together this suggests y-MNs are an integral part of circuit
reorganisation and recovery after SCI. Unfortunately, as we were unable to individually
target y-MNs and study their inputs before and after circuit reorganisation, we have not yet
determined if this is the case.
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5.2 Activity dependent plasticity after injury

Evidence suggests activation y-MNSs lead to enhanced spindle afferent activity, and
that this activity is necessary to reconfigure spinal circuitry after injury. Given our
somewhat modest synaptic changes and behavioural recovery, it is worth investigating
under what conditions this enhanced sensory input leads to behavioural recovery and
synaptic plasticity. From the evidence it appears the timing of intervention is key, and our
activity based therapy may be happening after the critical period for neural plasticity is

over.

During neural development much of the circuitry is guided by various transcription
factors with gradients of chemoattractants and chemorepellents (Introduction section
1.2.2). However, activity dependent circuit formation is also evident for certain descending
pathways such as the CST. Evidence for CST activity dependant plasticity comes from cat
developmental studies inhibiting either the motor cortex or specific muscles (Martin et al.,
2007). There is a loss of stable synaptic connection between the motor cortex and motor
neurons by inhibiting either one or the other during critical periods of development.
Activity dependent plasticity in development is well evidenced, however this plasticity
declines in adults. After development there is an upregulation of plasticity inhibiting
molecules such as Kruppel-like factor-4, and a downregulation of plasticity enhancing
pathways such as the mTOR pathway (He and Jin, 2016). Following a spinal dorsal column
lesion, the transcriptional state of many neurons is returned to a developmental phenotype
(Poplawski et al., 2020). In the above study there was a transient increase in levels of CAMP
mediated signalling, mTOR signalling, and mitogen-activated protein kinase (MAPK)

signalling, which was then reduced by day 21 following injury.

This activity dependent plasticity during the critical period appears to be mediated by
NMDA receptors. These receptors are critical for cortical organisation and without them
mice somatosensory cortex layer IV granule cells do not aggregate to their normal ‘barrels’
(lwasato et al., 2000). Cortical neuron dendritic density is also reduced in mice lacking
NMDA receptors (Ultanir et al.,, 2007). NMDA receptor deletion in descending
propriospinal neurons restricted the cortical synapse formation which normally occurs after

unilateral hemisection (Bradley et al., 2019). A downstream effector of NMDA receptor
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activity is CREB, and inhibition of CREB in descending propriospinal neurons also
decreases the number of these cells receiving new cortical connections after a lateral
hemisection (Bradley et al., 2019). The nogo-A20 unit of Nogo-A reduces CREB levels,
thus inhibition of Nogo-A should lead to enhanced plasticity via this mechanism as well as
its other well documented effects on the Rho/ROCK pathway. Both ES and training lead
to activation of this pathway via their direct increase of neuronal activity and via their
action to increase BDNF. Dendritic BDNF application leads to long term potentiation and
Ca?" transients in a process that also requires NMDA receptors (Kovalchuk et al., 2002).
Thus all three of 11C7, training, and ES indirectly act on activity dependent pathways to

increase neural plasticity.

The importance of activity dependent plasticity during the critical period after SCI
(Poplawski et al., 2020) was recently shown by Bradley et al. (2019). In that study the
activity of descending propriospinal interneurons was inhibited from days 14-21 following
a dorsal hemisection. This inhibition led to decreased CST contacts on these neurons and
reduced recovery of locomotion. When these neurons were inhibited in normal animals, or
12 weeks after SCI there was no effect on CST to propriospinal neuron connections. It is
not just propriospinal activity which has a time sensitive window to alter descending input
connections. After a unilateral hemisection, both CST and propriospinal neurons have
reduced post lesion sprouting in mice without proprioceptive afferents, however ablation
of these afferents 7 weeks after injury does not alter below lesion sprouting (Takeoka and
Arber, 2019). Taken together, these studies suggest a critical period for activity dependant
plasticity of both afferents and propriospinal neurons. We have observed some neural
plasticity in the form of increased 5-HT and TH sprouting in the TR 11C7 group, modulated
VGIuUT1 in the CB 11C7 groups, and increased 3+ P boutons in the ES 11C7 and CB 11C7
groups. However, the lack of differences between the other groups, and the only subtle
differences even in those groups that did change, does suggest we have missed a critical
period of plasticity.
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5.3 Individual treatments effects on recovery

5.3.1 Anti-Nogo-A therapy

Why 11C7 therapy alone did not improve locomotor recovery is unclear. There are
still many questions regarding the role of Nogo-A in axonal growth. The extracellular
domain of Nogo-A, Nogo-66, acts on the NgR1 receptor to activate the RhoA pathway,
leading to cytoskeletal collapse of neurite outgrowth (Schmandke et al., 2007). Many
studies inhibiting Nogo-A or its receptors see increased axonal sprouting and synapse
formation (Z’Graggen et al., 1998, Liecbscher et al., 2005, Bregman et al., 1995, Chen et
al., 2017, Maier et al., 2009, Petrinovic et al., 2013, Wills et al., 2012). There are still many
questions about the complex actions of the nogo-A20 domain which is internalized into the
nucleus, and acts in a more diffuse manner to decrease axonal plasticity via transcriptional
changes (Joset et al., 2010). When nogo-A20 is internalized there is a decrease in CREB
activity in these cells, this activity is directly opposed to that of growth associated factors
such as nerve growth factor which increases CREB activity (Cox et al., 2008). Nogo-A20
also acts on the sphingosine 1-phosphate receptor 2 (Kempf et al., 2014), and was recently
found to act on erythropoietin-producing hepatocellular (EphA4) (Wang et al., 2021), itself
a target for axonal regeneration (Goldshmit et al., 2004). Nogo-A20 also inhibits
microvascular endothelial cells and anti-Nogo-A is pro-angiogenic following stroke (Rust
et al., 2019, Walchli et al., 2013). The many downstream effects of Nogo-A inhibition

make understanding how it is reacting with other treatments complex.

Our data on afferent input is in contradiction with another study of 11C7 after SCI
(Chenetal., 2017) where 11C7 alone increased afferent sprouting, in our study, 11C7 alone
had no impact on afferent input to MNs. Our more severe contusion injury as compared to
the more selective partial transection is most likely behind this difference in afferent input.
In our study 11C7 therapy and training under ES results in a decrease in afferent input in
the CB 11C7 group. There is a general decrease in the number of active cells associated
with locomotion following step training under ES (Ichiyama et al., 2008a). The reduced
activity observed in the above study could be a function of reduced afferent input that we
have observed in our data. The idea of relative synaptic efficacy may be applicable in this

situation. This idea was demonstrated in neuromuscular junctions (NMJ) during the
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retraction phase of development where fibres innervated by multiple MN axons lose all but
one NMJ. If specific MNs have more ChAT (thus more influence on the muscle fibre) than
other MNs, they then take over control of the muscle fibre, and those with less ChAT lose
their NMJs (Buffelli et al., 2003). This may be happening in our study where the relative
activity of certain afferents is leading to a retraction of inactive afferents and thus a lower
overall total number of afferent to MN inputs. At this stage this is more theoretical than
evidenced, but relative synaptic efficacy has also been observed in other systems (Bradley
et al., 2019, Burrone et al., 2002).

In our study 5-HT and TH did not increase with 11C7 therapy alone, but both did
increase with sequential 11C7 therapy and training. While one study has shown increased
serotonergic sprouting after SCI and 11C7 (Maier et al., 2009), another has not (Chen et
al., 2017). This may be due to study timing, as in the latter study animals were trained for
longer, and it is possible serotonergic fibre sprouting had been pruned. The difference in
5-HT expression may be due to the tracts spared by each SCI. 5-HT fibres travel through
the dorso-lateral and ventro-lateral funiculi (Bregman, 1987). While the T-lesion from the
above studies leaves the ventro-lateral funiculus intact, our more severe contusion injury

leads to almost complete destruction of this pathway.

We are the first to investigate 11C7 in an animal contusion injury. Our injury is also
more severe than any other study investigating Nogo-A inhibition. It appears that 11C7
alone is not enough to either increase axonal sprouting, or improve behavioural recovery.
However, sequential 11C7 therapy and locomotor training with or without ES does lead to
increased weight supported stepping and sequential 11C7 with training increased 5-HT and
TH fibre sprouting. The current clinical trial of anti-Nogo-A therapy has shown it is well
tolerated and thus the trial is continuing (Kucher et al., 2018). We have presented evidence
it could also be used with sequential training under ES for improved locomotor recovery.
However, in our severe contusion injury model, 11C7 alone is insufficient for locomotor
recovery. These data suggest locomotor rehabilitative training should also be given

sequentially following Anti-Nogo-A therapy in humans.
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5.3.2 Epidural stimulation

ES has been used in human SCI patients with some promising results (Harkema et al.,
2011, Angeli et al., 2014, Angeli et al., 2018, Wagner et al., 2018, Gill et al., 2018). There
are a few hypotheses for how epidural electrical stimulation improves recovery after SCI.
Electrical stimulation is known to increase BDNF expression in spinal cord neurons
(Wenjin et al., 2011). Effects on myelination are also observed, as electrical stimulation of
corticospinal axons increases oligodendrocytes proliferation and differentiation of
oligodendrocyte progenitor cells (Li et al., 2010) and induces remyelination in peripheral
nerves (Wan et al., 2010). Electrical stimulation also leads to neurite outgrowth in cells
treated with nerve growth factor (Chang et al., 2013). These direct effects of ES may have
some benefits, however, in our study ES alone did not lead to any functional improvements
or increased axonal sprouting. Behavioural improvements were only observed when ES
was combined with step training. This supports the theory that the main mechanism of ES
mediated recovery is by changing the state of the spinal cord to allow afferent input to elicit
functional behaviour. The main pathway for ES to change the spinal cord state is via
afferents and through these afferents to modulate the CPG (Lavrov et al., 2008, Capogrosso
etal., 2013). These have been discussed in the above section on afferent changes in relation

to y-MNs and activity dependent plasticity.

The convergence of descending input with afferent input via training and ES is
hypothesised to be responsible for the motor learning and locomotor recovery observed
after training under ES in SCI animals and humans (recently reviewed by Eisdorfer et al.
(2020)). The idea of concurrent stimulation in learning is not new and concurrent cortical
and spinal stimulation has been shown to improve CST sprouting following a cervical
contusion (Martin, 2016). In our study, the ES stimulation alone may not be activating
pathways in the coordinated manner needed for motor learning. Continuous stimulation
has recently been shown to result in antidromic collisions with afferent input (Formento et
al., 2018), thus even our ES with training may not be leading to the most effective recovery.
Further studies with spatiotemporally targeted stimulation that selectively modulates flexor
and then extensor muscles during locomotion has shown improved results over continuous

stimulation (Wenger et al., 2016). There is debate as to whether targeted or continuous
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stimulation is more effective (McPherson et al., 2015), and we have demonstrated
locomotor improvements from step training under continuous ES. Activity dependent ES
in rats is now a possibility which should lead to more studies of its effectiveness (Rascoe
etal., 2018).

5.3.3 Locomotor training

The mechanisms of training induced recovery in the spinal cord are not fully
understood. Afferent input is necessary for locomotor recovery, and this afferent driven
activity dependent plasticity is covered in the above sections and was recently reviewed by
Takeoka (2020). In our study training alone did not lead to changes in afferent input to
MNs. Although this afferent to MN input is not the only connections afferents have with
the spinal locomotor circuitry. Low threshold cutaneous afferents connect to MN
contacting Di3 INs which are necessary for recovery following a spinal transection (Bui et
al., 2016). These Di3 neurons appear to be part of the spinal comparator networks which
compare sensory feedback with motor commands. Other sensory contacted INs include V3
INs which can generate spasms after SCI (Lin et al., 2019), and VV2a INs which are needed
for afferent driven locomotor like activity in fictive locomotion (Crone et al., 2008).
Changes in connections to these sensory networks, as well as the effect of afferents on
propriospinal neurons (Takeoka and Arber, 2019) are likely to be important in training
induced recovery. However, further markers of these INs in adult animals are needed to
determine plasticity in this network in response to training. We have not seen any
significant differences in afferent input to the areas where these INs reside, but this does
not rule out the possibility that afferent to IN synaptic plasticity is important following

training.

Training alone did not lead to any locomotor recovery in this study. There are a couple
of possible reasons for this. One, we missed the critical period where training would lead
to the greatest functional recovery. Two, our injury was so severe that locomotor training
was unable to elicit a functional spinal response without other stimulation. Training under
ES did lead to greater functional recovery, thus indicating this second reason may be why
training alone was unsuccessful. It is also possible that if training was started earlier we

would have seen greater recovery, thus both reasons remain possible. The low volume of
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training in our study may also have limited the behavioural improvements possible, the 20
minutes of training per day may not have been sufficient to improve locomotor
performance above the potential self-training animals could have been doing in their home
cages. Recent meta analysis of rehabilitative training in humans has shown that treadmill
training in very severe SCI (AISA A) does not improve locomotor performance (Duan et
al., 2021). Our severe contusion injury has shown similar negative results, thus supporting

the need for combinational therapies for locomotor improvements.

5.4 The role of y-MNs

54.1 AAV targeting

y-MNs present an attractive target for SCI studies due their role in modulation of vital
sensory afferents, their potential plasticity, and their separate descending pathway control.
However, the role of y-MNs in awake, freely moving, uninjured animals or humans is still
largely unknown. The many question marks around the innervation of y-MNs led us to
investigate these inputs by selectively targeting them for further tracing studies. To do this
we targeted y-MNs with AAVs specific only to them and not a-MNs. We chose AAVs for
multiple reasons, including the large range of modifications which can be made with AAVs
(Watakabe et al., 2017). The other main reason was to allow for investigations of neural
circuitry in non-genetically modified rats. This would simplify experiments without the
need for complex genetic modifications, and would allow for more detailed behavioural

assessments in rats as compared to mice.

A technique first demonstrated by Wickersham et al. (2007) found that it was possible
to restrict a modified rabies virus to only monosynaptic inputs as opposed to previous
polysynaptic rabies virus transduction. In this method, cells of interest for input tracing are
induced to express the TVA viral receptor and a specific ‘G’ protein. A modified EnvA
pseudotyped rabies virus lacking this G protein is then able to enter only those cells
expressing the TVA receptor, and in the cell is able to assemble with the G protein and
spread through synapses contacting the initial cell, but no further. Unfortunately our AAV
targeting studies were unsuccessful, we have demonstrated the lack of y-MN specificity of

both an antibody against Err3, and an AAV with an Err3 promotor. The presence of 5-
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HTip mRNA in y but not a-MNs of the rat was confirmed, however, an AAV with a 5-
HT1p promotor does not transduce y-MNs. Our negative results with potentially y-MN
specific AAV targeting suggests this may not be a viable method to selectively study the

circuitry and function of y-MNs.

The targeting of individual neuron types by AAVs with specific promotors does not
appear to be a widespread technique, with more universal and highly expressed cellular
promotors such as CAG and CMV normally used (Nieuwenhuis et al., 2021). Studies often
use universal promotors with spatially defined regions of interest to target their neurons of
interest (Stepien et al., 2010), however, due to the colocalization of y and a-MNs in the
spinal cord, this method was unavailable to us. Other studies have used AAVs to target
cells by their birth date (Deshpande et al., 2013, Arenkiel et al., 2011) or via cell specific
Cre recombinase expressing mouse lines with Cre dependant AAVs (reviewed by Callaway
and Luo (2015)). This method was also unsuitable for our goals as there are no relevant
Cre lines available with rats. Future studies using Cre mice with Cre dependent AAVs
could be an option, even if the benefits of working with non-genetically altered rats are

lost.

We have had some success selectively targeting y-MNs by intramuscular injection of
the soleus muscle after severing the larger a-MN axon containing larger nerve branch.
Further surgeries may lead to more reliable results, however, rabies virus tracing is
currently most effective in young animals (Callaway and Luo, 2015). The combined low
success rate of our surgeries in adults and potentially more difficult surgery in young rats
with smaller nerves means that this method may need some more refining before the next
steps are taken. This method would allow us to determine the inputs to y-MNs through
combined AAV and modified rabies virus tracing, therefore this avenue should continue to
be pursued. However, any studies of function would be limited as this method would only

allow us to access to the y-MNs of one muscle which has lost its motor innervation.

5.4.2 'What the relative proportion of y-MNs indicates
We have investigated the proportion of y-MNSs across various muscles using tissue
clearing and imaging of whole spinal enlargements to maintain spatial accuracy. We found

a higher proportion of y-MNSs in flexors vs extensor, and in hindlimb vs forelimb muscles.
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The reasons for this difference in y-MN proportion are not entirely clear. Our data point to
differential control of muscle spindle activity in different muscles and do not necessarily

reflect total amount of afferent input as spindles receive multiple y-MN innervation each.

The higher proportion of y-MNs in flexors vs extensors could be explained by the
increased role of GTOs in extensors. When spindle afferents are deleted there is very little
change in extensor EMG activity (Akay et al., 2014). GTOs are hypothesised to ensure this
continuation of function as in an unloaded activity such as swimming there are significant
dysfunctions in extensor activity (Akay et al., 2014). In the above study the EMG activity
of flexors is altered significantly, indicating spindle afferent information is more important
here, and thus suggesting the higher proportion of y-MNs is appropriate for flexors. The
reason we found a lower proportion of y-MNs in the forelimb compared to hindlimb is
unclear. It is possible that forelimb muscles require less afferent control due to the greater
role of visual information to guide these muscles. Afferent input is reduced in visuomotor
adaptation tasks in humans (Jones et al., 2001), where there may be a mismatch between
visual information and proprioceptive input. In the hindlimb y-MNs may control and
coordinate local activity without as much supraspinal input as the forelimb with their more
visually directed movements. This is speculative at present, but there is evidence for other
rostro caudal connectivity gradients in pre-motor networks. There are more cervical V2a
INs which project to supraspinal structures, while in the more caudal lumbar regions VV2a
INs do no project supraspinally, and instead form recurrent networks with local spinal
neurons (Hayashi et al., 2018). It is possible that the increased proportion of y-MNSs in the

lumbar spinal cord is for a similar reason.

5.4.3 Role of y-MNs in movement and learning

Human studies of the muscle spindle have shown some conflicting results regarding
the separate control of y and not a-MNs and there is still debate as to the separate control
of spindle gain (Burke, 2021, Dimitriou, 2021). There is not much evidence of increased
spindle sensitivity in preparation for movement (Burke et al., 1980), but there is evidence
of reduced spindle sensitivity in muscles which will be stretched by the movement
(Papaioannou and Dimitriou, 2021). An earlier study demonstrated attention mediated
modulation of afferent firing during an imposed movement task (Hospod et al., 2007).
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There was some reduction in activity as well as increases and changes in spontaneous
activity. The modulatory activities of y-MNSs in humans are not yet clear; our understanding

of their activity and function in animals is also incomplete.

If y-MNss are not activated differently than a-MNs, then why even have y-MN and not

just o or B-MNs? One reason could be for the lack of direct Ia input to y-MNSs. This ensure

there is not too much resistance to stretch in muscles. If y-MNs received direct la excitation
this would cause them to increase the firing of la afferents, which would in turn increase
the firing of y-MNs in a positive feedback loop which would also increase the firing of a-
MNs due to the monosynaptic stretch reflex. The modulation in afferent firing during visual
attention to imposed movements indicate that reduced afferent feedback is a strategy used
by the motor system, potentially to restrict unwanted activity from muscles which would
oppose this movement (Hospod et al., 2007). y-MNs may be important in this system to
reduce muscle stiffness, as dynamic y-MN activity may be lower in antagonist muscles
prior to movement (Papaioannou and Dimitriou, 2021). This may be one form of
differential control, with some recent evidence suggesting lower y-MN activity if one wants
to reduce muscle stiffness and allow for stretching of muscles which would otherwise
interfere with the task if they were active.

Study of the fusimotor system has often focused on cats, human and rodent fusimotor
systems may not fulfil exactly the same function as in felines. The cat spinal cord is
potentially more independent than humans, as afferent feedback from a moving treadmill
results in functional stepping in cats, where it does not result in the same quality of
movements in humans (Lovely et al., 1986). Our evidence has suggested y-MNs may be
more prevalent in lumbar spinal cord circuitry, where more independent and less
supraspinally modulated movement occurs. The proprioceptive system and segmental
inputs from afferents may be more important in the lumbar circuitry, and animals with less

direct supraspinal control of movement may also rely upon this system more.

Role of y-MNS in learning is unclear, obviously afferent input is needed for learning
after SCI (Takeoka et al., 2014). But does afferent output need to be increased or decreased

selectively during learning? Some studies in humans have demonstrated reduced la afferent
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activity during learning (Jones et al., 2001) and have shown reductions in H reflex,
probably mediated by increased pre-synaptic inhibition (Perez et al., 2005). The reduced
afferent output and reduced H reflex does not necessarily mean less sensory input is
travelling supraspinally, as sensory evoked potentials in the cortex were not reduced even
with a reduction in H-reflex (Perez 2005). This touches on the potential triple function of
v-MNs, to modulate afferent to a-MN activity, to modulate afferent to local CPG activity,
and to modulate afferent output to supraspinal regions. The role of y-MNs in each of these
tasks could be different. There may be a difference between spinal motor learning and
supraspinal based motor learning, although there is likely a component of both in most

activities.

| have not really touched on the role of y-MNs in providing an internal copy of
movement allowing the motor system to update movement as required. According to Burke
(2021), “It is conceivable that selective changes in fusimotor drive play an important role
in kinaesthesia and in providing the feedback necessary for performing and updating a
movement”. Where normal spindle afferent output during movement does not change
behaviour, but alterations in afferent response indicate something has not gone according
to plan. This is slightly beyond the scope of this thesis, but further targeting and modulation
of y-MN activity could supply answers regarding the role of y-MNs in kinaesthesia and the
internal copy of movement. Further studies of the activity of y-MNs in awake and freely
moving animals are needed for a fuller understanding of not only y-MNs, but also afferent

directed learning in general, and afferent directed learning after SCI in particular.

5.5 Clinical implications

The limited structural plasticity changes in any of our treatments suggest we may have
missed a crucial period of plasticity to begin our activity based therapy. It is possible the
injury type and severity require an earlier activity based intervention than previous studies
also beginning training after three weeks (Chen et al., 2017). Sequential 11C7 therapy and
training under ES did lead to an increase in the proportion of sensory to MN inputs which
had 3+ clusters of P boutons, and an opposing decrease in the number of these sensory to

MN inputs. Together these changes suggest that afferent input is being selectively
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modulated in response to coordinated input from training under continuous epidural
stimulation. Further studies of this afferent network are needed to determine if these
changes are specific to contusion injury, or if afferent retraction/modulation is a general

feature of activity based rehabilitative therapy.

The current clinical trial of anti-Nogo-A therapy has shown it is well tolerated and
thus can be continued (Kucher et al., 2018). We have presented evidence it could also be
used with sequential training under ES for improved locomotor recovery. In our hands
11C7 therapy only induced functional behavioural improvements when used with
sequential training, or training under ES. This could be due to our severe contusion model,
where descending tracts needed for recovery are destroyed in our injury when they are not
in other partial transections studies (Chen et al., 2017, Maier et al., 2009). The current
clinical trial includes only severe injuries (ASIA A) (Kucher et al., 2018), our evidence
suggests that in these severe patients anti-Nogo-A therapy must be followed by

rehabilitative training in order to achieve behavioural improvements.
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7 Appendix

7.1 Kinematic measurements

Number Variable title Description
1 SwingDM (s} Swing Duration Mean (Toe)
2 StanceDM (s) Stance Duration Mean (Toe)
3 CycleDM (=) Cycle Duration Mean(To=)
4 Doty T (%) Duty Cycle Mean(Toe)
5 SwingLM (mm}) Efride Length Mean (Toe)
G SwingSM (mmys) Swing Speed Mean (Toe)
T SwingDV (s} Swing Duration Standard Devistion (Toe)
bl StanceDV () Stance Durstion Standard Devistion (Tos)
a CycleDV (s} Cycle Duration Standard Deviation [Toe)
10 DutyCW (36 Duty Cycle Standard Devisfion (Toes)
11 SwingL\' [mm) Siride Length Standard Deviation (Toe)
12 SwingS\V (mmy's) Swing Speed Standard Deviation (Toe)
25 CrestSwingHM (mm) Crest Swing Height Mean (Crest)
26 HipSwingHM {rmm) Hip Swing Height M=zn {Hip)
27 KneeSwingHM (mm} Knee Swing Height Mean {Knae)
28 AnkleSwingHM {mm) Ankle Swing Height Mean (Ankle)
29 ToeSwingHM {mm) Toe Swing Height Mean {Toe)
35 CrestSwingHV {mm) Crest Swing Height Standard Devisfion
(Crest)
36 HipSwingHW {mm} Hip Swing Height Standard Deviation {Hip)
a7 KneeSwingHV (mmj) Knee Swing Height Standard Deviation
{Knas)
Ankle Swing Height Standard Deviati
a3 AnkleSwingHV (mm) nkle Swing Heigl ndard Deviation
[Ankle)
39 ToeSwingHY {mm)}  Toe Swing Height Standard Deviation {Toe)
G5 CrestWh (mm) Crest Width Mean (Crest)
G HipWWh {rmim) Hip Width Mean (Hip}
a7 KneaWh {mm) Knes Width Mean (Knee)
[sf:3 AnkleWh {mm) Ankle Width Mean (Ankle)
82 ToeWh (mm) Toe Width Mean (Toe)
T CrestWh (mim) Crest Width Standard Dewviation (Crest)
71 HipWW%" {mm) Hip Width Standard Deviation (Hip)
Tz KneeWW [mm) Knee Width Standard Deviation (Knee)
Fi Ankl=W (mmm) Ankle Width Standard Deviation (Ankle)
T4 ToeWy {mm) Toe Width Standard Deviation {Toe)
75 HipSwingAM (%)} Hip Swing Angle Msan {Crest Hip Knee)
TG FneeSwingaAM (*) Knee Swing Angle Mean (Hip Knes Ankle)
I AnkleSwingaAM [°)  Ankle Swing Angle Mean {Knes Ankle Foot)
Fi: HipStanceAM (%) Hip Stance Angle Mean (Crest Hip Knee)
T2 KneeStancedM (*)  Knee Stance Angle Mean (Hip Knes Ankle)
&0 AnkleStanceAM (°)  Ankle Stance Angle Mean (Knee Ankle Foot)
. . o Hip Swing Angle Standard Deviation (Crest
81 Hips AN
S ) Hip Kne=e)
n . Knee Swing Angle Standard Devistion (Hip
Bz KneeSwing&W (%) Knee Ankle)
. = Ankle Swing Angle Standard Deviation (Knee
B2 AnkleSwingaW (*) Ankle Faol)
24 HipStanceAV (%) Hip Stance Angls E..landard Deviation (Crest
Hip Knee)
25 KneeStanceAV 7] Knee Stance Angle Standard Deviation (Hip
Knes Ankle)
. Ankle Stance Angle Standard Deviation
B AnkleStanceAV (*
nkleStanceAl () {Knes Ankle Foot)
22 DragDM1 (s) Drag Duration Mean - 1 mm nail (Toe)
100 DiragDM2 (s) Crag Duration Mean - 2 mm nail (Toe)
101 DragDM3 (s} Crag Duration Mean - 3 mm nail (Toe)
102 DiragLM1 {mm) DCrag Length Mean - 1 mm nail (Tos)

Figure 7.1 Kinematic variables

Calculation
count # of frames in swing phase -> convert to time {5} -> mes
count # of frames in stance phase -# convert to time (s} -= me
SwingD (s) + StanceD (s) -= mean
StanceD (s} f CycleD (5) -> convert to % -= mean
final y value of swing phase (mm) - first y value of swing phase (r
= meaan
SwingL (5)/ SwingD {s) > mean
same as 1 for standard deviation
same as 2 for standard deviation
same as 3 for standard deviation
same as 4 for standard deviation
same as & for standard deviation
same as 8 for standard deviation
mean z value of crest in swing phase (mm) -= mean
same for hip
same for knes
same for ankle
same for toe

same as 25 for standard deviation
same as 28 for standard dewviation

same as 27 for standard dewviation

same as 28 for standard dewviation

same as 29 for standard dewviation
z value of right crest - z value of left crest -= mean over the enl
performance
same for hip
same for knes
same for ankle
same for toe
same as 85 for standard dewviation
same as 85 for standard deviation
same as 87 for standard dewviation
same as 82 for standard deviation
same as 82 for standard dewviation
convert x,y,z value of crest hip knee in swing phase to 2 vecfon
celculate the angle between the vectors -= mean
same for knee
same for ankle
conwert x,y.z value of crest, hip knee in stance phase to 2 vecior
calculate the angle between the vectors -= mean
same for knee
same for ankle

same as 75 for standard dewviation
same as 76 for standard deviation
same as 77 for standard deviation
same as 78 for standard dewviation
same as 72 for standard dewviation

same as 80 for standard dewviation

count # of frames that z value of toe is £ 1 mm in swing phase
convert to fime (s} > mean
same for 2 mm
same for 2 mm
final y velue of toe - first y value of toe that z value of toe is= 1w
swing phase -> mean
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Number
103
104
108
108
107
108
108
110

147
148
149
150
151
1562
153
154
155

158

167
163
169
170

171

172
178
177

178

178

183
184
185

1a8
190
191
192
193

1a7

198
109
200
201

202

Variable title
DrragLM2 {mm})
DrragLM3 {mm})
CragPDM1 (38)
CragPDM2 (%)
CregPDM3 (%)
CragFLM1 (%)
DragPLMZ (%)
DragPLM3 (%)

Description

Drag Length Mean - 2 mm nail {Toe}

Drag Lemngth Mean - 3 mm nail {Toe)
Drag Percent Duration Mean - 1 mm nail {Toe)
Crag Percent Duration Mean - 2 mm nail [Toe)
Drag Percent Duration Mean - 3 mm nail [Toe)
Drag Percent Length Mean - 1 mm nsil (Toe)
Drag Percent Length Mean - 2 mm nail (Toe)
Drag Percent Length Mean - 3 mm nail (Toe)

AnklePAM (%) Ankle Plantar Angle Mean (Ankle Toe)

AnkleSwingPAM (%) Ankle Swing Plantar Angle Mean (Ankle Tos)

AnkleStancePAM (*} Ankle Stance Plantar Angle Mean (Ankle Toe)

Ankle Plantar Angle Standard Deviation {Ankle
Toe)
Ankle Swing Flantar Angle Standard Deviation
(Ankle Toe)
Ankle Stance Flantar Angle Standard
Deviation (Ankle Toe)
Ankle Plantar Angle at Lift Off Mean (Ankle
Tae}
Ankle Plantar Angle st Lift Off Standard
Dieviation (Ankle Tos)
Ankle Plantar Angle at Initial Contact Mean
(Ankle Toe)
Ankle Plantar Angle at Initial Contact Standard
Deviation (Ankle Tos)

AnklePaV (7)
AnkleSwingPAV (°)
AnkleStanceP AV (7}

AnklePALfM (%)
AnklePALRY (%)
AnklePAContacth (*)

AnklePAContacty (%)

WaddleMAM (%) Waddle M? Angle Mean (Crest)
WaddleMNAW (%)
RLCouplingsh (%)

WWaddle N? Angle Standard Deviation (Crast)
Right to Left Couplings Mean (Toe)
Right to Left Couplings Different from 50%
Mean (Toe)

Right to Left Couplings Standard Deviation
[Toe)

Right to Left Couplings Different from 50%
Standard Devistion (Tos)

Left to Right Couplings Mean (Toe)

Left to Right Couplings: Different from 50%
Mean (Toe)

Left to Right Couplings Standard Devistion
[Toe)

Left to Right Couplings Different from 50%
Standard Deviation (Toe)
Couplings Mean (Toe)

Couplings Different from 50% Mesan [Toe)
Couplings Standard Deviation (Toe)
Couplings Different from 50% Standard
Devistion (Tos)

Couplings Mean Difference (Toe)
Couplings Different from 50% Mean Difference
[Toe)

Couplings Standard Deviation Difference (Toe)
Couplings Different from 50% Standard
Devistion Difference (Toe)

RLCouplingsDM (%)
RLCouplings\s (%)

RLCouplingsDW (%)
LRCouplingsh (%)
LRCouplingsDM (%)

LRCouplings\v (%)

LRCouplingsDV' (%)

CouplingsM (%)
CouplingsDM (%)
Couplings'' (%)

CouplingsDV (%)
CouplingsMD (%)
CouplingsDMD (%)
CouplingsVD (%)
CouplingsDVD (%)

ToeScorelM (%) % Toe Consistency Score Mean (Toe)

AnkleScoreM (3]
KneeScoreM (%)
HipScoreM (%)
CrestScoreM (%)

Scorel (36)

FAnkle Consistency Score Mean (Ankle)
% kKnee Consistency Score Mean (Knee)
B Hip Consistency Score Mean (Hip)

2% Crest Consistency Score Mean {Crest)
% Consistency Score Mean (Toe Ankle Knee
Hip Crest)

Calculation

same for 2 mm
same for 3 mm

DragD ! SwingD ->= convert to % -> mean
same for 2 mm
same for 3 mm

Dragl f SwingL -= convert to % -> mean
same for 2 mm
same for 3 mm

convert x,y value of ankle toe,a (0,1} line to 2 vectors -= calcu
angle between the vectors -» mean

convert x,y value of ankle toe,a (0.1} line in swing phase to 2 v

celculate the angle between the vectors -= mean

convert x,y value of ankle toe,s (0,1) line in stance phase to 2+

= calculate the angle between the vectors - mean

same as 147 for standard deviation
same as 148 for standard deviation
same as 148 for standard deviation
same a5 147 but only in the beginning of swing phasa
same as 153 for standard deviation
same a5 147 but only in the beginning of stance phase

same a5 155 for standard deviation

find the mean line batwesn |=ft and right crest -= calulate the

the line with respect to the ground in x-axis -= calzulate the
difference from the mean line -> mean

same a5 1687 for standard deviation
See pB8-85 in CatWalk manual for calculsting couplings -+
See pB8-85 in CafWalk manual for calculsting couplings -
absolute of the mean value - 50%

same a5 188 for standard deviation

same as 170 for standard deviation

See pB8-85 in CatWalk manual for calculsting couplings -+
See pd8-85 in CafWalk manual for calculsting couplings -
absolute of the mean value - 50%

same a5 176 for standard deviation

same &s 177 for standard deviation

mean of 188 and 178
mean of 170 and 177
mean of 171 and 178

mean of 172 and 178
abzolute difference of 162 and 176
abzolute difference of 170 and 177
abzolute difference of 171 and 172
absolute difference of 172 and 179

x.y.z of toe -> resample(} each step -> amange in metrix > p
read the explained value
same for ankle
same for knee
same for hip
same for crest

mean of 197-201

Figure 7.2 Kinematics variables continued
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‘R’ scripts

@) pcar @] impute.R

WS w & W

[|SourceonSave | S~ = Run | % | _ Source

setwd("C: /Users/Richa/Desktop/r directory nogo™)
install.packages("dplyr", dependencies=TRUE)
Tibrary("dplyr™)

kdata <- read.csv("kd not imputed.csv"”, header=TRUE)
Tibrary(mice)

init = mice(kdata, maxit=0)

meth = init$method

predv = initipredictorMatrix

set.seed(103)

10 dimputed=mice(kdata, method = meth, predictorMatrix = predM, m=5)
11 dimputed <- complete(imputed)

12 write.csvkimputed, "ikg23.csv", row.names = FALSE)

13 dkdata <- read.csv ("ikg23.csv", header=TRUE)

[

ey

0 (Top Level) =

Figure 7.3 mice package

9 pcar* 9] impute.R*

Wm OB wWN

I3 (JSourceonsSave | @ /° ~ *Run | **
setwd("C:/Users/Richa/Desktop/r directory nogo™)
install_github("vqv/ggbiplot",force=TRUE)
Tlibrary(ggbiplot)
install.packages("dplyr"”, dependencies=TRUE)
Tibrary("dplyr™)
ikldata<- read.csv("ikg23.csv", header=TRUE )
ikldata.pca <- prcomp(ikldata[,c(6:95)], center=TRUE, scale. = TRUE )
summary (ikldata. pca)
pcl4 <-ikldata.pcasx[,1:4]
ggbiplot(ikldata.pca)
screeplot(ikldata.pca, npcs = min(20, length(1:20)),
type = c("barplot”, "lines"),
main = deparsel(substitute(x)) )
ikldata. group<-c(ikldatasgroup)
ikldata. drug<-c(ikldatasdrug)
ikldata.es<-c(ikldatases)
ikldata. TR<-c(ikldatastr)|
ggbiplot(ikldata.pca, ellipse = TRUE, choices = 1:2, scale = 1, groups = ikldata.grouptest2, pc.biplot =
TRUE, ellipse.prob = 0.68, labels =
NULL, Tabels.size = 3, alpha = 1, var.axes = TRUE, circle
= FALSE, circle.prob = 0.69, varname.size = 3,
varname. adjust = 1.5, varname.abbrev = FALSE)
ggbiplot(ikldata.pca, ellipse = TRUE, var.axes=FALSE, groups = ikldata.drug, choices = 1:2)
ggbiplot(ikldata.pca, ellipse = TRUE, var.axes=FALSE, groups ikldata. drug)
ggbiplot(ikldata.pca, ellipse choices= c(1:2), var.axes=FALSE, groups = ikldatases)
ggbiplot(ikldata.pca, ellipse var. axes=FALSE,choices= c(1:2), groups = ikldata.TR)
ggbiplot(ikldata.pca, ellipse = TRUE, var.axes=FALSE, choices= c(1:2), groups = ikldata.g3)
ggbiplot(ikldata.pca, obs.scale = 1, var.scale = 1, group=ikldatastr,
varname.size = 3, labels.size=3,
ellipse = TRUE, circle = TRUE) +
scale_color_manual (name="variety", values=c("grey”, "blue", "green")) +
scale_shape_manual (name="variety", values=c(17:19)) +
geom_point (aes(colour=ikldatastr, shape=ikldatastr), size = 3)

(Top Level) &

Figure 7.4 ggbiplot package

* Sou
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