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Abstract

Spinal cord injury (SCI) is a debilitating condition that disrupts the communication between
the brain and the spinal cord. Several studies have sought to determine how to revive dormant
spinal circuits caudal to the lesion to restore movements in paralyzed patients. So far, recovery
levels in human patients have been modest at best. In contrast, animal models of SCI exhibit more
recovery of lost function. Recovery of lost function could arise from structural changes in spinal
circuits following spinal cord injury. Previous work from our lab has identified dI3 interneurons
as a spinal neuron population central to the recovery of locomotor function in spinalized mice. We
seek to determine the changes in the circuitry of dI3 interneurons and motoneurons following SCI
in adult mice. After a complete transection of the spinal cord at T9-T11 level in transgenic
Isl1:YFP mice and subsequent treadmill training at various time points of recovery following
surgery, we examined changes in three key circuits involving dI3 interneurons and motoneurons:
1) Sensory inputs from proprioceptive and cutaneous afferents, 2) GABAergic inputs onto sensory
afferents (GABApre), 3) Central excitatory glutamatergic synapses from spinal neurons onto dI3
INs and motoneurons. Furthermore, we examined the possible role of treadmill training on changes

in synaptic connectivity to dI3 interneurons and motoneurons.

Our data suggests that sensory inputs from the periphery labelled by VGLUT1* to dI3
interneurons decrease transiently or only at later stages after injury, whereas levels of VGLUT1*
remain the same for motoneurons after injury. Levels of central excitatory inputs labelled by
VGLUT2 to dI3 INs and MNs may show transient increases but fall below levels seen in sham-
operated mice after a period of time. Levels of GABApre boutons onto the VGLUT1+ sensory

afferents that project onto to dI3 INs and MNs can rise shortly after SCI, but those increases do



not persist. However, levels of these GABApre boutons onto VGLUTL1* inputs never fell below
levels observed in sham-operated mice. For some synaptic inputs studied, levels were higher in
spinal cord-injured animals that received treadmill training, but these increases were observed only

at some time points.

Changes in spinal circuitry could be maladaptive. For example, spasticity is a common
consequence of SCI, disrupting motor function and resulting in significant discomfort. Spasticity
may arise from maladaptive changes in spinal circuits. Current models of hindlimb spasticity are
lacking, hindering the study of mechanisms or treatments of spasticity. Therefore, we have
generated a novel mouse model of SCl-related spasticity that utilizes optogenetics to activate a
subset of cutaneous VGLUT2+ sensory afferents to produce reliable incidences of hindlimb
spasticity. To examine the efficacy of this optogenetic spasticity model, a T9-T10 complete
transection injury was performed in Isl1-Vglut2®*" mice, followed by the implantation of EMG
electrodes into the left and right gastrocnemius and tibialis anterior muscles. Beginning at 9 days
post-injury, EMG recordings were performed during episodic optogenetic stimulation. During
each recording session, an optic fiber coupled to a 470nm wavelength LED was used to deliver
light pulses to the palmar surface of each hindpaw. The results of these recordings demonstrated
significant increases in the amplitude of EMG responses to the light stimulus from 2 weeks post-
injury to 5 weeks post-injury, indicating hyperreflexia. Interestingly, this hyperreflexia was
significantly greater in the female cohort in comparison to the males. Incidences of prolonged
involuntary muscle contraction and clonus were also detected through EMG and visual observation

during the testing period, supporting the presence of spasticity.

Overall, the results in my thesis suggest remodelling of spinal circuits involving spinal

interneurons that have previously been implicated in the recovery of locomotor function after

v



spinal cord injury in mice. In addition, we have developed an optogenetic mouse model that
appears to reliably elicit spasticity in SCI mice and may be valuable for the study of SCl-related

limb spasticity mechanisms due to the maladaptive changes within the spinal cord.
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Résumé

Les Iésions medullaires (LME) sont une maladie débilitante qui perturbe la communication
entre le cerveau et la moelle épiniére. Plusieurs études ont cherché a déterminer comment raviver
les circuits spinaux dormants caudaux par rapport a la lésion pour restaurer les mouvements chez
les patients paralysés. Jusqu’a présent, les niveaux de guérison chez les patients humains ont été,
au mieux, modestes. En revanche, les modeles animaux de LME présentent une plus grande
récupération de la fonction perdue. La récupération de la fonction perdue pourrait résulter de
changements structurels dans les circuits spinaux suite a une lésion de la moelle épiniére. Des
travaux antérieurs de notre laboratoire ont identifié les interneurones dI3 (dI3 IN) comme une
population de neurones spinaux essentiels a la récupération de la fonction locomotrice chez les
souris médullaires. Nous cherchons a déterminer les changements dans les circuits des
interneurones et des motoneurones dI3 suite a une LME chez la souris adulte. Aprés une section
compléte de la moelle épiniere au niveau T9-T11 chez des souris transgéniques IsI1:YFP et un
entrainement ultérieur sur tapis roulant a différents moments de récupération apres la chirurgie,
nous avons examiné les changements dans trois circuits clés impliquant les dI3 INs et les
motoneurones : 1) Les entrées sensorielles de afférents proprioceptifs et cutanés, 2) les entrées
GABAergique faisant contact avec des entrées sensorielles (GABApre), 3) synapses
glutamatergiques excitatrices centrales des neurones spinaux sur les dI3 INs et les motoneurones.
De plus, nous avons examiné le role possible de 1’entrainement sur tapis roulant sur les

modifications de la connectivité synaptique aux dI3 INs et motoneurones.

Nos données suggerent que les entrées sensorielle provenant de la périphérie et marqué par

VGLUT1+ sur les dI3 INs diminuent de maniére transitoire ou seulement a des stades ultérieurs
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apres une blessure, alors que les niveaux de VGLUT1+ restent les mémes pour les motoneurones
aprés une blessure. Les niveaux d’entrées centrales marquées par VGLUT2+ dans les dI3 INs et
MN peuvent présenter des augmentations transitoires, mais tomber en dessous des niveaux
observés chez les souris opérées de maniere fictive apres un certain temps. Les niveaux de boutons
GABAQpre sur les afférences sensorielles marquées par VGLUT1+ sur les dI3 IN et MN peuvent
augmenter peu de temps apres une LME, mais ces augmentations ne persistent pas. Cependant, les
niveaux d’inhibition présynaptique des entrées VGLUT1+ ne sont jamais tombés en dessous des
niveaux observés chez les souris opérées de maniere fictive. Pour certains apports synaptiques
étudiés, les niveaux étaient plus élevés chez les animaux blessés a la moelle épiniere ayant recu un

entrainement sur tapis roulant, mais ces augmentations n'ont été observées qu'a certains moments.

Les modifications des circuits spinaux pourraient étre inadaptées. Par exemple, la spasticité
est une conséquence courante des LME, perturbant la fonction motrice et entrainant un inconfort
important. La spasticité peut résulter de modifications inadaptées des circuits spinaux. Les modéles
actuels de spasticit¢ des membres postérieurs font défaut, ce qui rend difficile I’étude des
mécanismes ou des traitements de la spasticité. Par conséquent, nous avons généré un nouveau
modele murin de spasticité liée aux 1ésions médullaires qui utilise I’optogénétique pour activer un
sous-ensemble d’afférences sensorielles cutanées VGLUT2+ afin de produire des incidences
fiables de spasticité des membres postérieurs. Pour examiner I'efficacité de ce modele de spasticité
optogénétique, une lésion de transection compléte T9-T10 a été réalisée chez des souris Isletl-
Cre+/-;Vglut2-Flp+/-;CreON-FIpON-CatCh+/-, suivie de I'implantation d'électrodes EMG dans le
muscles gastrocnémiens gauche et droit et tibial antérieur. A partir de 9 jours aprés la blessure, des
enregistrements EMG ont éte réalisés lors d'une stimulation optogénétique épisodique. Au cours

de chaque session d'enregistrement, une fibre optique couplée a une LED d'une longueur d'onde
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de 470 nm a été utilisée pour délivrer des impulsions lumineuses a la surface palmaire de chaque
patte arriére. Les résultats de ces enregistrements ont démontré des augmentations significatives
de I'amplitude des réponses EMG au stimulus lumineux de 2 semaines aprés la blessure a 5
semaines aprés la blessure, indiquant une hyperréflexie. Il est intéressant de noter que cette
hyperréflexie était significativement plus importante dans la cohorte féminine que chez les
hommes. Des incidences de contractions musculaires involontaires prolongeées et de clonus ont
également été détectées par EMG et observation visuelle pendant la période de test, confirmant la

présence de spasticité.

Dans I’ensemble, les résultats de ma thése suggérent un remodelage des circuits spinaux
impliquant des interneurones spinaux qui ont déja été impliqués dans la récupération de la
fonction locomotrice aprés une lésion de la moelle épiniere chez la souris. De plus, nous avons
développé un modeéle murin optogénétique qui semble provoquer de maniére fiable la spasticité
chez les souris LME et pourrait étre utile pour I'étude des mécanismes de spasticité des membres

liés a la LME en raison de changements inadaptés au sein de la moelle épiniere.
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CHAPTER 1: GENERAL INTRODUCTION



1.1 Spinal Cord Injury

Spinal cord injury (SCI) is one of several neurological injuries without any therapeutic cures
in humans. Every year, SCI affects between 250,000 and 500,000 people worldwide (Bennett et
al., 2022), and it has many devastating consequences on the physiological and psychological well-
being of affected individuals. Symptoms depend on the level and the severity of the injury,
resulting in partial or complete loss of motor, sensory or autonomic functions ( Barbeau and
Rossignol, 1987; Brustein and Rossignol, 1998; Bareyre et al., 2004; Cao et al., 2005; Ballermann

and Fouad, 2006; Fink and Cafferty, 2016).

Most cases of SCI are due to physical accidents such as falling or vehicle-related incidents
where the bones around the spinal cord are broken or pushed against the spinal cord, severely
damaging nervous tissue and non-traumatic SCI accounts for 50% of all the cases
(Karamehmetoglu et al., 1997; Mathur et al., 2014; Zivkovi¢ and Nikoli¢, 2014). While neurons
are readily generated and their axonal processes are highly plastic during embryonic development
and postnatal stages of life, the same cannot be said about adulthood (Fink and Cafferty, 2016;
Dell’ Anno and Strittmatter, 2017). Neurons and their axons have limited capacity to regenerate in
the adult due to low availability of intrinsic growth factors and an inhibitory growth environment
(Neumann et al., 2005). After SCI, a series of responses occur such as: loss of blood brain barrier,
invasion of blood cells into the lesion site and causing inflammation, cell death, demyelination,
release of toxin products, and generation of fluid-filled cavity (Ghosh and Hui, 2016). These
responses create an inhibitory growth environment where astrocytes transform into reactive
astrocytes and produce glial scars around the lesion (Chu et al., 2014). As a result, following
injury, damaged axons fail to regenerate and re-establish the original circuits, leading to the

irreversible loss of the descending pathways that control movements originating from the brain



and the brainstem descending to the spinal cord (Carmel and Martin, 2014). So far, efforts to
induce these descending pathways to regenerate through the injury site have met with limited
success at best (Barbeau and Rossignol, 1987; Brus-Ramer et al., 2007; Carmel et al., 2010;
Rosenzweig et al., 2010; Carmel and Martin, 2014; Fink and Cafferty, 2016; Martin, 2016),

severely limiting the treatment of SCI in humans.

Despite the limited regenerative capacity of the central nervous system, some patients may
experience some degree of recovery due to plasticity and sprouting of spared neurons (Nas et al.,
2015). This plasticity may, however, also be maladaptive and lead to further complications such
as spasticity and increased sensitivity to pain (hyperalgesia). Therefore, despite the presence of
some form of regenerative process in the nervous system following SCI, there are currently no
effective treatments that provide sustained recovery of lost function. While numerous repair
strategies have been developed and tested in experimental settings (Gerasimenko et al., 2007;
Kumru et al., 2010; Roy et al., 2010; Harkema et al., 2011; Angeli et al., 2014), none of these
elaborated repair strategies have been successfully translated in clinical settings. Similarly, the use
of therapeutic approaches such as locomotor training or electrical stimulation have shown some
degree of recovery of motor function in animal models of SCI, and recently in a few patients with
complete sensory/motor loss (AIS A) and complete motor loss (AIS B) where participants
recovered voluntary walking in response to epidural stimulation and motor training via a brain
spine interface (Lorach et al., 2023). However, a consistent and sustained recovery from
application of similar approaches has yet to be demonstrated in humans. Therefore, a better
understanding of the mechanisms of recovery or even secondary complications after SCI in animal

models is essential to make breakthroughs in treatment of human patients suffering from SCI.



1.2 Animal models of SCI

Animal models of SCI have been tremendously helpful in understanding the anatomical and
biological events involved in SCI and repair. These models provide an opportunity for researchers
to determine the characteristic pattern of cell death and sparing and measurement of any
demyelination, collateral sprouting, regeneration, neuroprotection and recovery of locomotor or
other deficits (reviewed in Sharif-Alhoseini et al., 2017). The pattern of injury in the animal models
is selected based on the aim of the researchers. For example, the contusion and/or compression
model is preferred when investigating biomechanics and the pathophysiological changes after
injury such as inflammation, ischemia, hemorrhagic necrosis, and central cavitation (Smith et al.,
2010; Jazayeri et al., 2013; Jalan et al., 2017). On the other hand, transection models that include
a partial or a complete transection of the spinal cord are useful to study the effects of scaffolds,
biomaterials and neurotrophic factors, regeneration or degeneration and neuroplasticity. Even
though transected spinal cords are rarely encountered in clinical practice, this model of injury has
also been widely used in rodents and cats to study the role of spared neuronal circuits in recovery
of locomotion after SCI (Edgerton et al., 2004; Lavrov et al., 2006; Courtine et al., 2009). In the

next section, several plastic changes that take place in the spinal cord have been discussed.

1.3 Morphological changes after SCI and mechanisms of adaptation

1.3.1 Plasticity of supraspinal descending pathways

Possible morphological changes in neural circuitry following SCI that could promote
recovery have been widely studied. The plasticity of spinal, brain and peripheral circuits has been
observed in mammalian models of SCI after treadmill training, pharmaceutical interventions and
epidural stimulations, which has led to partial or full degree of recovery (Ichiyama et al., 2005;

Roy et al., 2012; Shah et al., 2013).



The corticospinal tract (CST) originating from the motor cortex is the major pathway
involved in controlling voluntary movements (Carmel and Martin, 2014). Following an incomplete
SCI in humans or a hemisection in animal models, the descending CST fibers are spared and a
combination of pharmacotherapy, treadmill training and epidural stimulation can induce
reorganization of spared fibers and improve functional recovery (van den Brand et al., 2012;
Angeli et al., 2014b). However, long-distance reorganization of descending fibers is minimal in
the absence of any type of intervention (Bradbury et al., 2002; Kim et al., 2004; K. Liu et al.,
2010). But the uninjured CST can undergo spontaneous short distance sprouting after incomplete
SCI with or without intervention (Thallmair et al., 1998; Cafferty et al., 2010; K. Liu et al., 2010).

This sprouting includes increased CST axon crossing of the midline (Ghosh et al., 2009).

When the CST is damaged, the rubrospinal and reticulospinal tracts aid with functional
recovery (May et al., 2017; Asboth et al., 2018). The reticulospinal tract descending from the
reticular formation in the brainstem and terminating in the spinal cord drives the initiation of
locomotion and postural control (May et al., 2017). Their contribution to functional recovery after
spinal cord injury may arise from plasticity in these subcortical descending tracts. For example,
after a lateral hemisection in adult rats, reorganization of reticulospinal tracts have been observed
(Zorner et al., 2014). Using anterograde and retrograde tracings, it was observed that more

reticulospinal fibers from the intact side crossed the spinal midline at cervical and lumbar regions.

1.3.2 Plasticity of spinal interneurons

Many populations of spinal interneurons mediate a diverse set of roles including
modulation of sensory, motor and autonomic functions (Zholudeva et al., 2021). Amongst these
spinal interneurons are propriospinal neurons that are located in the spinal cord and have short or

long axon projections, which can span multiple segments of the spinal cord and project onto other



interneurons in the spinal cord (Jankowska et al., 1974, 1983; Cowley et al., 2021). The ascending
pathways that they form enable some of these propriospinal neurons to relay information from
pain afferents (Szentagothai, 1964) and proprioceptors (Jankowska, 1992) to supraspinal centres.
Descending circuits formed by propriospinal neurons transmit descending motor commands from
supraspinal and spinal regions. However, propriospinal neurons do not simply transmit
information up and down the spinal cord. These neurons are integrated in circuits of central pattern
generators, which is associated with rhythmic motor function such as locomotion (Ballion et al.,
2001; Jordan and Schmidt, 2002). They also integrate sensory feedback to mediate and coordinate
rhythmic motor outputs (Conta and Stelzner, 2004; Cowley et al., 2008, 2021). Recent work where
ascending propriospinal neurons in the lumbar cord were inactivated highlights their critical role
in the proper synchronous coordination of the hindlimbs and forelimbs in a number of various

movements (Pocratsky et al., 2020).

Propriospinal neurons have also been shown to be involved in recovery of respiration
(Jensen et al., 2019), autonomic function (Michael et al., 2019), and locomotor function (Laliberte
et al., 2019) after SCI. These neurons play a major role in recovery of locomotor function by
relaying inputs from spared descending inputs onto locomotor networks or by forming detour
circuits that reroute supraspinal commands around the lesion after incomplete SCI (Bareyre et al.,
2004). After a midthoracic dorsal transection of CST axons in rats, lesioned CST axons
spontaneously sprouted collaterals into the cervical gray matter and made new connections with
both short and long propriospinal INs (Bareyre et al., 2004). The CST projections onto short
propriospinal INs, which did not bridge the lesion were lost 12 weeks post-injury but the CST
contacts that were made with long propriospinal INs crossing the lesion were maintained.

Furthermore, the number of direct contacts between long propriospinal axons terminals and



motoneurons were doubled 8 weeks after the hemisection. The maintenance of these intraspinal
pathways from cervical to lumbar segments following the dorsal hemisection was verified by
pseudorabies virus tracing and their functionality was supported by EMG signals in the hindlimb
evoked by intracortical microstimulation. As a result of these new connections made post-injury,
improvements in locomotor function were observed in rats (Bareyre et al., 2004; van den Brand et

al., 2012).

Using a staggered hemisection paradigm, propriospinal neurons have been shown to form
detour circuits around the lesion to provide an alternative flow of motor commands from
supraspinal axon collaterals onto lumbar circuits for locomotion (Courtine et al., 2008; Cowley et
al., 2008; Martinez and Rossignol, 2013; May et al., 2017). In one adult mouse study, an initial
hemisection was made to sever all ipsilateral descending pathways on one side at T12 and another
hemisection was made on the contralateral side at T7 to disrupt the spared descending pathways
contralateral to the first hemisection (Courtine et al., 2008). Restoration of locomotor function in
these mice was associated with evidence of connectivity between spared lumbar circuits with
propriospinal INs in the intervening region between the lesions (T8-T10) while showing no direct

connectivity between supraspinal locomotor nuclei and lumbar circuits (Courtine et al., 2008).

Functional recovery after incomplete SCI can also be increased by spared descending
motor pathways besides the CST. After a complete transection of reticulospinal tract axons in rats
using a staggered model where a hemisection at T10 was followed by a contralateral hemisection
at T7, it was observed that reticulospinal axons formed new contacts with propriospinal INs and
locomotory recovery was observed (May et al., 2017). Similarly, a severe contusion of the spinal
cord at T8/T9 (Asboth et al., 2018) or a unilateral cervical hemisection in adult rats was shown to

increase reticulo-propriospinal contacts from damaged reticulospinal axons (Filli et al., 2014).



Therefore, remodelling of reticulospinal pathways involving propriospinal INs also play an

important role in recovery of locomotion after SCI.

While the above studies have shown a partial or full recovery of locomotion after SCI, the
formation of detour circuits around the lesion isn’t possible after complete SCI nor axonal
regeneration over a long distance. However, animal models of complete SCI have also
demonstrated some level of locomotor recovery, which is believed to involve plasticity in spinal
circuits below the level of injury and ability of propriospinal neurons to communicate within
lumbar segments (Bareyre et al., 2004; Martinez et al., 2009; Rossignol and Frigon, 2011). In the
absence of descending inputs in complete SCI models, activation of sensory feedback has been
shown to play a great role in recovery of locomotion (Bouyer and Rossignol, 2003; Lavrov et al.,
2008; Stawinska et al., 2012; Takeoka et al., 2014; Takeoka and Arber, 2019; Takeoka, 2020).
This recovery has been attributed to propriospinal INs (Kathe et al., 2022) that integrate sensory
feedback and relay this feedback to the spared locomotor networks across the lumbar spinal cord.
One example of these propriospinal INs are dI3 INs, which integrate cutaneous and proprioceptive
inputs and have been shown to be involved in recovery of locomotion following complete SCI in

mice (Bui et al., 2016).

1.3.3 Changes in intrinsic properties of spinal neurons

Changes in the intrinsic properties of spinal neurons following SCI could change neural
activity and possibly motor output. Intrinsic properties of spinal neurons are finely tuned to ensure
proper recruitment of muscles by spinal circuits during voluntary contractions (Kernell and
Kernell, 2006). Several changes in the intrinsic properties of spinal neurons have been observed
after SCI but the results in different animals are contradictory. For example, the resting membrane

potential of lumbar motoneurons was observed to be depolarized in chronic SCI rats (Beaumont



et al., 2004) but the membrane potential of motoneurons was unchanged in spinal transected cats
(Cope et al., 1986; Munson et al., 1986; Hochman and McCrea, 1994). Motoneuron
hyperexcitability in sacral motoneurons due to the activation of large persistent inward currents
(PICs) has been reported in rats with acute SCI (Harvey et al., 2006). Other experiments have
reported transient increases in input resistance and rheobase current combined with more
hyperpolarized resting membrane potential and decreased action potential amplitudes in mouse
motoneurons 4 weeks after lateral hemisection of the spinal cord (Rank et al., 2015). However,
these intrinsic properties seemed to return to normal values 10 weeks after the injury (Rank et al.,
2015). Finally, involuntary muscle contractions have been linked to spasticity or hyperreflexia
after SCI and linked to alterations of the excitability of spinal neurons (Nielsen et al., 1995; Carlin
et al., 2000; Lee and Heckman, 2001; Li and Bennett, 2003; Bennett et al., 2004; Gorassini et al.,

2004 ; Pandyan et al., 2005; Theiss et al., 2007).

Recently, SCI has been demonstrated to trigger plastic changes in both sensory afferent
pathways and serotonergic modulation which enhance the activation and excitation of Shox2
interneurons (Garcia-Ramirez et al.,2021). The whole-cell patch-clamp recordings conducted on
Shox2 INs indicated minimal changes in their intrinsic excitability properties after a complete
transection of T8-T10 cord in adult mice. However, in uninjured mice, afferent stimulation elicited
a combination of excitatory and inhibitory input to Shox2 INs, which shifted predominantly
towards excitatory signals following SCI. Shox2 INs exhibited varying responses to serotonin in
a concentration-dependent manner under uninjured conditions. However, post-SCI, 5-HT
primarily induced depolarization in Shox2 INs. While 5-HT7 receptors were found to mediate
excitatory effects on Shox2 INs in both uninjured and SCI mice, the activation of 5-HT2B/2C

receptors amplified the excitability of Shox2 INs specifically after SCI. These data suggests that



SCl alters the sensory afferent input pathways to Shox2 INs and modifies the modulation of Shox2

INs by 5-HT, resulting in an enhancement of excitatory responses (Garcia Ramirez et al.,2021).

In another experiment, firing characteristics of bursting deep dorsal horn (DDH) neurons
were characterized after a complete T10 transection in adult mice (Thaweerattanasinp et al., 2020).
During the chronic stage, DDH neurons exhibit an overall increase in excitability and
demonstrated varying responses to serotonin and NMDA receptor agonists. During dorsal root
stimulation, DDH neurons displayed increased responsiveness with the duration of bursts doubling
after chronic injury. Also, application of zolmitriptan, which is a 5HTis;1p receptor agonist,
generated a stronger overall suppressive effect, while the facilitative effects of NMDA were
comparatively weaker. Furthermore, it was observed that DDH neuron activity commenced before
ventral root output, and the firing rates of DDH interneurons were associated with the integrated,
sustained ventral root output. These findings indicate the potential contribution of bursting DDH
neurons to muscle spasms following spinal cord injury, suggesting a role in modulation by 5-HT
inhibition (Thaweerattanasinp et al.,2020). The results of these experiments suggest that changes
in intrinsic properties of spinal neurons can have beneficial or detrimental effects on the recovery

of motor activity following SCI.

1.3.4 Changes in neurotransmitter function after SCI
1.3.4.1 Glutamate

In addition to structural plasticity that takes place in descending inputs, sensory afferents and
neural circuits after SCI, plasticity related to neurotransmitters have also been demonstrated

(Kapitza et al., 2012; Khalki et al., 2018; Bertels et al., 2022). In the nervous system, the amino
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acid glutamate is considered to be the major excitatory neurotransmitter (Fonnum, 1984; Watkins,
2000) and the nervous system utilizes different transporters such as VGLUT1, VGLUT2 and
VGLUTS to release glutamate at the synaptic cleft. In the spinal cord, VGLUT1 is selectively
expressed in central boutons of proprioceptors and low threshold mechanoreceptors while
excitatory glutamatergic boutons from central neurons are labelled by VGLUT2 except for

corticospinal inputs that are labelled by VGLUT1 (Alvarez et al., 2004).

SCI has been shown to affect the level of VGLUTL in the spinal cord. Following multiple dorsal
rhizotomies (cutting the sensory portion of the nerve) in adult rats, the level of VGLUT1 was
significantly decreased in dorsal and ventral laminae of the spinal cord (Alvarez et al., 2004).
Several other studies have also observed a decrease in the level of VGLUT1 following SCI. For
example, Khalki et al (2018) observed changes in the density of VGLUT1 boutons to some but not
all MNs after a complete transection in rats. Kapitza et al. (2012) found that SCI caused a 10-50%
decrease in the density of both VGLUT1 and VGLUT2 boutons following a complete S2 sacral
transection in adult rats. These prior studies focused mainly on spinal motoneurons, which are the
direct interface between the central nervous system and the skeletomuscular system. However,

similar changes could hypothetically occur in other spinal interneurons.

1.3.4.2 Inhibitory neurotransmitters and presynaptic inhibition in the spinal cord

The two chief inhibitory neurotransmitters in the central nervous system are GABA and
glycine (Shimizu-Okabe et al., 2022). GABA is synthesized by two isoforms of glutamic acid
decarboxylase enzyme (GAD 65 and GAD 67) (Esclapez et al., 1994) and binds to two different
types of receptors, GABAa and GABARg, on the postsynaptic membrane (Kuriyama et al., 2000).
In the spinal cord, GABAergic, glycinergic and GABA and glycine co-releasing inhibitory neurons

play a number of critical roles, for example regulating pain transmission, gating sensorimotor
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information, and coordinating the activity of muscles based on their functional relationships

(Shimizu-Okabe et al., 2022).

The transmission of sensory information to spinal neurons is under the particular control
of a subset of GABAergic neurons, which we will refer to as GABApre neurons, that arise from
the di4 and dILa populations of spinal neurons. These neurons are directly under the influence of
several supraspinal systems, segmental circuits and sensory afferents. Proprioceptive and
cutaneous sensory afferents activate GABApre neurons in a tri-synaptic pathway involving
sensory afferents from ApB, Ad or C-fibers, GABApre neurons, and excitatory spinal neurons
interposed between the two (Rudomin, 1999; Hochman et al., 2010; Zimmerman et al., 2019) (Fig.
1.1). These GABAergic interneurons then release GABA, which was believed to bind to GABAAa
receptors on the sensory terminals and cause depolarization of the afferent also known as primary
afferent depolarization (PAD) (Rudomin, 2009). Due to high concentration of chloride in primary
sensory afferents, PAD causes efflux of chloride ions. For decades, it was believed that PAD was
mediated through GABAA receptors found on la afferent terminals. However, recent studies have
failed to detect GABAA receptors on la afferent terminals (Alvarez et al., 1996; Lucas-Osma et al.,
2018; Hari et al., 2021;) and that instead, GABA binds to metabotropic GABAg receptors on the
presynaptic terminal (Lucas-Osma et al., 2018; Hari et al., 2022, Metz et al., 2023). This binding
of GABA®g receptors on the presynaptic terminals of sensory afferents may activate intracellular
signalling pathways that reduce glutamate release (such as voltage-dependent Ca?* channels and
GIRK channels), and thus sensory input to spinal circuits. PAD may instead originate from the
binding of GABA by GABAA receptors found at or within 100um of the nodes of Ranvier of many
la afferents in the dorsal and ventral horn of spinal cord and would act to increase fidelity of

sensory transmission, increasing the possible effects of GABApre neuron activity on sensory
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transmission (Hari et al., 2022). Thus, GABApre neurons may have multiple, and possibly
opposing effects such as facilitatory and inhibitory effect on sensorimotor function depending on

what type of receptor they bind to.

After SCI, the loss of supraspinal descending inputs alters inhibitory synaptic transmission
within the spinal cord. A number of changes associated with inhibitory transmission following SCI
have been reported, including 1) changes in the size and density of presynaptic inhibitory inputs
(Khalki et al., 2018) ; 2) changes in expression level of glycine and GABA receptors (Sadlaoud et
al., 2020), 3) changes in GAD 65/67 levels (Tillakaratne et al., 2000, 2002) and 4) changes in
neurotransmitter phenotype where a conversion of glutamatergic to GABAergic neurotransmitter
phenotype was observed amongst many spinal interneurons (Tillakaratne et al., 2000, 2002;
Bertels et al., 2022). It is not clear yet how these changes in GABAergic transmission affect motor
function after spinal cord injury. One possibility is that the reduction of presynaptic inhibition
through reduced activation of GABAg receptors on synaptic terminals could cause hyperreflexia,
perhaps leading to spasticity in patients (Faist et al., 1994). At the same time, loss of PAD in
sensory afferents could also reduce fidelity of sensory transmission, which would reduce sensory

activation of spinal motor circuits below the lesion site.
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Figure 1.1. Presynaptic inhibition of large and small diameter sensory afferents. (Left panel)
Large diameter cutaneous afferents exhibit GABA-dependent Presynaptic Inhibition (PSI). AB-
Low Threshold Mechanoreceptors (LTMRS) can activate certain excitatory interneurons leading
to the activation of GABAergic interneurons. This activation induces GABAAR-dependent
primary afferent depolarization (PAD) mainly in other AP subtypes. (Right panel) GABAAR-
dependent PSI occurs in response to activity in small diameter afferents. Unidentified interneurons,
depicted in grey, play a role in this process.

Adapted from Zimmerman et al., 2019
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1.3.5 Plasticity of sensory afferents

Perhaps it is not surprising that sensory afferents undergo morphological and functional
changes after SCI considering the central role of sensory feedback to recovery of locomotor
function after SCI. The role of sensory feedback from the periphery is heightened and more
potentiated when the descending inputs are lost after SCI because intact sensory input are still
capable of activating spinal motor circuits after the injury. The activation of sensory afferents
whether through physical activity (Bouyer and Rossignol, 2003; Reggie Edgerton et al., 2007,
Frigon and Rossignol, 2008; Stawinska et al., 2012; Takeoka et al., 2014; Takeoka and Arber,
2019) or electrical stimulation (Gerasimenko et al., 2002; Lavrov et al., 2008; Courtine et al., 2009;
van den Brand et al., 2012; Zhang et al., 2021) can generate locomotor activity in SCI animals. On
the other hand, silencing or ablating sensory neurons or spinal neurons that integrate sensory inputs
can reduce recovery levels in SCI animals (Takeoka et al., 2014; Bui et al., 2016; Takeoka and

Arber, 2019).

Proprioception is an important source of sensory information that originates from muscles.
Proprioceptive sensory neurons innervate muscle spindles and tendon organs and have direct
projections on MNs and spinal interneurons to convey information such as velocity, length of
muscles and force to the spinal cord (Rossignol, 2006; Windhorst, 2007; Pearson, 2008). Takeoka
et al. (2014) used genetic techniques to demonstrate the importance of proprioceptive afferents to
the recovery of locomotion. Mice mutant for Egr3, a zinc finger transcription factor crucial for the
survival of muscle spindles, exhibited persistent lack of locomotor control in ladder tasks after a
lateral hemisection at thoracic level (T10). In contrast, wild-type mice with the same injury
regained basic locomotor function and partially recovered speed dependent adaption but failed to

recover precise paw placement (Takeoka et al., 2014). In another elegant study, Takeoka and Arber
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(2019) demonstrated that proprioceptive feedback entering spinal segments below but not above
the lesion is critical for recovery of locomotor function. Genetically ablating proprioceptive
afferents below a lateral hemisection at T10 in adult mice severely restricted recovery of
locomotion and reorganization of descending inputs. Even an ablation of proprioceptive afferents
that was delayed until later after an injury also caused the loss of recovery. These data suggests
that the proprioceptive afferents play an essential role for maintenance of recovery of locomotor
function. Moreover, proprioceptive afferents interact with local spinal circuits and this activity
dependent reorganization of synaptic connectivity to spinal targets initiates and maintains

locomotor output after SCI (Takeoka and Arber, 2019).

In addition to proprioceptive afferents, cutaneous afferents conveying mechanoreceptive
information are also activated during locomotion. In intact cats, removal of cutaneous information
does not affect the rhythm generation but in spinalized cats, removal of cutaneous feedback
severely impairs the recovery of proper foot placement during stepping (Bouyer & Rossignol
2003). Cutaneous inputs from the plantar surface of the paw were also shown to have an influence
on locomotion in another study on spinalized rats (Stawinska et al., 2012). The contribution of
cutaneous receptors in the foot pad of spinalized rats was tested through medial and lateral
injections of lidocaine in the hindpaws to silence cutaneous afferents innervating the foot pad after
SCI. Lidocaine altered plantar stepping and decreased intra- and inter-limb coordination of
spinalized mice that had shown significant levels of recovery when walking in an upright position.
This experiment further supports the conclusion that cutaneous afferents from the surface of the
foot may be necessary for recovery of locomotor function in chronic spinal rats (Slawinska et al.

2012).
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Quantification of VGLUTL1" synapses, which include proprioceptive and low-threshold
sensory afferents as well as CST boutons in the spinal cord (Alvarez et al., 2004), suggests changes
in the density of sensory afferents to some but not all MNs after complete lumbar spinal transection
in rats (Khalki et al., 2018). The prior study focused mainly on spinal motoneurons, which are the
direct interface between the central nervous system and the skeletomuscular system. However,
many populations of spinal neurons also receive sensory inputs (Brownstone and Bui, 2010), and
some of these populations such as dI3s, VO0s, VV2as,V2bs and others have been implicated in the
recovery of locomotor function (Bui et al., 2016; Kathe et al., 2022). Whether there is plasticity in
the integration of this sensory feedback by these and other populations of spinal neurons that are

crucial to the recovery of locomotor function remains to be determined.

The benefits of targeting sensory feedback in therapeutic strategies such as rehabilitative
locomotor training have also been studied in humans. Some improvements have been reported in
patients with SCI that have undergone repetitive stepping motion on a treadmill with human or
robotic assistance (Field-Fote and Roach, 2011; Nam et al., 2017), since this type of training has
been shown to promote plastic changes capable of restoring locomotion in unilaterally transected
rodents (van den Brand et al. 2012). Recent experimental trials with human male individuals
diagnosed with motor and sensory complete lesions undergoing daily training with weight bearing
for standing and stepping using assisted-treadmill walking, in combination with epidural
stimulation of sensory afferents led to the expression of some volitional leg movements (Harkema
et al., 2011, 2012; Angeli et al., 2014; Behrman et al., 2017; Wagner et al., 2018 ; Rowald et al.,

2022 ; Lorach et al., 2023).

While these recent studies in humans are encouraging, the levels of volitional movements

are still modest, and they result from extensive amounts of rehabilitation requiring large teams of
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rehabilitation therapists. The success of these rehabilitative efforts could be greatly improved with
an improved understanding of the spinal circuits that are activated by this kind of training. One
target within the spinal cord are dI3 interneurons (dI3 INs), which is a population of spinal neurons
that integrate both cutaneous from low-threshold mechanoreceptors and proprioceptive sensory
inputs for the control of movement. Silencing these neurons have been shown to reduce the ability
of SCI mice to recover rhythmic hindlimb movements during treadmill training (Bui et al., 2016).

Therefore, dI3 INs are a promising candidate for future treatments of SCI.

1.4 Characteristics of dI13 INs

The spinal cord contains two structures, the dorsal and ventral horns, whose neurons
subserve sensory and motor functions, respectively. Dorsal spinal neurons are mainly responsible
for three functions, namely, 1) the processing of sensory information associated with
proprioception, touch, pain and heat perceptions, 2) the relay of these sensory afferent information
to the brainstem and thalamus and 3) the relay of sensory feedback onto motoneurons to modulate
motor control (Mduller et al., 2002). The location of the spinal INs that are responsible for the
processing of non-noxious, tactile information have been estimated to be located in Rexed laminae
I-VIII and X, initially based upon the distribution of the central terminals of low-threshold

mechanoreceptors (Rexed, 1952, 1954).

Recently, spinal neurons have been categorized by their molecular characteristics and 6
populations of interneurons named dl1-dI6 have been identified in different layers of the dorsal
horn. dI3 INs are excitatory interneurons (glutamatergic) as determined by in situ hybridization
for vesicular glutamate transporter 2 (VGLUT2) mRNA (Bui et al. 2013), with ipsilateral

projections to MNs (Stepien et al., 2010) (Fig. 1.2).
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dI3 INs are characterized by the expression of several transcription factors such as Brn3a/b,
TIx3, Gsh1/2, Ascll, Olig3, Brn3a, and Isl1 (Mizuguchi et al., 2006; Xu et al., 2008; Avraham et
al., 2010). The transcription factor that distinguishes dI3 INs from the rest of the interneurons is
Isl1, which is a LIM homeodomain transcription factor found only on dI3 INs, MNs and some
sensory neurons (Pfaff and Mendelsohn, 1996; Liem et al., 1997; Bui et al., 2013). Isl1 is essential
for determining the axonal projections of dI3 INs during development (Avraham et al., 2010).
Since both dI3 and dI5 INs express TIx3 and PrrxL1 in addition to pain modulatory neuropeptides,
it’s been hypothesized that dI3 INs belong to nociceptive second order sensory neurons (Qian et
al., 2002; Xu et al., 2008). However, there is less evidence for this theory as the expression of TIx3
and PrrxL1 in dI3 INs is transient and occurs only during embryogenesis compared to dI5 neurons
that persists through postgestation. However, the longitudinal axonal trajectory pathways of dI3
neurons, which have been found to be ipsilateral, travelling along two longitudinal fascicules at
the ventral lateral and dorsal funiculus, could also strengthen this hypothesis that dI3 INs play a

role in relaying pain signals (Avraham et al., 2010).

Recently, the transcription factors of Onecut (OC) family, including hepatocyte nuclear
factor 6, OC2 and OC3, have been found to stimulate the expression of Isl1 in MNs during
differentiation Roy et al., 2012) and may also regulate the expression levels of Isl1 in dI3 INs
(Kabayizaetal., 2017). It was observed that the number of dI3 INs containing OC factors increased
from e10.5 to e12.5 in mice and migrated towards the intermediate level of the spinal cord
(Kabayiza et al., 2017). However, mutant Hnf6/OC2-/- embryos also expressed Isl1 in dI3 INs in
the absence of Onecut transcription factors. Therefore, these data suggest that the Onecut
transcription factors regulate the distribution of dI3 INs in the spinal cord during development but

are not required for their differentiation (Kabayiza et al., 2017)
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The final location of dI3 INs in the spinal cord has been determined by driving expression
of a yellow reporter fluorescent protein by the Isl1 promoter. Thus, dI3 INs were found to be
predominantly located in cervical and lumbar segments of the spinal cord, at similar densities,
within laminae V-VII (Bui et al., 2013). Due to their location, immunohistochemical labelling of
VGLUT1 has shown that dI3 INs are contacted by primary sensory afferents (Alvarez et al., 2004)
and electrophysiological experiments have confirmed the observation that dI3 INs received
monosynaptic input from proprioceptive and low threshold cutaneous afferents (Bui et al. 2013).
However, it was observed that sensory information is mainly transmitted from cutaneous as
opposed to proprioceptive afferent and this was characterized by less abundance of parvalbumin
expression in many VGLUT1" sensory contacts (Bui et al. 2013). Furthermore,
electrophysiological and immunohistochemical techniques in addition to genetic manipulations
have demonstrated that dI3 INs play a role in motor control (Stepien et al., 2010; Bui et al., 2013;

Pivetta et al., 2014).
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Figure 1.2. Connectivity of dI3 INs within the context of locomotor control. dI3 INs receive
descending supraspinal inputs as well as cutaneous and proprioceptive sensory inputs. In turn,
they have glutamatergic inputs, which projects onto CPG networks and MNSs.
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1.5 Role of dI3 INs in locomotion and recovery

Considering the importance of cutaneous inputs to locomotor recovery after SCI in both cat
(Bouyer and Rossignol, 2003) and rats (Stawinska et al., 2012), the role of dI3 INs in locomotor
recovery was investigated. Neurotransmission of dI3 INs was genetically silenced by Isl1-driven
conditional ablation of the VGLUT2 protein, a protein important for glutamatergic
neurotransmission in most spinal neurons, including dI3 INs (Bui et al. 2013). These mice were
named dI3°7F mice. In-vitro electrophysiological experiments where the spinal cord of control
mice was isolated with the predominantly cutaneous sural nerve left in continuity showed that sural
nerve stimulation was capable of eliciting locomotor activity in the isolated neonatal mouse spinal
cord. However, when the same experiments were repeated in dI3°F animals only 6 of 12 dI3°F
mice showed locomotor activity and in those spinal cord where locomotor activity was elicited, a
higher amount of current stimulation was necessary to elicit locomotion. Therefore, these results
suggested that dI3 INs are capable of activating the spinal locomotor circuits induced by

stimulation of low threshold cutaneous afferents (Bui et al., 2016).

Despite this access to spinal locomotor networks, gait analysis in intact adult d13°FF animals
suggest that dI3 INs play an accessory rather than necessary role (Bui et al. 2016). However, as
described beforehand, cutaneous inputs are important for recovery of locomotor function and dI3
INs have been shown to integrate cutaneous inputs at the spinal level. This and their access to
spinal locomotor networks would make them ideally positioned to play important roles in recovery
of locomotor function following SCI when the spinal cord is deprived of descending motor
commands to activate locomotor activity. Bui et al. (2016) tested this hypothesis. Following lower
thoracic spinal cord transections in control and dI3°FF mice, mice were subjected to treadmill

training in order to recover locomotor activity. Functional recovery was quantified as
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forelimb/hindlimb step ratios with steps being defined as any forward excursion of the toes. In
both groups, there was a gradual increase during treadmill training following SCI but the step
ratios plateaued by 50 days following transection. More interestingly, the number of forward toe
excursions in d13°FF spinal cord injured mice was observed to be about half that of control SCI
mice leading to the conclusion that these dI3°FF mice showed a greatly reduced capacity of motor
recovery following spinal transection (Figure 1.3). These experiments point to dI3 INs as being
central players in the process of recovering locomotor activity following SCI. How dI3 INs
contribute to locomotor recovery after SCI remains to be determined. Considering the evidence
for plasticity in spinal circuits after SCI, there may be associated changes in circuits of dI3 INs

during the recovery of locomotor function.
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Figure 1.3. DI3 INs play a role in recovery of locomotion following SCI
(A) Kinematic recordings at 32 ms intervals in control and d13°FF mice 50 days following complete

spinal transection. Blue arrow at 32 ms portrays proper paw dorsiflexion in control mice but
d13°FF mice show abnormal plantarflexion during stance (magenta arrow at 64 ms). Cyan segment
at t = 384 ms indicates toe elevation in control, which is absent in d13°F" during the swing phase.
(B) Hindlimb/Forelimb step ratio as a function of time following complete spinal transection in
control and dI13°FF animals (C) Hindlimb/Forelimb step ratio 30 days following complete spinal
transection in control and dI3°7F animals. Mean +/— Standard Deviation. Two-tailed Student’s t-
test (***p<0.0001).

Adapted from Bui et al.,2016
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1.6 Maladaptive changes after SCI

Neuroplasticity that occurs after SCI, can also become maladaptive and cause secondary
complications such as pain and spasticity in the patients suffering from SCI. Spasticity is one of
the major symptoms manifested after spinal cord injury and is characterized as a velocity
dependent increase in muscle tone due to the exaggeration of stretch reflexes (Lance, 1990). It’s
been reported that over 65% of individuals develop spasticity a few months after SCI and over
35% have problematic spasticity where medical treatments are required (Holtz et al., 2017;
Maynard et al., 1990). In these patients, spasticity is often observed as involuntary muscle activity
such as muscle spasms, augmented tendon reflex activity (hyperreflexia) and involuntary rhythmic
muscle contractions also known as clonus (Nielsen et al., 1995; Pandyan et al., 2005). Spasticity
impacts the daily activities of SCI patients by limiting joint mobility, causing postural
abnormalities, and disturbing sleep (Adriaansen et al., 2016; Lundstrom et al., 2017; Widerstrom-

Noga et al., 2001).

1.7 Underlying neural mechanisms

The neural mechanisms underlying the development of spasticity after SCI are not well
understood. Three types of changes have been observed after SCI that could lead to spasticity.
First, disinhibition of spinal networks could be implicated. In both cats and humans, Golgi tendon
organs, which are sensitive to muscle tension, project via large diameter fibres (1b afferent fibres)
onto the motoneuron of the muscle from which they originate to inhibit them. This activation is
mediated through glycinergic Ib interneurons and results in a postsynaptic short-lasting inhibition
(1b inhibition). The inhibitory effect of Ib interneurons on motoneurons was tested in in both legs
of six hemiplegic patients (Delwaide and Oliver, 1988), by using a technique proposed by Pierrot

Deseilligny et al,1970. It was found that the Ib inhibitory effect was functionally absent in the
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spastic leg and reduction in Ib inhibition could contribute to the hyperexcitability of the myotatic
reflex, which is the putative basis of spasticity (Lance, 1990). This reflex could be the basis of
spasticity, but spasticity could involve polysynaptic reflexes involving muscle and cutaneous

receptors (mechanoreceptive and nociceptive).

Another malfunction in spinal inhibitory networks after SCI can be seen in the Renshaw cell
mediated recurrent inhibitory pathway for regulation of synergic muscles during movement. A
lesion interrupting the reticulospinal projections onto the inhibitory Renshaw cells, could lower
the level of excitability of these interneurons (Katz and Pierrot-deseilligny, 1982) and could
contribute to the development of extreme limb stiffness (Mazzocchio and Rossi, 1997). Recurrent
inhibition of soleus motoneurons was compared in healthy control subjects and spastic patients
with progressive paraparesis due to a spinal cord or cerebral lesion. Recurrent inhibition was found
to be normal in 50% of the patients at rest while in the other half there was evidence of reduced or
absent inhibitory activity at rest. Oral administration of L-acetylcarnitine increased activity of
Renshaw cells and consequently the hyperexcitability of H reflexes was reduced and as a result

reduction in flexor spasms and clonus was observed (Mazzocchio and Rossi, 1997).

Sprouting of sensory afferents following SCI could be a second means by which spasticity
could arise due to increased spinal reflexes such as nociceptive hyperreflexia (Fig. 1.4). After SCI,
pain pathways are reorganized and development of mechanical and thermal allodynia has been
observed at the level of injury and in rostral and caudal segments of the lesion site (Ondarza et al.,
2003a). Calcitonin gene related peptide (CGRP) is a putative nociceptive neurotransmitter found
in peripheral projections (Hokfelt et al., 1992) that is implicated in the transmission of pain,
temperature and noxious and non-noxious mechanical stimuli (Coggeshall et al., 1991; Yu et al.,

1994) and also in inflammations during SCI (Christensen and Hulsebosch, 1997). After a unilateral
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lesion at thoracic T13 level of the spinal cord in rats (Ondarza et al., 2003), increased sprouting of
CGRP containing afferents was observed near the lesions site and in segments above and below
the lesion. The segments rostral to the lesion (C8-T13) contain sensory fibers from glabrous skin
of the forepaw whereas segments caudal to the lesion (T13-L5) contain sensory fibers from the
glabrous skin of the hindpaw. Colocalization of CGRP was observed along with GAP-43, which
is a marker of neurite sprouting (Neve et al., 1988; Aigner et al., 1995), and upregulation of GAP-
43 was most robust near the T13 lesion site (Ondarza et al., 2003). Therefore, sprouting in CGPR

pathways may lead to allodynia following spinal injury (Ondarza et al., 2003).

In a similar study, it was observed that a T10 hemisection in rats produced cutaneously
evoked nociceptive hyperreflexia (Lee et al., 2019). Central projections of cutaneous nociceptive
afferents were significantly increased in segments above and below the lesion and increased

synaptic terminations in the dorsal horn was observed (Lee et al., 2019).

Downregulation of mechanisms that gate the sensory afferents may also cause the
development of spasticity (Fig.1.4). Gating of sensory information by presynaptic inhibition of la
terminals is mediated by axo-axonal GABAergic synapses by activation of GABARg receptors on
the la afferent. In a healthy subject, the GABAergic spinal interneurons that mediate presynaptic
inhibition are under the control of descending tracts (Rudomin et al., 1983; Rudomin and Schmidt,
1999). A number of studies suggest that the la pathways are no longer inhibited by presynaptic
inhibition after lesions to the spinal cord. This downregulation of presynaptic inhibition could
contribute to the hyperexcitability of the stretch reflex seen in spastic patients. In 18 paraplegic
patients with bilateral spinal cord lesion, facilitation of the soleus H-reflex was investigated (Faist
et al.,, 1994). It was observed that in these patients, upon femoral nerve stimulation, the

heteronymous la facilitation was significantly larger compared to the control healthy subjects. A
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decrease in presynaptic inhibition upon binding of GABA to GABAE receptors on la afferents

after SCI could explain this facilitation of the la reflex (Faist et al., 1994).

Finally, changes in motoneuron excitability could very well promote spasticity (Fig. 1.4).
There are voltage-dependent persistent inward currents in motoneurons mediated by calcium
currents from low threshold L-type calcium channels (Cav1.3 type) (Carlin et al., 2000). When
activated, PICs produce a sustained depolarization called plateau potentials. These plateau
potentials amplify and sustain the output of motoneurons (Hounsgaard et al., 1988; Lee and
Heckman, 1996; Bennett et al., 1998). After an acute spinal transection in the rat sacral cord,
plateau potentials are eliminated in motoneurons but a few months post-injury, motoneurons regain
their ability to produce plateaus (Eken et al., 1989; Bennett et al., 2001). These plateau potentials
were accompanied by large PICs and enhanced the intrinsic excitability of motoneurons, which

led to spasms in the muscles of the tails (Bennett et al., 2002, 2004).

The mechanisms underlying this spontaneous emergence of plateau potentials in chronic
spinal rats may be due to loss of control of descending inputs on synaptic transmission below the
level of injury (Baldissera et al., 1982; Jankowska, 1992), increased neurotransmitter release from
sensory afferent or interneurons (Thor et al., 1994), receptor upregulation after chronic SCI (Mills
and Hulsebosch, 2002) and metabotropic receptor facilitating PICs becoming supersensitive to the
released neurotransmitters (Hains et al., 2002). This enhanced action of metabotropic receptors by
glutamate or constitutive activity of 5-HT2g/c receptors can contribute to exaggerated PICs and

increased plateaus after chronic spinal cord injury (Murray et al., 2010).
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Figure 1.4. Neural mechanisms underlying spasticity following SCI. Several mechanisms can
lead to emergence of spasticity. (Left panel) Downregulation of spinal inhibitory networks that
gate the sensory afferents. (Middle panel) Sprouting of sensory afferents (Right panel) Changes in
motoneuron excitability.
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1.8 Treatments of spasticity

Current treatments for spasticity include blocking synaptic transmission by intramuscular
injections of the neurotoxin botulinum toxin (Ward et al., 2003), intrathecal targeting of the
GABAergic receptors using the GABAg receptor agonist baclofen (Heetla et al., 2014), blocking
calcium channels (Cav1.3) by nimodipine as tested in animal models (Marcantoni et al.,2020), and
neuromodulatory approaches such as transcranial magnetic stimulation in combination with
conventional therapies such as physiotherapy (Leo et al., 2017). These treatments have major
secondary side effects such as sedation and muscle weakness (Chang et al., 2013), which is why
the discovery of new treatments with less side effects are crucial for the effective treatment of
spasticity. Our lack of understanding of the pathophysiology of spasticity hinders our ability to
completely reverse the symptoms of spasticity and develop effective antispastics. One of the major
challenges to completely elucidating the pathophysiology of spasticity and the development of
more effective antispastic treatments is the lack of animal models where spasticity in the hindlimbs

can be easily and reliably elicited in awake behaving animals (Yoshizaki et al.,2020).

1.9 Current animal models of spasticity

Despite the prevalence of spasticity after injury or disease to the nervous system, few if any
animal models are available to reliably study limb spasticity. Experimental models of spasticity in
rodents often rely on electrophysiological recordings of the Hoffman reflex in anesthetized animals
(ates et al., 2008, 2011) or manual scoring of limb spasticity (Craven and Morris, 2010). A
complicating factor in observing limb spasticity after SCI is the variability in the onset and
frequency of spastic events. The rat spastic tail model was developed by David Bennett and
colleagues to circumvent this variability. This model of spasticity has revealed changes in intrinsic

and network properties of neurons as possible mechanisms underlying spasticity after SCI
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(Bennett et al., 2004, 2001, Hari et al., 2021, Metz et al., 2023). Another spastic tail model after a
sacral S2 transection has been investigated in adult mice based on the previous rat spastic tail
models (Kapitza et al., 2012). While the spastic tail model has been well developed such that tail
spasticity is reliably induced after SCI, there are not many models of limb spasticity available.
Another recent study has investigated the generation of limb spasticity after an incomplete
transection of the spinal cord at T8 level. However, the severity of spasticity in this model suffered
from variability, which might be inherent to spontaneously appearing spasticity (Yoshizaki et al.,
2020). Electrophysiological measure of spasticity has mostly relied on the loss of rate-dependent
depression of the H-reflex, a measure of muscle-spindle excitation of motoneurons. The causal
relationship of rate-dependent depression and its attenuation with spasticity remains to be fully
established, and the technical demands of electrophysiology pose hurdles to relying on these
measurements for the evaluation of potential treatments of spasticity. There is, therefore, a need
for animal models where hindlimb spasticity can be more reliably elicited, particularly in the

context of SCI.

1.10 Thesis overview

Restoring the activity of spinal circuits after spinal cord injury is essential for recovery of
lost locomotor function after spinal cord injury. The adaptive changes within spared neuronal
circuits can be beneficial for restoring sensorimotor function. In parallel, adverse, and maladaptive
changes can happen during cortical and intraspinal circuit reorganization after SCI. As a result of
increased neuronal sprouting of sensory afferents and formation of new intraspinal connections or
strengthening of existing connections, an imbalance of inhibitory and excitatory signaling can

cause spasticity.
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Now that it has been demonstrated that dI3 INs are important for recovery of locomotor
function, I first seek to determine the mechanisms by which they could potentially reconfigure the
spinal cord to improve locomotor function following SCI. The first step in identifying these
mechanisms is to understand the plasticity of their connectivity during the recovery of locomotor

function following SCI. To reach this goal, | have 3 sub-aims to investigate:

A) Changes in sensory inputs onto MNs and dI3 INs
B) Changes in GABAergic inputs onto central terminals of sensory inputs

C) Changes in central excitation of MNs and dI3 INs, putatively through VGLUT2+ inputs

In the second half of my thesis, | will turn my focus on maladaptive plasticity after SCI,
namely spasticity. | will investigate a possible mouse model for maladaptive hindlimb spasticity
based on photoactivation of sensory afferents innervating the skin via transgenic conditional
expression of the light-sensitive ion channel calcium translocating channel rhodopsin (CatCh) in
subpopulations of sensory neurons of dorsal root ganglia. | will first characterize the conditional
expression of transgenes of the fluorescent reporter tdTomato in the DRGs and the spinal cord to
determine the expression pattern of CatCh in our transgenic animals. | will then study the spasticity
response induced by light stimulation of the hindlimbs of our transgenic animals after SCI to

establish the value of these animals as possible models of hindlimb spasticity after SCI.
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CHAPTER 2: MATERIALS AND METHODS
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2.1 Animals

All animal procedures were approved by the University of Ottawa Animal Care Committee
and conform to the guidelines put forth by the Canadian Council for Animal Care. For our study
investigating the changes in connectivity to dI3 interneurons and motoneurons after spinal cord
injury (see sections 3.1.1 to 3.1.6), we used Isl1-Cre; Rosa26-YFP transgenic line of mice, herein
referred to as IsI1:YFP mice, which allowed us to visualize dI3 INs through the expression of
yellow fluorescent protein (YFP). Animals used in experiments ranged in age from adult 3-6

months old. Both male and female mice were used in this study.

For our study investigating a novel model of hindlimb spasticity (see sections 3.2.1 to 3.2.5),
we used Is11CRE: VglutZFLP; Ai80(RCFL- CatCh)-D transgenic strain of mice. For simplicity,

these mice will be referred as IsIl-Vqut2Catch herein. These mice conditionally express the blue
light-sensitive CatCh channels only in cells that are Isl1+ and VGLUT2+. This conditional
expression limits the expression of CatCh to a population of spinal dI3 interneurons (d13 INs) (Bui
et al,2013) and a subset of sensory neurons involved in mechanical nociception and thermoception
(Lagerstrom et al., 2010). Animals used in these experiments ranged in age from 2-3 months and

N =5 male and N=10 female mice were used.

2.2 Surgical details of spinal cord injury

Complete transections were performed at T9-T10 under isoflurane anesthesia. This injury
interrupts all descending supraspinal pathways, as well as all ascending sensory tracts — preventing
the perception of potentially noxious stimuli in the mice. Sterile surgical foam (Surgifoam,
Johnson & Johnson Medtech) was placed in the spinal space to prevent any re-growth of the axons
across the lesion. Animals were individually housed, given analgesic (Buprenorphine, 0.1mg/kg
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subcutaneous injection, Ceva Animal Health) for three days, and allowed to recover for at least
one week prior to treadmill training. Sham animals received a sham surgery where the skin and
muscle were opened and the T8 vertebrae was removed but the cord was not transected. The skin
and muscle were immediately closed after the vertebrae was removed. Animals were monitored
thrice daily, and bladders were expressed manually thrice daily. Humane endpoints were defined

as self-mutilation, improper feeding, decreased grooming, ataxia, or loss of body weight >20%.

For the group of animals used for the spasticity project, complete transections of the spinal
cords were performed at T9-T10 and following a one-week recovery period, mice were
anesthetized with isoflurane and custom-built fine wire EMG electrodes were implanted into the
tibialis anterior and gastrocnemius muscles as previously described (Akay et al., 2008, 2006).
After shaving the neck and hindlimbs of the mice, small incisions were made into the skin at the
neck area and at the hindlimbs. The electrodes were led under the skin from the neck to the leg
incisions and implanted into the left and right ankle flexor tibialis anterior and ankle extensor
gastrocnemius muscles using an attached 27 G needle. Following insertion into the muscle, the
electrodes were anchored in place by knotting the paired wires at the distal end of the muscle and
removing the attached needle. The incisions on the hindlimbs were closed with 7-0
polypropylene sutures (Ethicon) and the headpiece was stitched to the skin near the neck incision

by 5-0 silk sutures (Ethicon) and mice were given analgesic and allowed to recover for 3 days.

2.3 Treadmill training

Locomotor training on a custom-made treadmill was provided twice a week, with an
additional testing session per week. Animals were allowed to habituate to the treadmill
environment before training and then trained on the treadmill (belt speed of 10 cm/s) with minimal

weight support to ensure continual contact with the treadmill belt. On the testing day, mice walking
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on the treadmill were filmed from the side using a Basler ace acA640 — 750 um camera to record
at 60 frames per second for 3 minutes. Views of the mice from the side and the bottom were
captured as the treadmill was equipped with a transparent belt and a mirror below. In addition to
the session walking with no weight support, a subset of mice also had a session walking in a more
upright position by providing manual body weight support during the weekly testing. We
previously observed that recovery of rhythmic hindlimb movements plateaus after about two
months (Bui et al., 2016a). Based upon these data, we collected the lumbar spinal cord in mice
after 6 days post-injury (dpi), 2-3 weeks post-injury (wpi), 4-6 wpi and 10-12 wpi of locomotor
training. SCI mice were sacrificed at these time points, and spinal cords were removed for

immunohistochemistry.

2.4 Perfusion and Immunohistochemistry

Mice were injected with 120 mg/kg pentobarbital sodium and, after sedation, checked for
the presence of a toe pinch reflex. Following complete anesthesia, animals were cut open and
transcardially perfused with PBS for five minutes and then with ice-cold 4% paraformaldehyde
for another five minutes or until the liver was clear of blood. Next, the spinal cord was removed
and post-fixed in fresh 4% PFA overnight. The next day, the spinal cord was stored in 30% sucrose
for cryoprotection and, after a few days, embedded in OCT cryostat sectioning medium and stored
at -80 °C. When ready for sectioning, the spinal cord was cut in transverse sections on a cryostat
(40-50 um) and collected as free-floating sections. Sections were washed three times with PBS,
blocked for one hour in PBS with 0.3% triton-X100 (PBST) and 5% normal goat serum, and then
incubated overnight at 4°C with primary antibodies in PBST plus 5% serum. The following day,
sections were washed three times with PBS, incubated with Alexa Fluor-conjugated secondary
antibodies for three hours at room temperature and washed three final times in PBS. Antibodies
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used for fluorescent immunohistochemistry were as follows: chicken anti-GFP (1:1000; Abcam;
RRID: AB 300798), guinea-pig anti-VGLUT1 (1:2500; EMD Millipore; RRID: AB 262185),
guinea-pig anti-VGLUT?2 (1:2500; EMD Millipore; RRID: AB 2251) and mouse anti-GAD65/67
(3 ng/ml; Developmental Studies Hybridoma Bank; RRID: AB 2314499). TRPV1 and IB4
staining was done using a rabbit anti-TRPV1 (1:500, #PA1-748, Invitrogen). The secondary
antibody used was a goat anti-rabbit conjugated to Alexa 488 (1:500, ab150077, Abcam). IB4
staining was performed using 1B4 conjugated to Alexa 647(1:200, 132450, Invitrogen). Sections
were mounted onto Superfrost (Fisher Scientific) slides with Immu-Mount (Fisher Scientific), and

a coverslip was applied.

2.5 Microscopy and Synaptic Quantification

Olympus FV1000 BX61 confocal laser scanning microscope (RRID: SCR_020337) was
used to acquire the images and optical sections were collected in z-stacks. Fluoview software
(Olympus) was used to analyze the images. From each mouse, 20 dI3 INs and 20 MNs were
selected, and the number of VGLUT1, VGLUT2 and GABApre boutons was quantified manually
using orthogonal views to confirm apposition onto the cell body. For quantification of sensory
synapses on dI3 INs and MNs, VGLUT1" boutons were counted manually on the entire soma and
proximal dendrites (100 um from the soma) on confocal images. Boutons were characterized as
circular or elliptical structures appearing larger than the smaller dots that are characteristic of
background noise frequently seen in immunostained images. Similarly, VGLUT2* boutons on the
surface of soma were counted to estimate the number of central excitatory synapses onto dI3 INs
and MNs. In addition, GAD65%/67" boutons contacting VGLUT1* terminals were counted, and
the fraction of VGLUTL" boutons with GAD65'/67* boutons was calculated to estimate
GABAergic inputs onto sensory afferents to dI3 INs and MNs.
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For images taken after RNAscope experiments, Zeiss Axio Imager was used to acquire the
images. Zen Blue software was used to analyze the images. From each mouse, 6 DRGs were

selected to count the number of cells within each DRG.

2.6 RNAscope in situ hybridization

A RNAscope multiplex fluorescent v2 assay combined with immunofluorescence was
performed as instructed by Advanced Cell Diagnostics (ACD). Mice were perfused with fresh 4%
PFA in 1X PBS and then the spinal cord tissues were dissected and stored in 4% PFA for 24 hr.
Next, the tissues were immersed in 10%, 20%, 30% sucrose in 1X PBS until the tissues sank to
the bottom of the container. The tissues were embedded in optimal cutting temperature (OCT)
media and stored in -80°C. The tissue blocks were then cut at a thickness of 12 um on Superfrost
plus slides in a cryostat and air dried for 60-120 minutes at -20°C. After removing the slides from
the cryostat, they were washed with 1X PBS to remove the OCT. Next, the slides were placed in
a pre-warmed humidity control tray containing dampened filter paper and placed in a HybEZ oven
(ACD) for 30 min at 40°C. The slides were post fixed in 4% PFA for 15 min at 4°C. Next, the
slides were dehydrated in 50%, 70% and 100% ethanol for 5 min at room temperature. The slides
were then baked for 30 minutes at 60°C in the oven. About 5 drops of hydrogen peroxide was
added to each slide to cover the entire section and then washed with distilled water and baked for
1 hour at 60°C. Next, the slides were submerged into hot 1X Co-Detection target retrieval solution
for 5 minutes using the steamer method and then washed in distilled water and 1X PBST by
moving the rack of slides up and down. The slides were dried in the oven at 60°C and then
boundaries were drawn around each section using a hydrophobic pen (ImmEdfe PAP pen; Vector

Labs). When hydrophobic boundaries had dried, 200 pl of rabbit anti-RFP (1:500, 600-401-379,
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Rockland Immunochemical,) was added to cover each slide and incubated at 4°C overnight. On
the second day, another post-primary fixation was performed and then after washing the slides, 4
drops of RNAscope Protease Plus was added to each slide. After incubating the slides at 40°C for
30 minutes, the slides were washed in distilled water. The slides were then placed in a pre-warmed
humidity control tray containing dampened filter paper and 4-6 drops from a mixture of Channel
1 and Channel 2 probes (50:1 dilution) was added to each slide. Our target of interest in channel 1
was VGLUT1 and in channel 2 was VGLUT?2. The humidity control tray was placed in the HybEZ
oven for 2 hours at 40°C. Following probe incubation and washing in 1X RNAscope wash buffer,
the three amplification steps were performed using AMP-1, AMP-2 and AMP-3 reagents with a
15-, 30-, and 15-minute incubations periods, respectively. In the following steps, the C1 and C2
channels were developed, and Opal 520 dye (FP1487001KT, Akoya Biosciences) was assigned to
the C1 channel and Opal 690 dye (FP1497001KT, Akoya Biosciences) was assigned to the C2
channel. In the final step, fluorophore conjugated secondary antibody (goat anti-rabbit conjugated
to Alexa 555, 1:500, #A-21428, Invitrogen) was added to the slides and incubated for 30 minutes
at room temperature. Slides were then washed twice in PBST and then a few drops of DAPI were
added to each slide. After removal of DAPI, slides were cover slipped with Prolong Gold Antifade

mounting medium (Invitrogen).

2.7 Automated detection of stepping function

Videos of stepping function during weekly testing sessions were analyzed using
DeepLabCut (Version:2.2.0.6, RRID:SCR_021391) (Mathis et al., 2018). The training of the
network involved using the graphical interface provided by DLC to label various body parts.
Several body parts from the side and bottom view were labelled, though for the purpose of this
study, only the following body parts were analyzed: nose, ear, left knee, left hind toes, left ankle,
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and tail base. For the training of the network, one video from each mouse filmed at the 2-3 wpi, 4-
6 wpi and 10-12 wpi time points were chosen per time point. Around 20-40 frames were labelled
per video, and the label diameter was set to 5 pixels. Training the network was done with Google
Colab using the ResNet-50 network with the number of iterations set to 200,000 and an accepted

range of error set to 3 pixels.

The trained network was then used to analyze all the testing videos to estimate the horizontal
and vertical coordinates of each body part detected. The validity of the calculated coordinate was
based on a likelihood probability with a threshold of 0.5 for SCI mice and 0.8 for sham mice. For
sham mice, video frames where mice were sitting or standing up were excluded if they did not
meet the following criteria: 1) The difference between the vertical coordinates of the nose and ear
to the tails was between the median value + two standard deviations for the video analyzed. 2) The

horizontal coordinates of both the nose and ear are more forward than the tail base.

The left ankle angle was calculated as the angle between the left knee, left ankle, and left
hind toe using custom-made python code. The left ankle was used as it faced the camera. The
number of steps was then calculated. The ankle angle for SCI mice on a treadmill without weight
support was frequently extended between 90° and 180°. Stepping motions of their limbs flexed the
ankle resulting in a rapid decrease of the ankle angle below 90°. Thus, we detected minimum peak
angles using a 30-frame-long moving time window (0.5 second). The occurrences of local minima
below 90° were identified as steps. For sham mice, local minima and maxima of ankle angles were
determined using a 10-frame-long moving time window. Due to the occasional presence of
consecutive minima without an interposed maximum or vice-versa, the number of steps was

calculated as the arithmetic mean of the number of local minima and maxima in each video.
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2.8 Chronic in-vivo EMG recordings

For the EMG experiments, the electrodes were made using multi-stranded, Teflon coated
annealed stainless-steel wire (#793200, A-M systems). Four pairs of electrodes were prepared for
each mouse. For each electrode pair, two pieces of wires were cut about 15 cm in length and
twisted together to make a knot. On the first strand, Imm distal to the knot, 1mm section of the
Teflon coating was stripped off. On the second strand, 3mm distal to the knot, 1 mm of the
insulation was stripped off so that the bare regions from each wire were separated by about 2 mm.
Next, about 8-9 mm of coating was removed from one end of the wires, dipped in glue to prevent
the exposed wires from fraying and crimpled into the shaft of a 27-gauge needle. The opposite
ends of the wires were cut about 8 cm from the knot, stripped of their insulation, and soldered to
an eight-pin miniature connector (SamTech). The underside of the connector was covered with
epoxy (Devcon 5 min Epoxy Gel) to electrically insulate the wire insertions that were made into
the connector and the epoxy was extended about 2 mm beyond the edges of the connector. Small

holes were drilled into the edges of the epoxy to suture the connector into the skin.

2.9 EMG recordings and optical stimulation of the hindlimbs

We started electrophysiological recordings 1 week after implanting the EMG electrodes.
Recordings were made over the course of 5 consecutive weeks. Mice were placed in a transparent,
open field chamber. A lightweight cable of 50 cm was attached to the connector of the electrode
array. A blue light source (100 ms pulse) from a 470 nm LED was positioned below the chamber
to deliver stimulation of the right and left paws from below. We measured the motor responses
through the implanted EMG electrodes in the tibialis anterior and gastrocnemius muscles of the
hindlimbs. Each EMG recording involved 9 stimulation episodes per paw and 2 control episodes,

where the light pulse was directed away from the mouse. Signals were recorded using a Digidata
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series 1550b digitizer (Molecular Devices) and amplified by a Model 1700 differential amplifier
(A-M systems). EMG data collected were rectified and binned in one-second long epochs starting
one second before the stimulus was applied and until 5 seconds after the stimulus. A single 5-10
second post-stimulus epoch was also analyzed. The mean EMG amplitude within each epoch was

calculated.

2.10 Statistical Analysis

GraphPad Prism 9.2.0 (RRID:SCR_002798) was used to perform all statistical analyses.
Data are reported as mean £ S.D. For all tests, the level of statistical significance was set at p < 0.05
and indicated by asterisks in the figures. Comparisons involving all means within a group were
made using one-way ANOVA followed by comparisons between pairs of groups using Tukey’s
multiple comparison test. Comparisons involving only a subset of all possible pairs (trained versus
untrained at each time point) within a group were performed using paired t-tests with Bonferroni’s
multiple-comparisons correction. Correlations between synaptic inputs and stepping function were
analyzed using the non-parametric Spearman Correlation test. In the second half of the thesis
related to spasticity project, comparisons were made using Mixed effects analysis followed by

comparison between pairs of groups using Tukey’s or Sidak’s multiple comparison test.
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CHAPTER 3: RESULTS
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3.1.1 Changes in sensory inputs to dI3 INs and MNs

We first sought to determine changes in sensory inputs to dI3 INs and MNs. dI3 INs and
MNs (both expressing Isl1) were identified by yellow fluorescent protein (YFP) expression in
IsI1:YFP transgenic mice. Thirty-eight transgenic IsI1:YFP mice, 21 in the trained group (Sex: 8
M, 13 F, Average weight = 22.09 +/- 2.37 g) and 17 in the untrained group (Sex: 9M, 8 F, Average
weight = 21.5 +/- 2.4 g) underwent a complete transection of the spinal cord at T9-T10. The
transection occurred at age 3.62 +/- 0.76 months. Data from 3 mice were not included due to
incomplete lesions of the spinal cord or walking performance on the treadmill that was very close

to sham levels shortly after the injury.

To characterize sensory terminals onto dI3 INs and MNs, we used an antibody against
VGLUT1" (Fig. 3.1A, D), a vesicular glutamate transporter selectively expressed in central
boutons of proprioceptors and low-threshold mechanoreceptors (Alvarez et al., 2004). VGLUT1*
sensory boutons on the surface of dI3 INs and MNs were quantified at different time points post-

injury in two groups of mice with and without treadmill training.

The number of VGLUTL1" boutons contacting per dI3 INs changed after SCI in the
untrained and trained animals (Fig. 3.1B; N = 17 untrained animals and N = 21 trained animals;
one-factor ANOVA, p = 0.0089 for untrained animals, p = 0. 0079 for trained animals). In the
untrained group, differences were limited to the 2-3 wpi time point, which was significantly
decreased compared to sham and the 6 dpi time point (Fig. 3.1B left panel; N = 10 sham animals,
N = 4 at 6 dpi and 2-3 wpi, Tukey’s multiple comparison test: p = 0.0416 and p = 0.0124,
respectively). In dI3 INs from trained animals, the number of VGLUT1" boutons was significantly
decreased at 10-12 wpi compared to 6 dpi, 2-3 wpi and 4-6 wpi (Fig. 3.1B right panel; N =4 at 6

dpi, N = 6 at 2-3 wpi and 4-6 wpi, N =5 at 10-12 wpi, Tukey’s multiple comparison test: p =
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0.0245, p = 0.008, p = 0.01498 respectively). Pairwise comparisons between the untrained and
trained groups suggest a greater number of VGLUTL1" boutons at 2-3 wpi in the trained mice
compared to untrained mice (Fig. 3.1E; N = 4 untrained animals, N = 6 trained animals, t-tests

with Bonferroni’s multiple-comparisons correction: p = 0.0007).

We then normalized the number of VGLUT1" boutons by an estimate of soma area and
calculated the number of boutons per area and found changes only in untrained animals (Fig. 3.1C;
N =17 untrained animals and N = 18 trained animals; one-factor ANOVA, p = 0.003 for untrained
animals, p = 0. 4525 for trained animals). In the untrained group, bouton density was decreased
between sham and the longer-term injury time points 2-3, 4-6, and 10-12 wpi (Fig. 3.1.1 C left
panel; N = 5 sham and at 10-12 wpi, N = 4 at 2-3 wpi and 4-6 wpi, Tukey’s multiple comparison
test: p = 0.0004, p = 0.0421, and p = 0.0160, respectively). Pairwise comparisons of VGLUTL1*
bouton density on dI3 INs from trained versus untrained mice failed to show any differences (Fig.
3.1F; N = 4-5 untrained and trained animals, t-tests with Bonferroni’s multiple-comparisons

correction).

We also measured the size of VGLUT1* boutons to dI3 INs by measuring the maximum
diameter of each bouton at different time points after injury. We found very small but statistically
significant differences in the size of boutons in the untrained and trained animals (Fig. 3.1D; n =
273-388 boutons in untrained animals and n = 346-459 boutons in trained animals; one-factor
ANOVA, p < 0.0001 for untrained and trained animals). The VGLUTL1" boutons to dI3 INs in
sham (mean = 2.0 + 0.4 um) was similar or larger than VGLUT1" boutons to dI3 INs in SCI mice,
which ranged in average from 1.6 to 1.9 um. Pairwise comparisons of VGLUT1" bouton size on
dI3 INs from trained versus untrained mice suggest differences at 2-3 dpi (Fig. 3.1G; n = 273

synapses in untrained animals and 459 synapses in trained animals, t-tests with Bonferroni’s
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multiple-comparisons correction, p < 0.0001) and at 10-12 wpi (Fig. 3.1G; n = 375 synapses in
untrained animals and 346 synapses in trained animals, t-tests with Bonferroni’s multiple-

comparisons correction, p < 0.0001).

No changes were observed in the number of VGLUT1" boutons on motoneurons in either
of the trained and untrained animals (Fig. 3.11; N = 17 untrained animals and N = 21 trained
animals; one-factor ANOVA, p = 0.54 for untrained animals, p = 0.26 for trained animals).
Pairwise comparisons between the untrained and trained groups at different time points failed to
reveal any differences in VGLUT1" boutons to motoneurons due to training (Fig. 3.1L, t-tests with
Bonferroni’s multiple-comparisons correction). On the other hand, differences were revealed when
analyzing the density of VGLUTL" bouton on motoneurons. VGLUT1" bouton density on
motoneurons was higher at the longer-term injury time points 2-3, 4-6, and 10-12 wpi than 6 dpi
in untrained animals (Fig. 3.1J left panel; N = 4 at 6 dpi, 2-3 wpi, and 4-6 wpi, N = 5 dpi at 10-12
wpi, Tukey’s multiple comparison test: p < 0.0001, p < 0.0001, and p = 0.0208, respectively).
Similarly, VGLUT1" bouton density on motoneurons was higher at the longer-term injury time
points 2-3, 4-6, and 10-12 wpi than both sham and 6 dpi in trained animals (Fig. 3.1J right panel;
N =4 at 6 dpi, 2-3 wpi, and 4-6 wpi, N =5 dpi sham and at 10-12 wpi, Tukey’s multiple comparison
test: p < 0.0001, p — 0.0004, and p = 0.0021, respectively in comparison to sham, p < 0.0001 for
all comparisons between 2-3, 4-6, and 10-12 wpi and 6 dpi). Pairwise comparisons of VGLUT1"
bouton density on MNs from trained versus untrained mice failed to show any differences (Fig.

3.1.1 M; t-tests with Bonferroni’s multiple-comparisons correction).

An analysis of the size of VGLUT1" boutons to MNs at different time points after injury
revealed similar findings to dI3 INs. We found very small but statistically significant differences

in the size of boutons in the untrained and trained animals (Fig. 3.1K; n = 912-1110 boutons in
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untrained animals and n = 912-1248 boutons in trained animals; one-factor ANOVA, p < 0.0001
for untrained and trained animals). The VGLUT1" boutons to MNs in sham (mean = 2.0 £ 0.5 um)
was larger than VGLUT1" boutons to MNs in SCI mice, where the average VGLUT1" boutons
ranged from 1.6 to 1.9 um. Pairwise comparisons of VGLUT1" bouton size on MNs from trained
versus untrained mice revealed a difference at 2-3 wpi (Fig. 3.1N; n = 916 synapses in untrained
animals and 1216 synapses in trained animals, t-tests with Bonferroni’s multiple-comparisons

correction, p < 0.0001).

Overall, our data suggest that changes in the number of sensory inputs were limited to dI3
INs and not motoneurons. The changes in the number of VGLUTL1" boutons to dI3 INs were only
observed at specific time points; the timing depended on whether the animal received treadmill
training. A difference in the number of VGLUT1" inputs between trained and untrained animals
was only seen in dI3 INs and only at 2-3 wpi. When accounting for soma size, MNs showed an
increase in VGLUTL1" bouton density at longer time points after SCI, whereas untrained dI3 INs
showed a decrease in VGLUT1" bouton density at longer time points after SCI. An analysis of
bouton size suggests that VGLUT1" boutons to dI3 INs and MNs are smaller at many time points

after injury compared to sham.
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Figure 3.1 Changes in VGLUT1* sensory inputs to dI3 INs and MNs following SCI.
Immunostaining of sensory boutons from proprioceptive and mechanoreceptive afferents
onto (A) dI3 INs and (H) MNs from 10 to 12 wpi animals (except for sham). Number of
VGLUT1" boutons per lumbar (B)dI3 IN and (I) MNs; VGLUTL1" bouton density per
lumbar (C) dI3 IN and (J) MNs; and size of VGLUT1" boutons to (D) dI3 INs and (K) MNs in
mice that did not receive (left) and received treadmill training (right). The data in left and right
panels of (B-D,I-K) for sham and 6 dpi are the same as neither group underwent training post-
surgery. Comparing the effect of locomotor training on the number of VGLUTL1" boutons, their
density, and their size, respectively, for (E-G) dI3 INs and (L-N) MNs at different time points
post-injury. Circles denote counts for individual cells. Red lines denote + SD. *p < 0.05, "p <
0.01, ™"p <0.001, “p <0.0001 (Tukey’s multiple comparison test following one-factor ANOVA
for (B-D, I-K); t-tests with Bonferroni’s multiple-comparisons correction for (E-G, L-N). In all
of (D) and just (K) left, all pairwise comparisons are significant unless noted by ns. In (K) right,
all pairwise comparisons are statistically significant. Scale bar in images = 10 um. N=38 mice.
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3.1.2 Changes in central excitatory inputs

Next, we investigated whether there were changes in central excitatory inputs to dI3 INs
and MNs after SCI. While sensory boutons in the spinal cord are labelled by VGLUTL1", excitatory
glutamatergic boutons from central neurons are labelled exclusively by VGLUT2" (Fig. 3.2A, D)
except for corticospinal inputs that are labelled by VGLUT1" (Persson et al., 2006). We observed
several changes in the dI3 INs (Fig. 3.2B; N = 15 untrained animals and N = 21 trained animals;
one-factor ANOVA, p < 0.0001 for untrained animals, p < 0.0001 for trained animals) and MNs
of both untrained and trained animals (Fig. 3.2E; N = 15 untrained animals and N = 21 trained

animals; one-factor ANOVA, p < 0.0001 for untrained animals, p < 0.0001 for trained animals).

In the untrained animals, there were no changes in VGLUT2" inputs to dI3 INs until 4-6
wpi where there was a significant decrease compared to sham, 6 dpi and 2-3 wpi (Fig. 3.2B left
panel; N = 10 sham and N = 4 at 6 dpi, 2-3 wpi and 4-6 wpi, Tukey’s multiple comparison test: p
=0.0003, p < 0.0001, p = 0.0009 respectively) and a further decrease at 10-12 wpi (Fig. 3.2B left

panel; N = 3, Tukey’s multiple comparison test: p = 0.026).

On the other hand, in the trained animals, there was an initial increase in VGLUT2" inputs
to dI3 INs at 2-3 wpi compared to sham (Fig. 3.2B right panel; N = 10 sham and N = 6 animals at
2-3 wpi, Tukey’s multiple comparison test: p = 0.0005) but this increased excitatory inputs did not
last long and was decreased at 4-6 wpi (Fig. 3.2B right panel; N = 6 animals, p < 0.0001) and
further decreased at 10-12 wpi (Fig. 3.2 B right panel; N = 5 animals, p < 0.0001). A pairwise
comparison between the untrained and trained groups showed that there was a significant increase
in the level of VGLUT2" boutons to dI3 INs in the mice that received treadmill training at 2-3 wpi
(Fig. 3.2C; N = 4 untrained animals, N = 6 trained animals, t-tests with Bonferroni’s multiple-

comparisons correction: p = 0.0119).
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In the motoneurons of both untrained and trained mice, we observed an initial decrease in
the level of VGLUT2" boutons at 6 dpi compared to sham (Fig. 3.2E; N = 10 sham and N = 4
animals at 6 dpi, Tukey’s multiple comparison test: p = 0.0115 untrained and p = 0.0193 trained),
which later increased in both groups at 2-3 wpi (Fig. 3.2E; N = 4 untrained and N = 6 trained
animals, Tukey’s multiple comparison test: p = 0.0393 untrained and p < 0.0001 trained) but then
decreased at 10-12 wpi (Fig. 3.2E; N = 3 untrained and N = 5 trained animals, Tukey’s multiple
comparison test: p = 0.0016 untrained and p < 0.0001 trained). A pairwise comparison between
the untrained and trained groups showed that there was a significant increase in the level of
VGLUT2" boutons to MNs at 2-3 wpi in the mice that received treadmill training (Fig. 3.2F; N =
4 untrained and N = 6 trained animals, t-tests with Bonferroni’s multiple-comparisons correction:

p = 0.0007).

Overall, VGLUT2" inputs to dI3 INs and MNs showed either an increase or decrease
shortly after the injury, but at 10-12 wpi, VGLUT2" levels to both types of neurons were lower

when compared to sham animals in both trained and untrained animals.
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Figure 3.2 Changes in VGLUT2* central excitatory inputs to dI3 INs and MNs following
SCI. Immunostaining of excitatory boutons from spinal neurons onto (A) dI3 INs and (D) MNs
from 10 to 12 wpi animals (except for sham). (B) Number of VGLUT2 + boutons per lumbar dI3
IN and € MNs in the mice that did not receive (left) and received treadmill training (right). The
data in left and right halves of (B,E) for sham and 6 dpi are the same as neither group underwent
training post-surgery. (C) Comparing the effect of locomotor training in dI3 INs and (F) in MNs
at different time points post-injury. Circles denote counts for individual cells. Red lines denote
SD. *p< 0.05,"p< 0.01, “p< 0.001; ""p< 0.0001 (Tukey’s multiple comparison test
following one-factor ANOVA for (B,E); t-tests with Bonferroni’s multiple-comparisons
correction for (C,F)). Scale bar in images = 10 pum.

*kkk
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3.1.3 Changes in GABApre inputs onto sensory afferents

Excitatory inputs are important in reactivating the dormant circuits after SCI. However,
inhibitory inputs gating the sensory afferents may also play a critical role in keeping a proper
balance between excitation and inhibition within the spinal cord (Bertels et al., 2022). A prominent
circuit that can gate the excitation of dI3 INs and MNs is formed by the spinal GABAergic neurons
(referred to herein as GABApre neurons) that mediate presynaptic inhibition of VGLUT1-
expressing central proprioceptive sensory terminals and cutaneous sensory afferents (Betley et al.,
2009; Hughes et al., 2005). Therefore, we next looked at changes in presynaptic inhibition of

sensory afferents onto dI3 INs and MNs after SCI.

GABApre terminals are distinguished from postsynaptic GABAergic terminals in the
spinal cord by the dual expression of the two GAD isoforms, GAD65 and GADG67 (Erlander and
Tobin, 1991). Thus, we used antibodies against GAD65/67 as molecular markers for terminals
mediating presynaptic inhibition in the spinal cord and sought GAD65/67" terminals in contact
with VGLUT1" sensory boutons (Fig. 3.3A, D). In contrast, postsynaptic GABAergic inhibitory
neurons directly target the cell body or dendrites of spinal neurons and are identified by GAD67

staining. Therefore, we quantified the percentage of VGLUT1* boutons with GAD65/67* boutons.

In the dI3 INs, changes in GABApre boutons were only observed in the untrained animals
(Fig. 3.3B; N = 17 untrained animals and N = 21 trained animals; one-factor ANOVA, p = 0.0035
for untrained animals, p = 0.077 for trained animals). There was a significant increase in the level
of GABApre boutons onto VGLUT1" sensory inputs to dI3 INs from untrained animals at 2-3 wpi
compared to sham (Fig. 3.3B left panel; N = 10 in sham and N = 4 at 2-3 wpi, Tukey’s multiple
comparison test: p = 0.0153), which later was reduced at 10-12 wpi to levels similar to sham levels

(Fig. 3.3B left panel; N =5 at 10-12 wpi, Tukey’s multiple comparison test: p = 0.0225 for test
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between 2-3 wpi and 10-12 wpi; p = 0.9982 for test between sham and 10-12 wpi). A pairwise
comparison between the trained and untrained animals at different time points failed to reveal any
differences between the groups (Fig. 3.3D; t-tests with Bonferroni’s multiple-comparisons

correction).

On the other hand, we observed several changes in the MNs of both untrained and trained
animals (Fig. 3.3G; N = 17 untrained animals and N = 21 trained animals; one-factor ANOVA, p
= 0.0005 for untrained animals, p = 0.0032 for trained animals). In the untrained group, there was
an initial increase in the level of GABApre boutons at 6 dpi compared to sham (Fig. 3.1.3 G left
panel, N = 10 sham, N =4 animals at 6 dpi, Tukey’s multiple comparison test: p = 0.0143), which
then decreased at 2-3 wpi (Fig. 3.3G left panel; N = 4 animals, Tukey’s multiple comparison test:
p = 0.0079) and further decreased at 10-12 wpi (Fig. 3.3G left panel; N = 5 animals, Tukey’s
multiple comparison test: p = 0.0002). The same pattern was observed in the trained animals where
there was an increase at 6 dpi compared to sham (Fig. 3.3G right panel; N =10 in sham and N = 4
animals at 6 dpi, Tukey’s multiple comparison test: p = 0.0059) and then later decreased at 4-6
wpi (Fig. 3.3G right panel; N = 6 animals, Tukey’s multiple comparison test: p = 0.0103). A
pairwise comparison between the untrained and trained groups showed a significant increase in
the level of presynaptic inhibition at 2-3 wpi in the mice that received treadmill training (Fig. 3.3I;

t-tests with Bonferroni’s multiple-comparisons correction: p = 0.014).

The size of GABApre terminals was measured in dI3 INs (Fig. 3.3H; n = 359-521 boutons
in untrained animals and n = 453-636 boutons in trained animals; one-factor ANOVA, p <0.0001
for untrained and trained animals) and MNs (Fig. 3.3H; n = 1071-1326 boutons in untrained
animals and n = 1301-1719 boutons in trained animals; one-factor ANOVA, p < 0.0001 for

untrained and trained animals). The GABApre terminals on VGLUTL1" inputs to dI3 INs or MNs
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in sham (dI13 INs: mean = 0.8 £ 0.2 um; MNs: mean = 0.8 £ 0.2 um) were smaller in SCI mice,
where the mean ranged between 0.6 to 0.7 um for both dI3 INs and MNs. Pairwise comparisons
of GABApre terminal size on VGLUT1" boutons in dI3 INs and MNs from trained versus
untrained mice showed differences at all injury time points (Fig. 3.3J; t-tests with Bonferroni’s

multiple-comparisons correction, p < 0.0001 for all time points).

Overall, levels of GABApre boutons onto VGLUT1" inputs to dI3 INs in untrained animals
and MNs in untrained and trained animals showed a pattern of short-term increases compared to
sham levels, followed by decreases though never to levels below sham levels. There were no
detectable changes in presynaptic inhibition to VGLUT1" inputs to dI3 INs in trained animals.

Training increased presynaptic inhibition to VGLUT1" inputs to MNs at 2-3 wpi.
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Figure 3.3. Changes in the level of GABA pre boutons onto VGLUT1 + boutons onto dI3 INs
and MNs following SCI. Presynaptic inhibition of sensory boutons is stained by GAD65/67* and
found on VGLUT1 + terminals to (A) dI3 INs and (F) MNs from 10 to 12 wpi animals (except for
sham). Percent of VGLUT1 + inputs with GAD65" contacts per lumbar (B) dI3 IN and (G) MN,
and size of GAD65/67" contacts on VGLUT1" inputs to (C) dI3 INs and (H) MNs in the mice that
did not receive (left panel) and received treadmill training (right panel). The data in left and right
halves of (B,C,G,H) for sham and 6 dpi are the same as neither group underwent training post-
surgery. Comparing the effect of locomotor training on the percentage of VGLUTL1" inputs with
GADG65/67* contacts and the size of GAD65/67" contacts on VGLUT1" inputs, respectively,
to (D,E) dI3 INs and (I,J) MNs at different time points post-injury. Circles denote counts for
individual cells. Red lines denote + SD. *p <0.05, "p <0.01, " "p <0.001, "“p <0.0001 (Tukey’s
multiple comparison test following one-factor ANOVA for (B,C,G,H); t-tests with Bonferroni’s
multiple-comparisons correction for (D,E,1,J). (C,H) All pairwise comparisons are significant
unless noted by ns. Scale bar in images = 10 pum.

Fkkk
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3.1.4 Between upper and lumbar dI3 INs and MNs

We compared changes in synaptic inputs to upper (L1-L3) versus lower (L4-L6) lumbar
dI3 INs and MNs (Figs. 3.4 and 3.5). Most of the changes observed in the overall population of
lumbar dI3 INs and MNs were observed in the upper and lower lumbar subsets of dI3 INs and
MNs. We did notice that changes in the number of VGLUT1" boutons after SCI were only
observed in lower lumbar dI3 INs. At the same time, the decrease in presynaptic inhibition after

SCI that was seen in all MNSs was absent in lower lumbar MNSs.
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Figure 3.4. Changes in the number of VGLUT1* boutons, VGLUTL1* bouton density, the
number of VGLUT2* boutons, and levels of GABApre boutons to upper lumbar dI3 INs (A-
D) and MNs (I-L) after spinal cord injury at different time points. Differences in spinal cord from
animals with or without training after spinal cord injury in upper lumbar dI3 INs (E-H) and MNs
(M-P). Circles denote counts for individual cells. Red lines denote +/- SD. *: p < 0.05, **: p <
0.01, ***: p <0.001 (Tukey’s multiple comparison test following one-factor ANOVA for A-D and
E-H; paired t-t-tests with Bonferroni’s multiple-comparisons correction for E-H and M-P).
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Figure 3.5. Changes in the number of VGLUT1* boutons, VGLUTL1* bouton density, the
number of VGLUT2* boutons, and levels of GABApre boutons to lower lumbar dI3 INs (A-
D) and MNs (I-L) after spinal cord injury at different time points. Differences in spinal cord from
animals with or without training after spinal cord injury in lower lumbar dI3 INs (E-H) and MNs
(M-P). Circles denote counts for individual cells. Red lines denote +/- SD. *: p < 0.05, **: p <
0.01, ***: p <0.001 (Tukey’s multiple comparison test following one-factor ANOVA for A-D and
E-H; paired t-t-tests with Bonferroni’s multiple-comparisons correction for E-H and M-P).
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3.1.5 Sex-related differences in the changes in synaptic inputs to d13 INs and MNs after
SCI

We have also performed an analysis of possible sex-related differences in the changes in
synaptic inputs to dI3 INs and MNs after SCI. A two-way ANOVA for injury time-point and sex
was performed for all of the changes in synaptic inputs to dI3 INs and MNs described above. Sex
was a factor for the number of VGLUT2" inputs to dI3 INs, the size of VGLUT1" boutons to dI3
INs and MNs, and the size of GABApre terminals contacting VGLUT1" inputs to dI3 INs (Fig.

3.6).
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Figure 3.6. Sex-based analysis of changes in the number of VGLUTL1" boutons, VGLUT1"*
bouton density, VGLUT1" bouton size, the number of VGLUT2" boutons, levels of presynaptic
inhibition and GABApre bouton size to dI3 INs (A-F) and MNs (G-L). *: p <0.05, **: p <0.01,
**%: p <0.001 (Dunnett’s T3 multiple comparison test following two-way ANOVA).

66



3.1.6 Effects of stepping function on levels of synaptic inputs to d13 INs and MNs

Each animal in our experimental cohort underwent weekly testing for stepping function on
a treadmill without any weight support provided. The number of steps performed per minute was
estimated using DeepLabCut for automated hindlimb joint detection. We found no differences in
the number of steps between trained and untrained animals at their experimental endpoints (Fig.
3.7A; one-factor ANOVA, p = 0.1950). Trained and untrained SCI animals made fewer steps than
sham animals at their respective experimental endpoints (Fig. 3.7A; Tukey’s multiple comparison
test: p <0.0001). To determine whether there was any improvement in stepping function with time
post-injury, we compared the stepping function at different time points in animals whose
experimental endpoint was 10-12 wpi. While some animals had their highest stepping function
between 7-10 wpi, statistical testing failed to detect any differences in stepping function between
the different time points (Fig. 3.7B; one-factor ANOVA, p = 0.1395 for untrained animals, p =

0.2885 for trained animals).

To determine whether there was any correlation between stepping function and levels of
synaptic inputs, we performed a correlation analysis between the number of various synaptic inputs
with the number of steps per minute of mice at the experimental endpoint using the non-parametric
Spearman Correlation test. Correlations could not be detected between the number of VGLUT1*
inputs, or presynaptic inhibition of VGLUT1" inputs to dI3 INs (Fig. 3.7D, M) or MNs (Fig. 3.7G,
N) and stepping function. On the other hand, there was a negative correlation between the number
of VGLUT2" inputs to dI3 INs (Fig. 3.7E) and MNs (Fig. 3.7 G) and stepping function. There
were no correlations between VGLUT1" bouton density on dI3 INs or MNs and stepping function
(Fig. 3.7H, J). We also tested for possible correlations with VGLUT1* bouton size and stepping

function and found weak positive correlations for both dI3 INs and MNs (Fig. 3.7L, N). Weak
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positive correlations for both dI3 INs and MNs was also found between GABApre bouton size and

stepping function (Fig. 3.7M, O).

Animals with experiment endpoints at 10-12 wpi also had an additional testing session
where they walked with manual body weight support. We compared the stepping function with
body weight support at different time points. Stepping function with body weight support
improved with time post-injury in untrained animals (Fig. 3.8A; N = 5 animals; one-factor
ANOVA, p < 0.001) from 4-6 wpi to 7-10 wpi (Fig. 3.8A; Tukey’s multiple comparison test: p =
0.0186) such that stepping function between 1-3 and 7-10 wpi was also significantly different (Fig.
3.8A; Tukey’s multiple comparison test: p < 0.0001). Due to lighting issues, the number of steps
with body weight support for the trained animals was counted manually rather than using
DeepLabCut. In the trained animals, stepping function did not improve with time post-injury (Fig.
3.8B; N =5 animals; one-factor ANOVA, p = 0.1869). Correlations could not be detected between
levels of VGLUTL1" inputs or presynaptic inhibition of VGLUT1" inputs to dI3 INs (Fig. 3.8C, H)
or MNs (Fig. 3.8E, J) and stepping function in animals with body weight support. While there was
a negative correlation between VGLUT2" inputs to dI3 INs and stepping function in animals with
body weight support (Fig. 3.8D), no correlation was detected for VGLUT2" inputs to MNs (Fig.
3.8F). There was a negative correlation between VGLUT1" bouton density in dI3 INs and stepping
function with body weight support (Fig. 3.8G). In contrast, there was a positive correlation
VGLUTL1" bouton density in MNs and stepping function with body weight support was found (Fig.
3.81). Just as for stepping without weight support, we found weak positive correlations with
VGLUTL" bouton size as well as GABApre bouton size and stepping function with body weight
support for dI3 INs (Fig. 3.8K-L), and between GABApre bouton size and stepping function with

body weight support for MNs (Fig. 3.8M-N). Since two of the mice showed relatively much greater
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stepping function, we tested the effects of removing these two animals on the correlations. No

changes in correlations were observed (Data not shown).
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Figure 3.7. Analysis of stepping function without weight support after SCI and levels of
synaptic inputs (A) Number of steps per minute at the experimental endpoint or in sham animals.
(B) The number of steps per minute at different time points in untrained or in (C) trained animals
with 10-12 wpi experimental endpoint. (D) Number of VGLUT1*, (F) VGLUT2", and (H) percent
of VGLUT1* boutons with GAD65/67" contacts per lumbar dI3 INs in relation to the number of
steps per minute made by the SCI mice from which each neuron came from in their last testing
session. (E) Number of VGLUT1", (G) VGLUT2", and (1) percent of VGLUTL1" boutons with
GADG65/67* contacts per lumbar MNs in relation to the number of steps per minute made without
weight support by the SCI animal from which each neuron came from in their last testing session.
Circles denote counts for individual cells. Red lines denote +/- SD.
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Figure 3.8. Analysis of stepping function with body weight support after SCI and levels of
synaptic inputs (A) The number of steps per minute at different time points in untrained or in (B)
trained animals with 10-12 wpi experimental endpoint. (C) Number of VGLUT1", (E) VGLUT2",
and (G) percent of VGLUT1" boutons with GAD65/67* contacts per lumbar dI3 INs in relation to
the number of steps per minute made by the SCI mice from which each neuron came from in their
last testing session. (D) Number of VGLUTL1", (F) VGLUT2", and (H) percent of VGLUT1"
boutons with GADG65/67" contacts per lumbar MNs in relation to the number of steps per minute
made with body weight support by the SCI mice from which each neuron came from in their last
testing session. Circles denote counts for individual cells. Red lines denote +/- SD. *: p < 0.05,
****p <0.0001 (Tukey’s multiple comparison test following one-factor ANOVA).
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CatCh

3.2.1 A new model of limb spasticity after SCI in Isl1-Vglut2

My previous results provide support to a growing body of literature demonstrating
plasticity of spinal circuits after SCI. However, plasticity after injury can be maladaptive and could
cause secondary complications such as spasticity (Brown and Weaver, 2012). Current treatments
for spasticity can be ineffective and have secondary complications (Ward et al., 2003; Marcantoni
etal., 2020). Currently, there is no mouse model where hindlimb spasticity can be reliably induced
in awake mice and this absence of a reliable model could hinder the development of new
treatments. This study was designed to establish a new model of hindlimb spasticity where
spasticity could be reliably induced as a tool that could facilitate the understanding of the
mechanisms that contribute to spasticity and the development of better treatments for patients

suffering from spasticity.

We have generated a transgenic strain of mice where sensory afferents innervating the skin
of the hindlimbs can be stimulated by blue light illumination and induce spasticity after SCI. Our
transgenic mice Isl1-Vglut2®¥h conditionally express the light sensitive ion channel Calcium
translocating Channelrhodopsin (CatCH) in Isl1+/VVGLUT2+ cells. Expression of CatCH in this
line of mice requires concurrent CRE and FLP expression. This approach was taken as Isl1 is more
widely expressed in the nervous system, including motoneurons, dI3 interneurons and sensory
neurons (Pfaff and Mendelsohn, 1996; A. Roy et al., 2012). To restrict the expression of any
transgenes to sensory neurons, an additional constraint of requiring VGLUT2 expression restricts
the expression of CatCh to sensory neurons and dI3 INs. Since dI3 INs can’t be directly activated
through illumination of the body due to their location within the spinal cord, in contrast,

IsI1+/VGLUT2+ sensory neurons can be activated through the illumination of the hindlimbs.
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First, we sought to determine which populations of sensory neurons in the lumbar dorsal
root ganglions (DRGs) express the transgene CatCh in our Isl1-Vglut2®®©" mice. The DRGs
contain the cell bodies of primary sensory neurons including large diameter proprioceptive and
mechanoreceptive neurons whose axons make up low threshold, fast conducting and myelinated
Aa and AP fibers, as well as small diameter nociceptors that transmit pain through thinly
myelinated medium velocity A fibers or unmyelinated slow conducting C fibers. The population
of nociceptive neurons are further divided into peptidergic (Calcitonin gene related peptide; CGRP
and Transient receptor vanilloid 1; TRPV1) and non-peptidergic (the P2x3R and/or isolectin B4-
binding) sub populations. The capsaicin-sensitive TRPV1 receptors are activated by thermal (Eid,
2011), mechanical (Cui et al., 2014) or both stimuli (Walder et al., 2012). They are the largest

receptors that mediate pain in the DRG neurons and highly expressed in nociceptors.

To delineate between the expression in proprioceptors/mechanoreceptors and nociceptors,
we looked at expression of the vesicular glutamate transporters, VGLUT1 and VGLUTZ2, with
tdTomato. In the spinal cord, VGLUTL1 is selectively expressed in central boutons of
proprioceptors and low threshold mechanoreceptors while excitatory glutamatergic boutons from
nociceptors and central neurons are labelled by VGLUT2 except for corticospinal inputs that are
labelled by VGLUT1 (Alvarez et al., 2004). We used multiplexed RNAscope in situ hybridization

to assess MRNA expression of VGLUT1 and VGLUT?2 in the lumbar DRGs (Fig. 3.9A).

20 lumbar DRGs were selected from 3 mice for analysis. We observed that 1.0 + 1.5 (mean
+ SD) tdTomato cells expressed VGLUTL1 only and 65.83 + 37.66 tdTomato cells expressed
VGLUT2 only, while 4.61 * 3.35 cells co-expressed both VGLUT1 and VGLUT2 (one-factor
ANOVA, p < 0.0001) (Fig. 3.9B). This represents 1.0% + 1.49%, 77.1% + 12.8% and 5.7% +

4.0% of the overall tdTomato+ population, respectively (one-factor ANOVA, p < 0.0001) (Fig.
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3.9E). Our results show that the majority of the tdTomato+ cells both in terms of number and
percentage were VGLUT2+ compared to VGLUT1 (Tukey’s multiple comparison test: p <
0.0001) (Fig. 3.9B) and VGLUT1+/VGLUT2+ (Tukey’s multiple comparison test: p < 0.0001)

(Fig. 3.9E).

In the population of VGLUT2+ cells in the sampled DRGs, 65.8 + 37.7 cells expressed
tdTomato only (i.e. VGLUT2-) and 10.7 + 6.0 cells expressed VGLUT1 only, while 4.6 + 3.4 cells
expressed both tdTomato and VGLUTL1 (one-factor ANOVA, p < 0.0001) (Fig. 3.9C). This
represents 71.7% + 13.7%, 15.6% = 8.9% and 5.0% + 3.0% of all VGLUT2+ cells, respectively
(one-factor ANOVA, p < 0.0001) (Fig. 3.9F). There were more tdTomato+ only cells compared
to VGLUT1+ only cells (Tukey’s multiple comparison test: p < 0.0001) and compared to
tdTomato+/VGLUT1+ cells (Tukey’s multiple comparison test: p < 0.0001). As a percentage of
VGLUT2+ cells, there were more tdTomato+ only cells compared to VGLUT1+ only cells
(Tukey’s multiple comparison test: p < 0.0001) and compared to tdTomato+/\VGLUT1+ cells.
There were also more VGLUT1+ only cells compared to tdTomato+/VGLUT1+ cells within the

VGLUT2+ population (Tukey’s multiple comparison test: p = 0.0046).

In the VGLUT1+ cell population in the sampled DRGs, 1.0 + 1.5 cells expressed tdTomato
only and 10.7 £ 6.0 cells expressed VGLUT2 only (i.e., VGLUT1-), while 4.6 + 3.4 cells expressed
both (one-factor ANOVA, p < 0.0001) (Fig 3.9D). Tukey’s multiple comparison test suggests that
within the VGLUT1+ population, there were more VGLUT2+ only cells compared to tdTomato+
only cells (p < 0.0001) and more VGLUT2+ cells compared to td/Tomato/VGLUT2+ cells (p =
0.0001) and there were more tdTomato+/VGLUT2+ cells compared to tdTomato+ cells (p =
0.0277). The percentage of VGLUT1+ neurons that were only tdTomato+, only VGLUT2+ and

tdTomato+/VGLUT2+ was 4.6% + 7.4%, 49.1% + 12.0% and 18.9% + 11.0%, respectively (one-
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factor ANOVA, p < 0.0001) (Fig. 3.9G). Tukey’s multiple comparison test confirmed that the
percentage of VGLUT1+ neurons that were VGLUT2+ only was greater than those that were
tdTomato+ only (p < 0.0001), there more VGLUT2+ only neurons compared to
tdTomato+/VGLUT2+ neurons (p < 0.0001), and there were more tdTomato+/VGLUT2+ neurons

compared to tdTomato+ cells p = 0.0004.

Our data indicates a higher expression of our transgene in the population of VGLUT2+
cells. Therefore, next we looked at the expression in different subpopulations of nociceptors. To
look at the expression of tdTomato amongst peptidergic and non-peptidergic neurons in the DRGs
of our transgenic mice, we chose TRPV1 and 1B4 as markers and used immunohistochemistry to
label TRPV1, 1B4 and tdTomato cells (Fig. 3.10A). DRGs from lumbar segments L1-L6 of 3 mice
were immunostained with primary antibodies against TRPV1, IB4 and tdTomato. Our results
showed that amongst tdTomato+ cells of the DRG, 108.4 = 74.7 cells per DRG expressed TRPV1
and 58.2 + 37.6 cells were IB4-bound (p = 0.0129, Mann-Whitney t-test) (Fig. 3.10B) which
corresponds to 67.7% * 16.5% and 38.7+ 13.2% of the tdTomato+ cells, respectively (p < 0.0001,
Mann-Whitney t-test) (Fig. 3.10E). In the population of TRPV1+ cells of DRGs, 108.4 £ 74.7 cells
were tdTomato+ (68.1% + 18.6%; Fig. 3.10C, F). As expected, no TRPV1+ cells co-expressed
IB4. On the other hand, 58.2 + 37.6 1B4+ cells colocalized with tdTomato+ cells (72.0% + 15.3%;
Fig. 3.10D, G) with a complete absence of colocalization with TRPV1. Our data suggests that our
transgene is expressed in both peptidergic and non-peptidergic populations of nociceptors in Isl1-

Vglut2©aCh animals.

TRPV1 represents a subset of peptidergic nociceptors. The neuropeptide CGRP can also
be used to label peptidergic nociceptors. Figure 3.11 shows expression of CGRP and tdTomato

cells in the lumbar DRG of IsI1-Vglut2®¥h expressing mice. In the tdTomato+ cell population,
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1.9 + 1.6 cells expressed CGRP (4.8% = 3.4 of the tdTomato population), while 35.3 + 15.8 cells
did not express CGRP (95.2% + 3.4 of the tdTomato population) (Figure 3.11B, C). tdTomato
expression was seen in 9.14% =+ 7.5 of the CGRP+ population (Figure 3.11D). Therefore, there

was relatively low colocalization levels of tdTomato and CGRP.

In spinal transverse sections, immunostaining for tdTomato+ showed expression
constrained to axonal processes and synapses in the superficial layers of the dorsal horn (Fig.
3.12A) and sometimes in the deeper layers of the dorsal horn in lumbar segments (Fig. 3.12B).
This expression pattern in the spinal cord is consistent with the predominant expression of

tdTomato in nociceptors of the DRGs.
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Figure 3.9 VGLUT1 and VGLUT2 expression in lumbar DRG of Isll-VglutzcatCh mice. (A)
Immunostaining of VGLUT1 and VGLUT2 mRNA in tdTomato+ cells. Scale bar = 50um. (B-G)
Distribution of VGLUT1 mRNA, VGLUT2 mRNA and tdTomato positive cells. Data are presented as
Mean + SD. *p< 0.05, “p< 0.01, ™p < 0.001,
following one-factor ANOVA).

F*hkk

p < 0.0001 (Tukey’s multiple comparison test
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Figure 3.10 TRPV1 and IB4 expression in lumbar DRG of Isll-Vglut2CatCh mice. (A)
Immunostaining of TRPV1 and IB4 In tdTomato+ cells. Scale bar = 50um (B-G) Distribution of

TRPV1, IB4, and tdTomato positive cells. Data are presented as Mean + SD. 'p < 0.05, ™ p < 0.0001
(Mann-Whitney t-test).
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Figure 3.11 CGRP and tdTomato expression in lumbar DRG of Isll-Vglut2CatCh mice. (A)
Immunostaining of CGRP mRNA in tdTomato+ cells. Scale bar = 50um (B) Number of CGRP+ and
CGRP- cells within the tdTomato+ population. (C) Percentage of tdTomato+ cells that were CGRP+. (D)
Percentage of CGRP+ cells that were tdTomato+. Data are presented as Mean + SD. ™ p < 0.0001
(Mann-Whitney t- test).
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Figure 3.12 Distribution of tdTomato in the spinal cord of Isll-VglutZCatCh mice.
Immunostaining of tdTomato+ cells in the superficial (A) and deep (B) dorsal horn layers of the
grey matter of the spinal cord where nociceptive afferents are usually found. Thin white lines

demarcate the gray matter. Scale bar = 50pm
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3.2.2 Optogenetic stimulation of VGLUT2+ afferents in SCI mice generates bilateral
muscle spasms

After characterizing the specificity of Isl1"/VGLUT2"-driven transgene expression in DRG
neuron populations, we sought to determine whether optogenetic stimulation of the VGLUT2+
afferents in the hindpaws could generate a motor response and evoke spastic behaviours during
the course of spinal cord injury. We used 15 mice (n=10 F, n=5 M, Age 2-4 months) that
received a complete transection of the spinal cord at T9-T10. Next, EMG electrodes were
chronically implanted in right and left gastrocnemius and tibialis anterior muscles of the
hindlimbs so that we could measure the EMG signals in response to photostimulation of
nociceptive afferents in the paws (Fig. 3.13A). One week post-surgery, we started EMG data
collection twice weekly for four weeks. We photostimulated cutaneous VGLUT?2+ afferents of
the left and right hind paws of the mice using a 100 ms pulse of blue light from a 470 nm LED.
We found the response rate to shorter intervals, such as 10 ms, was lower. We observed
spasticity events as early as two weeks post-injury. Upon stimulation, we observed visually and
electrophysiologically several events of spastic behaviours of hyperflexion such as toe extensor
spams and hip adductor spasms and multiple cases of prolonged involuntary muscle contractions

also known as clonus (Fig. 3.13B, C).

We measured the motor responses through the implanted EMG electrodes in the tibialis
anterior and gastrocnemius muscles of the hindlimb during weeks 2-5 post-injury (Fig. 3.13 and
3.14). Each EMG recording involved nine stimulation episodes per paw and two control episodes,
where the light pulse was directed away from the mouse. We observed that stimulation of hindpaws
elicited bilateral EMG responses and amplitude of EMG response was not significantly different
when stimulation was applied to the same or contralateral side (Fig. 3.13D-G; Mixed effects
analysis: p = 0.0964).
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At most time points after the stimulation, the EMG response to stimulation of either right
or left paw was greater compared to an off-body stimulation. At week 2 post-injury (Fig. 3.13D,
E), the response in left and right TA to left and right paw stimulation was greater than to off-body
stimulation at the time of stimulation and up to 2s after (Mixed effects analysis: p < 0.0001);
whereas at week 5 (Fig. 3.13F, G), the response to paw stimulation was greater from the time of
stimulation till 5s or longer than in response to off-body stimulation (Mixed effects analysis: p <

0.0001).
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Figure 3.13 Time course of TA EMG responses to hindpaw stimulation of SCI Isll-VglutZCﬂltCh

mice. (A) Schematic representation of EMG recordings in tibialis anterior and gastrocnemius of
optogenetic stimulation of the hindpaw of SCI Isl1-Vglut2CatCh mice. (B) Bottom and side views of
hip adductor and toe extensor spasms following 470 nm light stimulation of the left hindpaw (C)
Representative EMG recordings at week 8 post-injury showing examples of muscle spasms and clonus
elicited by blue-light illumination of the hind paw. (D, F) Amplitude of EMG response at 2 and 5
weeks after spinal cord injury recorded in right tibialis anterior and (E, G) in left tibialis anterior to
light stimulation of the right or left hindpaw or illumination projected off the body. Mixed effects
analysis model followed by Tukey’s multiple comparison test: *p < 0.05, "p<0.01, "'p<

0.001, “p <0.0001. Violet asterisks denote the difference between the right stimulation and off-body
and green asterisks denote the difference between the left stimulation compared to off-body.
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Figure 3.14 EMG recordings from Right and Left Tibialis Anterior and Left
Gastrocnemius muscles from a single SCI Isl1-Vglut2©*" mouse during weeks 2-5.
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3.2.3 VGLUT2+ sensory afferent stimulation triggers hindlimb spasms in SCI mice

We measured EMG recordings from the left and right gastrocnemius and tibialis anterior
muscles. Whether individually or when grouped together, the EMG recordings from these muscles
revealed that the stimulation of Isl1+/VGLUT2+ afferents of right and left paws led to a
progressive hindlimb hyperreflexia in both the left and right extensor and flexor muscles in the
SCI mice from weeks 2-5 (Fig. 3.15). This was evident in the EMG recordings as the amplitude
of the post-stimulus motor activity, and the first second after the initial reflex significantly
increased over the weeks 2-5 post injury (p < 0.0001, Mixed effects model, grouping all the EMG
recordings from different muscles together). This time-related increase in EMG response also
showed a statistically significant interaction with the muscle group measured (p = 0.0002), with

the larger effects being observed in the tibialis anterior muscles of both left and right hindlimbs.

These data suggest that stimulation of VGLUT2+ sensory afferents produce a strong
response across both hindlimbs, closely approximating spasticity to a noxious or unexpected

sensory stimulus.
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Figure 3.15 Time course of EMG responses in right and left gastrocnemius and tibialis anterior

to hindpaw stimulation of SCI Isll-VglutZCatCh mice. Amplitude of EMG response from 2-5 weeks
after spinal cord injury. p < 0.0001 (Mixed effects model). Asterisks denote a difference between at
least one pair of groups at a given time-point.

90



3.2.4 Sex affects onset and severity of hyperreflexia

During our experiments, we observed that some of the mice showed higher levels of spastic
events and clonus episodes compared to the other mice every week. Since there are sex differences
in motor circuits in the spinal cord, we sought to determine if it has an impact on the onset and
severity of spastic events. Figure 3.16A-D shows sex-specific differences in spasticity triggered
by hindpaw stimulation where the amplitude of EMG responses in the right tibialis anterior muscle
of female and male mice were recorded between 2-5 weeks post-injury. Comparison of sex
differences across the cohort suggested that female mice exhibited a greater extent of hyperreflexia
after SCI (n =10 F, n =5 M). This was evident as the mean amplitude of EMG recordings from
tibialis anterior muscles were greater in female mice (Mean range between 2.09 and 5.46)
compared to male (Mean range 2.09 to 3.14) during stimulation every week from week 2-5. There
was a statistically significant sex effect at week 4 (p = 0.022; Mixed effects model) and a
significant time/sex interaction at week 4 (p = 0.0014) and at week 5 (p = 0.006; Mixed effects
model); however, post-hoc comparisons did not reveal any differences at specific time points (Fig.
3.16A-D). Figure 3.16E illustrates the percentage of episodes featuring spasms in female and male
mice during weeks 2-10. Sidak’s multiple comparison test failed to reveal any difference between

the male and female mice.
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Figure 3.16 Sex-differences in spasticity evoked by hindpaw stimulation of SCI Isl1-Vglut2
mice. (A-D) Amplitude of EMG response from 2-5 weeks after spinal cord injury recorded in right
tibialis anterior of female and male mice. (E) Percentage of episodes with spasms. Episodes are
defined as post reflex, continuous activity lasting longer than 1 or 2 s.
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3.2.5 Chronic stimulation

We sought to determine whether repetitive stimulation of VGLUT2+ sensory afferents with blue
light would affect the onset or severity of hyperreflexia after SCI. We stimulated both hindlimbs
of seven mice with blue light three times a day and used eight mice as control that didn’t receive
any stimulation. Specifically, each stimulation session consisted of 3-minute testing session,
divided equally between the hindpaws and delivered in bursts of 30 s before switching to the
other paw. Upon this repetitive stimulation from weeks 2 to 5, we did not observe any difference
in the amplitudes or latencies of the EMG responses between the chronically stimulated and non-
chronically stimulated mice (Fig. 3.17A-D). A mixed effects models was used to detect
differences between the two groups across the time course of stimulation. Each week was
analyzed individually. The main effect (stimulation treatment) was not significant (week 2, p =
0.4557; week 3, p = 0.1296; week 4, p = 0.7916; week 5, p = 0.8001). This was for the average
TA value (across left and right). The stimulation effect was not significant either for the average
GS muscles (week 2, p =0.0781; week 3, p =0.172; week 4, p = 0.18 and week 5, p = 0.9).
Therefore, chronic stimulation of VGLUT2+ sensory afferents doesn’t affect the onset or

severity of spasticity after SCI.
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Figure 3.17. Time course of EMG responses in tibialis anterior to paw stimulation in SCI Isl1-

Vglutzcatch mice with or without chronic hindpaw stimulation. A-D. Amplitude of tibialis anterior
EMG response from 2-5 weeks after spinal cord injury were not significant between the chronically
stimulated and non-stimulated groups (Mixed effects model).
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CHAPTER 4: DISCUSSION
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Injury to the spinal cord disrupts the descending fibres from the brain onto the spinal cord.
However, spinal circuits caudal to the spinal cord lesions regain some capacity to generate
locomotor activity. Locomotor activity after spinalization can be readily expressed on a treadmill
in some mammals. Whether the recovery of locomotor function after SCI relies upon changes in
the connectivity of spinal circuits is unknown. In the present study, we investigated changes in

synaptic inputs to dI3 INs and MNs with a focus on sensorimotor integration.

4.1.1 Time course of changes in synaptic inputs to dI3 INs and MNS

We first investigated possible changes in sensory afferent inputs onto dI3 INs and MNs
following SCI and in response to treadmill training. We quantified the number of VGLUT1"
boutons on the soma and perisomatic dendrites of the dI3 INs and MNs. Our data reveal decreases
(in untrained animals) or short-term increases (in trained animals) at several time points in the
number of VGLUT1" boutons to dI3 INs. Normalizing the number of VGLUTL1" inputs to dI3 INs
by an estimate of soma area suggests a decrease in VGLUT1" bouton density in dI3 INs from
untrained animals. MNs did not show any changes in the number of VGLUTL1" inputs, but when
normalized to an estimate of soma area, there was an increase at longer time points after injury.

We also observed a slight decrease in the size of VGLUT1" boutons to dI3 INs and MNs.

Other studies investigating changes in VGLUT1* boutons in the spinal cord have reported
either decreases or a lack of change in these inputs after spinal cord injury. Khalki et al. (2018)
observed a lower density of VGLUT1" terminals on the surface of gastrocnemius (GS) and tibialis
anterior (TA) MNs in untrained adult rats with a complete mid-thoracic transection compared to
intact animals. No differences were observed in the density of VGLUT1" terminals between trained
SCl and intact animals (Khalki et al., 2018). Following complete sacral transection in the adult rat,

Kapitza et al. (2012) observed decreases in VGLUT1" bouton density in medial lamina VII at 12
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wpi but not earlier and decreases at 4 wpi but not 1 or 12 wpi in lateral laminae VII. No changes
were observed in lamina IX of S3-S4 segments (Kapitza et al., 2012). Thus, our observations in
dI3 INs but not in MNs are consistent with previous reports of the intact or decreased density of
VGLUT1" boutons after spinal cord injury. Khalki et al. (2018) observed an increase in the size of
VGLUT1" boutons to motoneurons whereas we observed a minimal but significant decrease in the

size of these inputs to both dI3 INs and MNs.

We then looked at changes in central excitatory inputs onto dI3 INs and MNs using
VGLUT2 as a marker for intact propriospinal interneuron inputs assuming a lack of descending
supraspinal inputs due to the spinal transection. We observed a significant increase in VGLUT2"
inputs to dI3 INs at 2-3 wpi, which decreased in the time points after 4-6 wpi in trained animals.
In the untrained animals, VGLUT2" inputs to dI3 INs decreased significantly at time points after
4-6 wpi. We also observed a significant decrease in VGLUT2" inputs to MNs in both untrained
and trained animals at 6 dpi compared to sham levels. Subsequently, there were increases in both
groups at 2-3 wpi followed by decreases after 4-6 wpi such that levels at 10-12 wpi were below
sham levels. A similar reduction by 20% of VGLUT2" inputs in the spinal cord was observed 1
week after S2 transection in adult rats, and this reduction remained up to 12 weeks post-injury
(Kapitza et al., 2012). The rise in VGLUT2+ inputs might result from sprouting of nociceptors and
excitatory interneurons. However, since we did not utilize distinct markers to distinguish between
these groups, it is not feasible to discern the extent of inputs derived from each possible source of
VGLUT2+ inputs. An increase arising from nociceptor sprouting could lead to the development

of spasticity following SCI.

In addition to changes in excitatory inputs after SCI, the loss of supraspinal descending

inputs also alters inhibitory synaptic transmission. Transmission of sensory excitation to spinal
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circuits can be regulated by GABAergic transmission onto the central terminals of sensory
afferents (Rudomin, 1999; Betley et al., 2009; Hari et al., 2022). We looked at changes in the
GABApre boutons onto VGLUT1* sensory afferents onto dI3 INs and MNs. Changes in GABApre
boutons onto sensory afferents in dI3 INs and MNs in SCI mice were modest and occurred in a
limited number of time points studied. There was a significant increase to dI3 INs in the untrained
mice at 2-3 wpi compared to sham, which was followed by a decrease at 10-12 wpi. In the MNs,
a significant increase in the level of GABApre boutons in both untrained and trained mice was
observed at 6 dpi. However, this increase was lost afterwards, with the level of GABApre boutons
on VGLUT1" inputs decreasing in the untrained mice at 2-3 wpi and in the trained mice at 4-6
wpi. Levels of GABApre boutons on VGLUTL1" inputs were never observed to fall below sham
levels for dI3 INs and MNs in untrained or trained animals. The initial rise in GABApre bouton
levels might be part of an adaptive decrease in the transmission of sensory inputs to spinal inputs,
which would be consistent with the absence of any increase in VGLUT1+ inputs to dI3 INs that
we observed. Moreover, the subsequent decline in GABApre bouton levels in both dI3 INs and
MNs in long term injury could potentially contribute to spasticity and reduction of rate dependent

depression over time.

Why would the injured nervous system seek to decrease sensory function to spinal circuits
after spinal cord injury? After the initial spinal shock after injury and the depression of neuronal
circuits and muscle reflexes, spinal neurons gradually regain their excitability and reflexes
reappear (Ko., 2018). There is evidence for an increase in the excitability of resting motoneurons
after SCI (D’Amico et al., 2014) and the re-emergence of Na* and Ca?* dependent PICs in MNs
that cause constant depolarization (Bennett et al., 2004). Also, in a neonatal rat in-vitro spinal cord

injury model, it was demonstrated that a chemically-induced lesion prompts a swift enhancement
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in the functionality of sublesional dorsal horn networks, which predominantly display
hyperexcitatory characteristics within minutes after SCI (Deumens et al., 2013). Several studies in
human patients with SCI have shown that muscle spasms involve a heightened sensitivity to inputs
from muscle afferents that are sensitive to force (Schmit et al., 20000; Conway and Knikou, 2008)
where various innocuous or noxious cutaneous and proprioceptive stimuli applied to the lower
limb can provoke an extended, coordinated response involving hip flexion and ankle dorsiflexion
(Schmit et al.,2000). Furthermore, the observed pattern of reflex recovery after the spinal shock
suggests the sequential restoration of cutaneous polysynaptic reflexes preceding monosynaptic
reflexes such as deep tendon reflexes (Ko et al.,1999; Ditunno et al., 2004). The rise in excitability
of motoneurons and dorsal horn neurons as well as excessive reflexes might be deleterious shortly
after SCI and could setup eventual increases in neuropathic pain and spasticity (Finnerup et al.,

2001; D’Amico et al., 2014).

Khalki et al. (2018) reported an increase in the density of presynaptic GABAergic terminals
onto VGLUT1" terminals to GS and TA MNs, in addition to increases in inhibitory GABAergic
and glycinergic inputs onto cell bodies of GS and TA MNs of the trained and untrained SCI rats
compared to intact. Interestingly, the size of the presynaptic inhibitory boutons was increased in
untrained SCI rats but reduced in trained SCI rats, suggesting that the increased density of
presynaptic inhibitory terminals was due to the sprouting of existing axons conveying presynaptic
inhibition (Khalki et al., 2018). While we observed a decrease in the size of GABApre terminals
on dI3 INs and MNs in both untrained and trained SCI mice, the decrease was greater in trained
mice, perhaps due to more sprouting in the latter population. A different study reported a sustained
decrease in GABAergic terminals contacting VGLUT1* boutons in the sacral spinal cord after

sacral transection (Kapitza et al., 2012).
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The changes in the overall levels of GAD65 or GADG67 expression in the spinal cord after
SCI have also been studied. Adult cats with complete thoracic transection exhibit increased
GADG67 puncta in lamina IX (Tillakaratne et al., 2002). There were also increased levels of GAD67
expression in the ventral and dorsal horns of L5-L7 after thoracic transection, which decreased to
control levels with step training (Tillakaratne et al., 2002). No increases in GADG65 levels were
observed after thoracic transection in the adult cat (Tillakaratne et al., 2000). The balance of
inhibitory to excitatory synaptic inputs to motoneurons shifts towards inhibition in neonatal rats
with a midthoracic spinal cord transection at postnatal day 5. This balance seems to be restored to
intact levels by locomotor training (Ilchiyama et al., 2011). Reduced GAD65 and GAD67
immunoreactivity was observed in the L4-L5 dorsal horn of mice compared to sham at 6 wpi
following a moderate contusion injury to T11 of GAD67:GFP mice (Meisner et al., 2010).
Decreased levels of GADG65 and 67 expressions were also observed in the rat dorsal horn following

contusion at T10 (Li et al., 2020).

We did not investigate GABA-mediated presynaptic inhibition of VGLUT2+ afferents in
the spinal cord. Central terminals of Ad-fibers can be gated by GABA-mediated presynaptic
inhibition (Zimmerman et al., 2019). dI3 INs may receive direct inputs from these fibers based on
electrophysiological recordings (Bui et al., 2013), but this sensory connection has not been
confirmed anatomically. Presynaptic inhibition of VGLUT2+ terminals from spinal or supraspinal

neurons to motor circuits has not been reported to the best of our knowledge.

4.1.2 Possible mechanisms underlying plasticity

Losses of VGLUTL1" and VGLUT2" inputs shortly after SCI may reflect the severing of
descending supraspinal and propriospinal inputs to circuits below the lesion. However, we did not
observe any loss of VGLUT1" inputs to dI3 INs and MNs shortly after SCI, and short-term losses
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in VGLUT2" inputs were only observed to MNs and not dI3 INs. This absence of immediate loss
of VGLUT1* and VGLUT2" inputs could reflect a paucity of descending supraspinal or
propriospinal inputs to dI3 INs or could indicate these connections are made to the dendritic

regions that were not sampled in our image analysis.

Some studies have linked changes in neurotransmitter expression after SCI to neurotrophin
signalling. For example, BDNF has been linked to several signal transduction cascades that
promote neurogenesis, axonal sprouting, and neuronal survival (Arvanian and Mendell, 2001;
Friedman et al., 1995; Keefe et al., 2017; Koda et al., 2002; Nakajima et al., 2010). BDNF levels
may decrease shortly after spinal cord injury (Gdmez-Pinilla et al., 2004; Gulino et al., 2004).
However, rehabilitation programs, such as treadmill training or cycling, may reactivate silent
spinal circuits, which could increase the level of BDNF in the spinal cord (Gémez-Pinilla et al.,

2002; Ying et al., 2005; Cote et al., 2011; Boyce et al., 2012).

BDNF signalling can shape presynaptic inhibition of sensory inputs in the spinal cord.
Activity-based exercise training seems to increase the synthesis of GAD65 and 67, and this
mechanism may be related to exercise-induced BDNF synthesis and TrKB signalling activation in
the spinal cord (Keeler et al., 2012; Huang et al., 2017; Leech and Hornby, 2017). Furthermore,
the release of glutamate from sensory terminals seems to affect the differentiation and function of
GABAergic terminals mediating presynaptic inhibition of sensory afferents via metabotropic
glutamate receptor mGIuR1 expressed on the GABAergic terminals (Mende et al., 2016). Since
the expression of GADG5 is regulated by autocrine influence of BDNF on sensory terminals
(Betley et al., 2009), the combined reduction of glutamate release from sensory neurons and BDNF

that could result from loss of locomotor activity after spinal cord injury could theoretically drive
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the loss of GADG5 expression in spinal circuits. However, we failed to observe large changes in

GADSG5 expressing boutons on VGLUT1* terminals to dI3 INs or MNSs.

Recent findings have uncovered a novel mechanism underlying changes in
neurotransmitter levels in the injured spinal cord. A subset of VGLUT2" interneurons, including
di3 INs, were found to switch neurotransmitter phenotype from excitatory glutamatergic to
inhibitory GABAergic synapses contacting MNs after a complete T10 transection in adult mice
(Bertels et al., 2022b). This neurotransmitter phenotype switching could also explain some of the
reported loss of VGLUT2" boutons or rise in GAD65+/67+ boutons in the spinal cord observed

after SCI (Tillakaratne et al., 2002; Kapitza et al., 2012; Khalki et al., 2018).

4.1.3 Training vs. Non training

We investigated for possible differences in synaptic inputs to dI3 INs and MNs from SCI
animals with or without treadmill training. We observed more VGLUT1" boutons onto the surface
of dI3 INs at 2-3 wpi in trained animals than untrained animals. However, no difference was
observed in the level of VGLUTL1" boutons on MNs between the trained and untrained animals,
nor were there differences in VGLUT1" boutons to MNs from SCI or sham groups. Similar to
VGLUT1" inputs, we found more VGLUT2* boutons onto dI3 INs of trained mice compared to
untrained at 2-3 wpi and in MNs of trained mice at 2-3 wpi compared to untrained animals. On the
other hand, we did not observe any effect of training on the level of presynaptic inhibition in dI3
INs. However, the trained mice had more presynaptic inhibition of VGLUT1" inputs to MNs at 2-
3 wpi than untrained animals. We found only modest differences in synaptic inputs to dI3 INs and

MNs between SCI animals with or without treadmill training.
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Our results contrast with Khalki et al. (2018), who showed that MNs from SCI-trained
mice had a higher density of VGLUT1" boutons compared to MNs from both intact and untrained
SCI mice. Their study also reported that VGLUT1* terminals on MNs were larger in both untrained
and trained mice compared to intact mice (Khalki et al., 2018), something that we have not
quantified. Step training has been suggested to restore levels of the g2 subunit of GABAA receptors
in motoneurons of rats three months after complete midthoracic transections at neonatal stages
(Khristy et al., 2009). On the other hand, (Cantoria et al., 2011) failed to detect any significant
difference in the densities of VGLUT1" and glycinergic GLYT2 inputs within the spinal cord of

trained and untrained neonatal rats with complete transection (Cantoria et al., 2011).

4.1.4 Methodological considerations

Differences in how activity-based training influences the plasticity of spinal circuits after
SCI may be related to variations in how SCI animals are trained. Our training regimen was
comparatively lighter in frequency and duration than in several other studies, which may have led
to the lack of significant improvements in stepping function in trained versus untrained animals.
The lighter locomotor training regimen could have limited the release of any signalling molecule,
such as neurotrophins, and any remodelling of spinal circuits. Furthermore, we did not consider
the administration of supplementary interventions to improve locomotor recovery, such as the
administration of pharmacological neuromodulation (Khalki et al., 2018) or electrical stimulation
; (Lavrov et al., 2008; Taccola et al., 2018; Gerasimenko et al., 2019; Kathe et al., 2022; Zhang et
al., 2021). However, recovery of locomotor function could also be associated with the levels of
home-cage activity between training sessions (Caudle et al., 2011; Torres-Espin et al., 2018). The
lack of monitoring of this activity in our study and others makes it harder to truly associate training

with recovery.
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Several other factors may explain the discrepancies between our findings and those
reported by other studies. These factors include the differences in animal model (species and age
at which the injury occurs), injury type/severity, time after injury at which observations are made,
the nature of any intervention (activity-based, neuromodulation, electrical), and the region of the
spinal cord and the compartments of the neurons where the levels of VGLUT1*, VGLUT2" and
GADG65/67* inputs were quantified. For example, we investigated unidentified lumbar
motoneurons located in L1-L5 in adult mice, while others have sampled from specific motor pools
(Khalki et al., 2018) or motoneurons in sacral segments (Kapitza et al., 2012). Furthermore, we
studied synaptic inputs made onto the soma of the motoneurons and the proximal 100um of the
dendritic tree, while others sampled from further out into the dendritic tree. Thus, our conclusions
of limited changes to sensory and central glutamatergic inputs and presynaptic inhibition to dI3
INs and MNs may apply only to the somatic and perisomatic regions of these neuron populations.
Finally, the sex of the animals studied could also be a factor. For instance, in most experiments,
only female rats (Kapitza et al., 2012; Khalki et al., 2018) or cats (Tillakaratne et al., 2002) were
used, but we used both male and female mice. Whether there are sex differences in remodelling of

spinal locomotor circuits remains to be investigated.

Overall, our results suggest modest changes in synaptic inputs related to sensorimotor
integration to MNs and dI3 INs after spinal cord injury. Restoring motoneuron activity is evidently
beneficial to the recovery of motor function after SCI. Silencing dI3 INs impairs locomotor
recovery after SCI (Bui et al., 2016). Our data do not provide strong evidence that certain levels
of synaptic inputs from any specific circuits must be prioritized in restoring movements after SCI.
In fact, a negative correlation was found between central excitatory inputs and stepping function.

It is unclear why the loss of excitation would improve stepping function after injury. We conclude
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instead that the modest changes in synaptic inputs to MNs and dI3 INs suggest that those circuits
are available to be recruited if this recruitment is eventually found to be beneficial to the recovery

of locomotor function.
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Figure 4.1 Summary of various short- and long-term changes in sensory inputs from the
primary afferents, central excitatory inputs and presynaptic inhibition of sensory terminals
observed in d13 INs and MNs following SCI compared to control mice.
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4.2 Characterization of CatCh mice

Our model of animal spasticity involves a transgenic strain of mice where the light sensitive
channel, CatCh, is under the expression of Isl1 and VGLUT2. Hindlimb spasticity is elicited after
a complete transection by blue light illumination of the hindlimbs, implicating the optogenetic
activation of sensory neurons, supposedly expressing Isl1 and VGLUT2. Isl1 is expressed in most
sensory neurons (Pfaff and Mendelsohn, 1996; Liem et al., 1997; Roy et al., 2012; Bui et al., 2013).
VGLUT2 is a vesicular glutamate transporter. The prevalence of glutamate as a major excitatory
neurotransmitter is very well documented in the literature (Fonnum, 1984; Watkins, 2000; Carlton,
2001; Willis and Coggeshall, 2004). Both electrophysiological and pharmacological experiments
(Yoshimura and Jessell, 1990; Carlton, 2001; Willis and Coggeshall, 2004) and histochemical
experiments (Wanaka et al., 1987; Battaglia and Rustioni, 1988; Kai-Kai and Howe, 1991;
Valtschanoff et al., 1994; Keast and Stephensen, 2000) have demonstrated that glutamate serves
as the major neurotransmitter in numerous sensory neurons located within the spinal cord and the

DRGs.

VGLUT1 and VGLUTZ2, two of the three types of vesicular glutamate transporters, have been
extensively studied in the spinal cord and DRG neurons of mice, rats, and guinea pigs. Brumovsky
et al. (2007) have reported immunoreactivity of VGLUT1 to be around 11.9% +/- 1% and for
VGLUTZ2, 65.4 % +/- 4.5% in the L4-5 DRGs of adult mice. Moreover, they observed the presence
of VGLUT1 to be predominantly in medium to large-sized neurons whereas VGLUT2 was found
predominantly in small to medium-sized neurons. Also, all CGRP immunoreactive and 1B4
binding neurons were also VGLUT2 immunoreactive. Morris et al. (2005) also observed strong
VGLUTL1 immunoreactivity in larger DRG neurons but not detected in small neurons with CGRP.

In contrast, VGLUT2 was strongly detected in small DRG neurons of both guinea pigs and mice
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(Morris et al., 2005). Tong et al. (2001) has also demonstrated that many of the neurons of thoracic
DRGs that innervate the gut displayed VGLUT?2 immunoreactivity. Overall, the findings of these
and other studies have suggested that VGLUTL is predominantly present in large-sized, CGRP-
negative DRG neurons, which are mechanoreceptors and proprioceptors (Tong et al., 2001; Li et
al., 2003; Oliveiraetal., 2003; Todd et al., 2003; Alvarez et al., 2004; Landry et al., 2004), whereas
VGLUT2 is involved in nociception and divided into two groups: peptidergic nociceptors that are
TRPV1 and CGRP positive; and the non-peptidergic nociceptors that bind to P2X3R and/or

isolectin B4 (IB4) (Aoki et al., 2004; Shiers et al., 2020).

Liu et al. (2010) utilized homozygous conditional knockout mice to delete VGLUT?2 in
Nav1.8 expressing neurons in the DRG of adult mice. The animals exhibited diminished reactions
to diverse heat, mechanical, inflammatory, and neuropathic pain stimuli, coupled with heightened
instances of scratching associated with itchiness. Their findings underscore the pivotal role of
VGLUT2 dependent synaptic glutamate release, primarily from Nav1.8-expressing nociceptors,
as a crucial neuronal element essential for pain perception and the suppression of itch (Liu et al.,
2010). This study also utilized double fluorescence labeling on the lumbar DRGs of mice at
postnatal day 30 to provide quantitative evidence that VGLUT2, as opposed to VGLUTL, to
provide further evidence that VGLUT2 was extensively present in sensory nociceptors identified
by IB4, CGRP, and TRPV1. Remarkably, 100% of IB4- and CGRP-positive neurons, along with
94.2% of TRPV1-positive DRG neurons, were concurrently labeled by VGLUT?2. In contrast, only
2.66%, 25.5%, and 0.45% of these neurons were labeled by VGLUTL, respectively, further
reinforcing the involvement of VGLUT?2 in nociceptive signaling. Lagerstrom et al. (2010) also
identified that the regulation of both thermal pain sensation and itch transmission is dependent on

VGLUT2-mediated glutamatergic transmission in TRPV1+ neurons. In their experiment, it was
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shown that removing VGLUT2 from a subset of neurons, which partially overlapped with the
vanilloid receptor (TRPV1) primary afferents, led to a significant rise in itch-related behavior
while simultaneously decreasing sensitivity to thermal pain (Lagerstrom et al., 2010). Similarly,
Scherrer et al. (2010) also knocked out VGLUT2 in mice by crossing VGLUT2'%/* mjce with
mice that express Cre under the control of the peripherin gene promoter to excise the second exon
of VGLUT2 gene. In behavioral tests, mice with conditional knockout of VGLUT2 exhibited
reduced sensitivity to harmful heat, mechanical pressure, and chemical (capsaicin) stimuli.
Surprisingly, their responses to cold stimulation and in the formalin test remained unchanged.
Notably, while the conditional knockout mice did not display heightened sensitivity to heat caused
by tissue injury, they developed mechanical hypersensitivity in a normal manner (Scherrer et al.,
2010). Together, these studies suggest that VGLUT2 expression is primarily found in peptidergic
and non peptidergic nociceptors involved with pain perception to heat and mechanical pressure,

pruriception (itch) as well as inflammatory and neuropathic pain.

While VGLUT1 and VGLUT?2 are often thought of as being expressed separately, these
two transporters can be co-expressed in some DRG neurons. Brumovsky et al.,2007 observed a
moderate co-expression of VGLUT1 and VGLUT2, primarily within medium and large-sized
neurons, with fewer than half of all VGLUT1 neurons showing positivity for VGLUT2. The
neurons displaying both markers are likely non-peptidergic, as indicated by the absence of
peptidergic markers such as CGRP that is observed in VGLUT1 neurons (Brumovsky et al., 2007).
Interestingly, Landry et al., 2004, using single labelling, observed that nearly all neurons expressed
both VGLUTL1 and VGLUT?2 transcripts in rat DRG neurons. This finding was corroborated
through a double in situ hybridization approach, revealing that all categories of sensory neurons—

small, medium-sized, and large sensory neurons, exhibited both markers, despite their segregation
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in the superficial laminae of the dorsal horn (Landry et al., 2004). The authors suggests that this
disparity implies the existence of unique targeting mechanisms tailored for each transporter, and/or

a separate regulation of their translation processes.

Wau et al., 2021 have further investigated proprioceptive sensory neurons and using single
cell RNA sequencing have identified 3 main types of proprioceptive neurons which are further
segregated into 8 distinct groups (Wu et al., 2021). While most proprioceptors express VGLUT1,
they have identified two smaller populations of la afferents that co-express VGLUT1 and

VGLUT2 (Wu et al., 2021).

We characterized the expression of the fluorescent reporter tdTomato in sensory neurons to
understand which sensory neurons would be photoactivated in our SCI IsI1-Vglut2®¥" mice. In
part, we looked at the expression of VGLUT1 and VGLUT2 with tdTomato in the DRGs from L1-
L5. Our data indicates that 1.0 + 1.5% of the tdTomato+ cells express VGLUT1+/VGLUT2-, 77.1
+ 12.8% are VGLUT2+/VGLUT1- and 5.7 = 4.0% co-express VGLUT1 and VGLUT2, which is
in line with the conditional expression of the transgenes linked to VGLUT2 expression. We also
observed the expression of tdTomato in 67.7% + 16.5 of the TRPV1 cells and 38.7% + 13.2 in the

non peptidergic 1B4 bound neurons. Surprisingly, expression in CGRP expressing cells was low.

Based on the expression of VGLUT2 in specific populations of sensory neurons and the
expression of reporter proteins under the expression of Isl1-Cre and Vglut2-Flp, I conclude that
the neurons that are photoactivated via CatCh expression are highly expressed in TRPV1
population and low expression in CGRP neurons and to a lesser extend in non peptidergic I1B4
bound neurons. In general, TRPV1 is predominantly found in sensory neurons, where it functions

as a detector for painful stimuli triggered by pungent chemicals and high temperatures (Shuba,
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2021). The sensitization of primary afferent nociceptors through the activation of TRPV1 receptors
can prompt the release of neuropeptides, such as CGRP and substance P, from the nociceptors.
This release initiates neurogenic inflammation, potentially enhancing nociception (Li et al., 2008).
IB4-positive nociceptors play a role in mechanical hyperalgesia triggered by inflammation and
muscle damage (Alvarez et al., 2012). VGLUT1 expression in a small proportion of VGLUT2+
neurons suggests that some of the sensory neurons photostimulated via CatCh could be
proprioceptors that are limb-innervating la afferents according to a recent transcriptomic study of

proprioceptors (Wu et al., 2021).
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Figure 4.2 Different populations of neurons within the DRG that express the CatCh+
transgene in Isl1-Vglut2©atch mice
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4.3 New model of spasticity

We have successfully generated a transgenic strain of mice that could serve as a viable
model of spasticity through the stimulation of Isl1+/\VGLUT2+ sensory afferents. We have shown
that unilateral optogenetic stimulation of the hindpaws of Isl1-Vglut2®¥“" spinal cord-injured mice
can reliably trigger episodes of hindlimb spasms in both hindlimbs as early as 2 weeks post-SCI.
Muscle spasms or clonus were not observed in intact IsI1-Vglut2€“" mice. On the other hand,
chronic stimulation of VGLUT2+ sensory afferents didn’t appear to influence the onset or severity
of spasticity after SCI. Finally, we observed that sex affects onset and severity of hyperreflexia in
response to paw illumination. Female mice manifested hyperreflexia earlier with greater severity
compared to male mice. Considering the lack of reliable animal models of spasticity besides the
tail spasticity in a rat model (Bennett et al., 2001, 2004), this novel model of spasticity could be

valuable in further understanding the mechanisms and treatments of spasticity.

4.3.1 Underlying mechanisms of spasticity in Isl1-Vglut2¢ach mice

The value of the Isl1-Vglut2®*c" mice model of limb spasticity after SCI depends on the
mechanism by which spasticity arises in IsI1-Vglut2®®“" mice after injury. Spasticity is a
multidimensional sequela of SCI that may arise from maladaptive structural and functional
neuroplasticity of spinal circuits and sensory afferents. However, the underlying causes of

spasticity in spinal cord injury patients have yet to be fully determined.

Our immunostaining suggests that a relatively large portion of Isl1+/VGLUT2+ sensory
neurons are nociceptors and there is evidence that nociceptors undergo changes after injury to the
nervous system that could increase the activity of sensorimotor circuits causing spasticity. For
instance, hyperreflexia could arise from the sprouting of nociceptive sensory afferents following

SCI. Small and medium-sized sensory neurons dissociated from DRGs near or below the site of a
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contusion injury at T10 in adult rats displayed increased neurite elongation compared to sensory
neurons dissociated from DRGs of sham or intact animals (Bedi et al., 2012). This increased
capacity for sprouting by putative nociceptors after SCI is consistent with reports of sprouting of
CGRP-immunoreactive afferents within the dorsal horn of the spinal cord rats (Krenz and Weaver,
1998; Krenz et al., 1999; Weaver et al., 2001; Ondarza et al., 2003); and humans (Ackery et al.,
2007) after SCI. A recent study observed that a T10 hemisection in rats led to cutaneously-evoked
nociceptive hyperreflexia (Lee et al., 2019). Central projections of cutaneous nociceptive afferents
were significantly increased in segments above and below the lesion, which increased synaptic
terminals in the dorsal horn (Lee et al., 2019). Thus, sprouting of the central axons of nociceptive

sensory neurons could lead to hyperreflexia and spasticity.

Concomitant with sprouting, SCI can alter the activity of nociceptors by causing chronic
peripheral sensitization of nociceptors (Carlton et al., 2009) or facilitating the persistent generation
of spontaneous action potentials. Putative DRG nociceptors dissociated after spinal contusion in
rats showed increased events of spontaneous firing of action potentials (Bedi et al., 2010).
Increased hyperactivity of DRG neurons after SCI could be in response to signals released due to

an immune response to injury or inflammation (Miller et al., 2009).

The involvement of nociceptors in spasticity suggested by our study could be tested by
expressing archaerhodopsin in Isl+/Vglut2+ afferents to deactivate nociceptors in order to
determine whether inhibition of these afferents would reduce spontaneous spasticity. Note that
other studies have found interesting effects of inhibiting nociceptors on recovery of locomotor
function after injury. Hindlimb stretching after contusive T10 spinal cord injury has been observe
to negatively affect locomotor function in rats after contusive T10 spinal cord injuries (Keller et

al., 2019). These stretch-induced declines were absent in neonatal rats depleted of TRPV1+

114



sensory afferents through capsaicin treatment (Keller et al., 2019) suggesting that optogenetic
inhibition of Isl1+/VVglut2+ afferents could have the dual benefit of reducing spasticity and muscle-

stretch induced declines in locomotor recovery.

Hyperactivity of nociceptors and downstream motor circuitry after SCI could also occur in
spinal neurons due to changes in their intrinsic properties. For example, changes in motoneuron
excitability have been linked with spasticity. Motoneurons and ventral spinal interneurons possess
persistent inward currents mediated by calcium currents from low threshold L-type calcium
channels (Cavl.3 type) (Carlin et al., 2000) and persistent sodium currents (Lee and Heckman,
2001; Li and Bennett, 2003; Theiss et al., 2007) that can amplify and sustain their output (Bennett
et al.,, 1998; Hounsgaard et al., 1988; Lee and Heckman, 1996). PICs are eliminated in
motoneurons shortly after an acute spinal cord injury to the sacral cord (Bennett et al., 2001; Eken
et al., 1989). However, in chronic phases of injury to the sacral cord, large PICs appear that lead
to spasms in the tail muscles (Bennett et al., 2004, 2001; P. J. Harvey et al., 2006; P J Harvey et
al., 2006).These PICs are facilitated by serotonin (Li et al., 2007) and may be enhanced by
constitutive 5-HT2¢ activity after SCI (Murray et al., 2010). Blocking the Ca?* component of the
PICs in the motoneurons of a mouse tail spasticity model has been shown to reduce tails spasms

after SCI (Marcantoni et al., 2020).

Similarly, multimodal dorsal horn neurons display increased responses to ipsilateral or
contralateral mechanical stimulation of the hindlimb at least 28 days after thoracic hemisections
in adult rats (Hains et al., 2003a; Hains et al., 2003b). The hyperexcitability of these dorsal horn
neurons has also been linked to dysregulation of serotonergic signalling. Thus, the interruption of
descending serotonergic or other neurotransmitter inputs to the spinal cord could lead to

hyperexcitability of spinal neurons below the level of injury (Baldissera et al., 1982; Jankowska,
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1992), in addition to possible increased neurotransmitter release from sensory afferent or
interneurons (Thor et al., 1994), receptor upregulation after chronic SCI (Mills and Hulsebosch,

2002) and increased sensitivity of metabotropic receptor facilitating PICs (Hains et al., 2002).

In any event, whether due to changes in intrinsic properties or morphological changes,
enhanced activity of nociceptors or spinal neuron and the sensorimotor circuits these neurons form
could lead to maladaptive changes following SCI such as central sensitization, autonomic or

somatic hyperreflexia. The latter could include spasticity.

Spasticity in IsI1-Vglut2¥“" mice could also arise from sprouting of Isl1*/VGLUT2*
proprioceptors (Wu et al., 2021). While most proprioceptors are VGLUTL1", two smaller
populations of la afferents has been found to co-express VGLUT2 (Wu et al., 2021).
VGLUT1*/VGLUT2" cells were only a small percentage of all tdTomato+ neurons of the DRG of

IsI1-VGLUT2CCh mice.

However, we observed that unilateral stimulation of Isl1*/VGLUT2* sensory afferents
generated muscle spasms that could affect either or both hindlimbs. Thus, unless the spinal cord
injury caused sprouting of central branches of nociceptors across the midline, the bilateral nature
of the spastic response to unilateral stimulation suggests the recruitment of sensorimotor circuits
with some commissural component. One possible population of spinal neurons involved are the
V3 spinal interneurons (Zhang et al., 2008). This population includes commissurally-projected
neurons and has been implicated with muscle spasms in the tail after injury to the sacral cord (Lin

etal., 2019).

Besides increased sprouting of sensory afferents or hyperexcitability of spinal excitatory

neurons, increased activity of spinal sensorimotor circuits leading to spasticity could also arise
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from disinhibition of spinal networks. Evidence suggests possible dysregulation of the inhibition
of motoneurons by spinal Ib interneurons in hemiplegic patients (Delwaide and Oliver, 1988).
Malfunction of the Renshaw Cell-mediated recurrent inhibition of motoneurons could also

contribute to the development of extreme limb stiffness (Mazzocchio and Rossi, 1997).

The emergence of spasticity can also be attributed to the reduction in mechanisms that regulate the
release of glutamate from sensory afferents. Research by Zimmerman and colleagues in 2019
indicates that the release of GABA onto the central terminals of AB, Ad, and C-fibers can restrict
the release of neurotransmitters onto spinal neurons. Furthermore, the activation of a trisynaptic
circuit by C-fibers leads to NMDA release onto AP fibers, which, as demonstrated in the same

study, can also limit sensory transmission to spinal circuits (Zimmerman et al., 2019).

A number of studies suggest that the la pathways are no longer inhibited by presynaptic
inhibition after lesions to the spinal cord that sever the descending tracts that input to GABAergic
neurons mediating presynaptic inhibition. This downregulation of presynaptic inhibition could
contribute to the hyperexcitability of the stretch reflex seen in spastic patients (Faist et al., 1994).
Several studies have also reported decreased gating of sensory transmission in spinal motor circuits
after SCI though correlations between this decrease and spasticity have yet to be detected (Lalonde

and Bui, 2021).

4.3.2 Onset or severity of spasticity is not affected by repetitive optogenetic stimulation

There were no differences in the amplitudes or latencies of the EMG responses to paw
illumination between animals receiving chronic stimulation and those that did not. This suggests
that there are no use-dependent changes in the mechanisms underlying spasticity in this animal

model of limb spasticity with the caveat that animals without chronic stimulation were still
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subjected to weekly testing. Whether this weekly paw illumination is sufficient to induce use-
dependent changes that are equivalent to daily illumination remains to be ascertained. It is more
likely that the lack of differences in the spasticity response of animals receiving chronic
stimulation and those that did not arises from mechanisms of spasticity that are not affected in a
use-dependent manner. This lack of use-dependent plasticity could serve as an additional benefit
in the use of Isl1-VGIut2®*“" mice for investigating the mechanisms and treatment of hindlimb

spasticity.

4.3.3 Sex dependent differences

We have noticed sex differences in the spasticity of our spinalized mice where female mice
showed higher mean amplitude in the EMG recordings from tibialis anterior muscles in response
to paw illumination. Although there are numerous reports on different aspects of spasticity in the
human patients from SCI to the best of our knowledge there are no studies that have reported sex
differences in spasticity in patients. The sex differences in spasticity in spinalized Isl1-Vglut2¢ach
mice may speak to the specific mechanisms by which spasticity arises after injury in this animal
model. Based on the neurons that express CatCh in the periphery, namely Isl1+/\Vglut2+ sensory
neurons, spasticity likely arises through nociceptive pathways. Several lines of evidence point to

sex differences in pain pathways in the intact nervous system and after injury.

There is evidence that in general, females have higher prevalence of pain compared to
males (Mogil, 2012). Sex hormones play a role in modulation of pain. For example, estrogen has

been shown to increase proinflammatory cytokines and causing greater pain intensity in females
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(Rosen et al., 2017). Sex-differences have been investigated in neuropathic pain after SCI in both

human patients and in rodents (Burke et al., 2018).

In a survey from a group of male and female patients with SCI, female patients had a higher
prevalence of nociceptive pain compared to males (Budh et al., 2003). In animal models of SCI,
female rats have been shown to have lower threshold for pain and display mechanical
hypersensitivity (Dominguez et al., 2012). Genome mapping in rats has revealed 3 loci associated
with mechanical hypersensitivity where one of them is sex specific (Dominguez et al., 2012). For
instance, a moderate T9 contusion was shown to cause mechanical and heat hypersensitivity in

male and female mice with a greater magnification in female mice (Lee et al., 2023).

The mechanisms underlying sex differences in pain and spasticity after SCI remain to be
elucidated but several possible mechanisms have shown to be implicated. Multiple studies have
demonstrated elevated spontaneous activity in the DRGs following SCI (Bedi et al., 2010; Carlton
et al., 2009) and a higher incidence of spontaneous activity in nociceptors was observed in females
compared to males after a T10 contusion in rats (Bedi et al., 2010). Following a moderate T9
contusion in adult rats, it was reported that female rats have better tissue preservation of the white
and gray matter (Datto et al., 2015). The preservation of spinal cord tissue could lead to more
sparing of dorsal horn neurons as observed after a cervical hemicontusion in mice which developed

mechanical allodynia after SCI (Dietz et al., 2022)

Since we observed a larger population of reporter protein expression in nociceptors
compared to proprioceptive neurons within the DRG of Isl1-Vglut2i9To™° mice, it is a distinct
possibility that nociceptors are involved in the spasticity of spinalized 1s11-Vglut2®3" mice. The

higher levels of neuropathic pain and hyperalgesia in females after SCI and greater amplitude of
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EMG recordings in response to paw illumination in spinalized Isl1-Vglut2®*c" mice may speak to
shared mechanisms and led further support for the role of nociceptors in the spasticity of our animal
model. Whether the hyperreflexia observed in female Isl1-Vglut2®*c" mice could arise from
sprouting of nociceptive sensory afferents or increased activation of nociceptive motor circuits

after SCI remains to be determined.

4.3.4 Implications for treatment

While the mechanisms underlying spasticity is not fully understood, there are a number of
treatments available to reduce the symptoms of spasticity. However, these treatments could also
have their own side effects. For example, the most commonly used pharmaceutical treatment for
spasticity is oral and intrathecal baclofen. Baclofen acts as GABA receptor agonist and may act to
limit mono- and polysynaptic reflexes through potentiation of presynaptic or postsynaptic
inhibition in the spinal cord (Abbruzzese, 2002; Awaad et al., 2012). However, the adverse side
effects include sedation, fatigue, and muscle relaxation (Abbruzzese, 2002; Chou et al., 2004).
Tizanidine is another drug that is often used with oral drugs such as baclofen. This drug is an
agonist of imidazoline a2 receptors and decreases tone in the muscles putatively through increased
presynaptic inhibition of motoneurons (Yelnik et al., 2009). It can cause dry mouth and drowsiness
but doesn’t cause muscle weakness like other antispastic drugs (Smith and Barton, 2000; Wagstaff

and Bryson, 1997).

Our model of hindlimb spasticity in Isl1-Vglut23" mice could be useful in further testing of
these drugs to better understand the site of action within the spinal cord that leads to reduced

spasticity after SCI. Recently, the L-type calcium channel blocker, nimodipine, has been shown to
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prevent the development of increased muscle tone and spontaneous spasms in mouse model of tail
spasticity after a complete transection at S2 level (Marcantoni et al., 2020). Similarly, Isl1-
Vglut2®¥©" mice could be useful for testing new drugs and approaches for prevention or treatment
of hindlimb spasticity after SCI. The early manifestation of hindlimb spasticity in Isl1-Vglut2©3ch

mice could shorten the length of experiments aimed at testing new treatments.

4.4 Concluding thoughts

Spinal cord injury is a devastating condition that affects millions of people worldwide,
resulting in profound physical and psychological consequences. However, recent advancements in
the understanding of neuroplasticity—the brain and spinal cord's ability to reorganize and form
new neural connections—have opened new avenues for the development of innovative treatments.

Recent groundbreaking discoveries in both preclinical and clinical studies related to SCI have
defied the long-standing belief that significant functional recovery was unlikely after such injury.
It has become evident that the injured spinal cord possesses the potential for various types of
plasticity, including learning and memory (Wolpaw, 2010), challenging the previously held
perspective that it’s not a plastic structure and can’t rewire itself.

The task of understanding the functional consequences of plasticity after injury is intricate due
to the discovery of adaptive alterations in both spared and injured neural circuits throughout the
entire CNS (Bareyre et al., 2004; Vavrek et al., 2006; Chen et al., 2018; Garraway and Huie, 2016;
Vavrek et al., 2006). These changes occur at several physiological and molecular levels. The
mechanisms involved in this plasticity are wide ranging and encompass the sprouting of sensory
afferents (Krenz and Weaver, 1998; Ondarza et al.,, 2003), formation of new intraspinal

connections (Bareyre et al., 2004; Courtine et al., 2008) , synaptic remodeling, and alterations in
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excitability of neurons (Bennett et al., 2004; D’ Amico et al., 2014). Since these adaptations occur
concurrently, deciphering which changes are functionally significant and essential for recovery
and which ones that are not, or even harmful, proves to be a challenging task. Additionally, a
significant challenge in understanding plasticity lies in the tendency of most studies to focus
exclusively on either the motor or sensory systems, overlooking the potential simultaneous
contributions of adaptations in both systems to the recovery process.

In addition to the favorable impacts of plasticity on recovery, it is widely acknowledged that
adaptive changes within the neuronal circuits, afferent sprouting and synaptogenesis can also have
detrimental effects. As neurons attempt to either compensate for lost connections, the formation
of new connections can lead to hyperexcitability of neurons (Gwak and Hulsebosch, 2011; Plantier
et al., 2019). Moreover, alterations in pain pathways play a role in the development of post injury
neuropathic pain and allodynia (Gwak and Hulsebosch, 2011; Bhagwani et al., 2022; Brown et al.,
2022; Gwak and Hulsebosch, 2011), which is not entirely surprising given that mechanisms
considered beneficial in the recovery of lost motor function, such as axonal sprouting, are
undesirable in the context of pain pathways. Furthermore, there are other adverse consequences of
plasticity following SCI, including autonomic dysreflexia and spasticity (Mazzocchio and Rossi,
1997; Hiersemenzel et al., 2000; Adams and Hicks, 2005; Bhagwani et al., 2022)

Several pharmacological methods are available to encourage plasticity in both injured and
spared circuitries of the spinal cord. Some of these approaches aim to boost the existing natural
plasticity, while others aim to overcome the inhibitory environment of the spinal cord. For
example, chondroitinase ABC (Bradbury et al., 2002) has been used to promote axonal
regeneration or application of neurotrophic factors such as BDNF (Vavrek et al., 2006; Ziemlinska

et al., 2014) and NT3 (Zhou et al., 2003). The use of neurite growth promoting anti-NogoA
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antibody and stem cell-based therapies, have advanced to the stage of clinical trials and has
demonstrated specific functional improvements without any apparent adverse reactions. Curtis et
al., 2018 have used neural stem cell transplantation (human NSI-566 cell line) for the very first
time in chronic spinal trauma patients (Curtis et al., 2018). Kucher et al., 2018 observed an
increase in motor scores in hemiplegic and tetraplegic patients upon intrathecal application of
NogoA antibody (Kucher et al., 2018).

Besides pharmacological or cellular approaches, one of the most established approaches to
promote plasticity and locomotor recovery is treadmill training, which has been effectively applied
from animal experiments to clinical settings. Pioneering studies demonstrated that cats with
complete spinal transection could relearn stepping, showcasing a remarkable display of plasticity
and recovery driven by activity-dependent mechanisms (Lovely et al., 1986; Barbeau and
Rossignol, 1987; De Leon et al., 1998). Notably, this observed plasticity occurred in the spinal
cord independently of descending input.

For neurorehabilitation to be effective, there needs to be a finely tuned interplay between
peripheral input and spinal motor circuits. It is essential to have sufficient and suitable afferent
input that can modulate spinal circuitry, including the central pattern generator. The CPG can
generate rhythmic locomotor activities, incorporating proprioceptive and sensory feedback,
thereby optimizing adaptive spinal training (Kiehn et al., 2008).

Both human and animal studies have provided evidence of a direct increase in limb muscle
activity and weight-bearing load with repeated training. This suggests that adaptive spinal
plasticity depends on afferent input related to loading during locomotion (Domingo et al., 2007;
Ferrisetal., 2004; Behrman et al., 2017). Bouyer and Rossignol's research highlighted the essential

role of afferent input in treadmill training. Their study demonstrated that in spinalized cats, at least
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one intact cutaneous afferent nerve is necessary to achieve proper plantar foot placement and
weight-bearing during locomotion (Bouyer and Rossignol, 2003). Takeoka et al., 2019 has
demonstrated that proprioceptive feedback below the level of injury is essential for recovery of
locomotion and establishment of detour circuits (Takeoka and Arber, 2019).

Neuromodulatory interventions such as Epidural Electrical Stimulation (EES) and Brain-
Machine Interface (BMI) have also exhibited significant efficacy in clinical trials, making them
potentially the most promising approaches for functional restoration after SCI (Gerasimenko et al.,
2006; Formento et al., 2018; Gill et al., 2018; Wagner et al., 2018; Darrow et al., 2019; Lorach et
al., 2023). EES applied to the spinal cord where the electrodes targeted the dorsal roots has
successfully restored voluntary control of the trunk and legs in 3 patients with complete paralysis.
EES recruits large diameter afferent fibers as they enter the spinal cord and activates the motor
neurons (Formento et al., 2018; Gerasimenko et al., 2006). This type of neurorehabilitation has
enabled individuals with severe SCI to engage in activities such as standing, walking, cycling, and

swimming in real-world settings (Rowald et al., 2022).

In a recent study, a digital bridge between the brain and the spinal cord was established,
allowing an individual with chronic tetraplegia to stand and walk naturally in community settings.
This innovative brain—spine interface (BSI) comprises fully implanted recording and stimulation
systems, establishing a direct connection between cortical signals and the precise modulation of
epidural electrical stimulation. This targeted stimulation focuses on spinal cord regions crucial for
the generation of walking movements and enabled continuous and robust control of walking

(Lorach et al., 2023).

In this thesis, | have examined remodelling of synaptic inputs to dI3 INs and MNSs using a

transgenic mouse model. | have identified alterations in synaptic connectivity onto dI3 INs and
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motoneurons below the injury site, both before and after the injury. The analysis encompassed
central and peripheral glutamatergic inputs, as well as presynaptic inhibition of sensory inputs to

diI3 INs and MNs, within experimental groups with or without locomotor training.

We have previously shown that dI3 INs play a role in recovery of locomotion after a
complete transection of the spinal cord and silencing these neurons eliminates recovery of
rhythmic limb movement (Bui et al., 2016). We have shown that dI3 INs receive a mixture of
proprioceptive and mechanoreceptive sensory feedback and provide an excitatory drive to both
motoneurons and spinal locomotor networks. This unique connectivity renders dI3 INs an ideal
candidate population of spinal neurons for inducing beneficial compensatory changes in a spinal
cord deprived of motor commands from the brain due to SCI. My data demonstrates a transient
decrease in sensory inputs from sensory afferents onto dI3 INs even in later stages post-injury.
Additionally, I observed an increase in the level of presynaptic inhibition of sensory afferents onto
dI3 INs shortly after the injury. The brief post-injury window is crucial for enhancing the flow of
sensory inputs. Given the mounting evidence emphasizing the importance of cutaneous and
proprioceptive inputs in activating dormant spinal circuits, it is imperative that future therapies
should focus on restoring sensory inputs to dI3 INs and decreasing presynaptic inhibition of
sensory afferents. This approach holds potential for improving locomotor function after spinal cord
injury. Additionally, | observed a transient increase in the level of central glutamatergic inputs
after injury which is potentially very beneficial. This level of increase should be maintained
through rehabilitative or pharmacological therapies due to the potential role of dI3 INs in driving

activity of the CPG networks.

Furthermore, we have created an optogenetic mouse model that consistently induces

spasticity in mice with SCI. This model shows promise for investigating the mechanisms
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underlying limb spasticity in SCI, shedding light on the maladaptive changes occurring within the
spinal cord. Overall, my thesis reveals changes in plasticity in spinal circuits that could be
beneficial or detrimental to the recovery of locomotor function and suggests an invaluable model

for further uncovering maladaptive plasticity.
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