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Abstract

Spinal cord injury (SCI) leads to permanent deficits in sensory and motor function
due to the physical disruption of descending and ascending pathways. As a consequence,
spinal circuits below the level of lesion remain in an intact, but inactive state. A number of
studies have shown that epidural electrical stimulation (EES) of the lumbar spinal cord can
reactivate these spinal circuits after SCL. EES reversed paralysis of lower limbs in rodent
and primate models of SCI as well as in a number of clinical case studies. However,
although the positive effects of EES have been documented, little is known about the

neural circuits through which EES enables motor pattern formation after SCIL.

In the first part of this thesis, we examined the neural circuits activated by EES. In
the past, modeling experiments highlighted a pivotal role for large-diameter, myelinated
afferent circuits in mediating the facilitating effects of EES after SCI. Using calcium imaging
and chemogenetic inactivation experiments, we confirmed that EES primarily recruits
proprioceptive and low-threshold mechanoreceptor feedback circuits. We next sought to
exploit this knowledge to specifically enhance the effects of EES. We found that alpha2a
receptors are prominently expressed on proprioceptive afferent neurons in DRGs, whereas
alpha2c receptors are located on low-threshold mechanoreceptor interneurons in the
dorsal spinal horn. Based on this knowledge, we built a computational model that identified
beneficial and detrimental interactions between EES and noradrenergic circuits. This
understanding guided the design of a circuit-specific, electrochemical neuromodulation
that specifically gated the effects of EES towards proprioceptive feedback circuits and re-

established locomotion in paralyzed mice and rats.

The second part of this thesis uncovers the impact of movement on sensory afferent
pathways. For this, mice were exposed to environmental enrichment (EE) or standard
housing (SH). We found that EE primed sensory dorsal root ganglia neurons, inducing a
lasting increase in their regenerative potential after SCI. This EE-mediated increase in
regenerative potential was confined to proprioceptive afferent neurons and characterized
through increased calcium signalling and CBP-dependent histone acetylation which is
associated with enhanced gene expression. In a next step, we mimicked the exposure to
EE using pharmacology. The pharmacological activation of CBP after injury enhanced
axonal growth of proprioceptive afferent fibers and enhanced the recovery of sensory and

motor functions.



Here, we provide direct and conclusive experimental evidence for the mechanistic
understanding of EES and EE and how they mediate functional recovery after SCI. Based
on this knowledge, we identified specific receptors and epigenetic mechanisms for
pharmacological modulation. Our findings demonstrate the importance of large-diameter
afferent fibers in mediating functional recovery and will be important in establishing a
framework for the design of targeted neuromodulation therapies after SCI in human

patients.

Keywords: spinal cord injury, epidural electrical stimulation, proprioceptive afferent fibers,

noradrenergic alpha2 receptors, enriched environment



Zusammenfassung

Verletzungen des Rickenmarks flhren zu permanenten Defiziten von sensorischen
und motorischen Funktionen aufgrund der Durchtrennung von auf- und absteigenden
Faserbahnen zwischen Gehirn und Ruckenmark. Als Konsequenz verbleiben neuronale
Rickenmarksschaltkreise unterhalb einer Lasion zwar in einem intakten, aber inaktiven
Zustand. Mehrere Studien in Nagern und Primaten als auch in menschlichen Patienten
haben gezeigt, dass epidurale elektrische Stimulation (EES) des Iumbosakralen
Rickenmarks diese neuronalen Schaltkreise nach einer Rickenmarkserletzung wieder
aktivieren kann. Obwohl die positiven Effekte von EES seit mehreren Jahren bekannt sind,

ist bis heute nicht klar, welche neuronalen Strukturen durch EES aktiviert werden.

Im ersten Teil dieser These haben wir neuronale Strukturen, welche durch EES
aktiviert werden, untersucht. Simulationsmodelle haben gezeigt, dass vor allem sensorische
Neurone von Muskeln und Haut, welche in den Hinterwurzelganglionen lokalisiert sind,
durch EES aktiviert werden. Durch die genetische Inaktivierung dieser Neurone konnten
wir dies in Mdusen und Ratten zeigen. Dieses Wissen haben wir dann verwendet, um die
Effekte von EES nach einer Rlckenmarksverletzung zu potenzieren. Wir haben
herausgefunden, dass noradrenerge alpha2a Rezeptoren auf propriozeptiven Neuronen
lokalisiert sind, wahrenddem alpha2c Rezeptoren auf Neuronen im dorsalen Rickenmark
exprimiert sind, welche Berlhrungsinformationen Ubermitteln. Basierend auf diesem
Wissen haben wir ein Computermodell generiert, welches die Interaktion zwischen EES und
noradrenergen Rezeptoren untersuchte. Durch dieses Wissen konnten wir eine spezifische,
elektro-chemische Neuromodulation erzielen, welche die Effekte von EES potenzierte und

das Laufmuster von Mdusen und Ratten mit einer Riickenmarksverletzung wiederherstellte.

Im zweiten Teil dieser These haben wir den Einfluss von Bewegung auf sensorische
afferente Faserbahnen untersucht. Dazu wurden Mause entweder in grossen Kafigen mit
Spielzeug und Laufradern oder in kleineren Standardkafigen plaziert. Dadurch konnten wir
aufzeigen dass mehr Bewegung das regenerative Potential von propriozeptiven Neuronen
in Hinterwurzelganglionen erhoht. Das erhote regenerative Potential dieser Neurone fiihrte
zu erhohtem axonalem Wachstum durch erhéhten Kalziumtransport und CBP-abhangiger
Histoneazetilierung. In einem ndchsten Schritt konnten wir die neuronalen Veranderungen,
welche durch Bewegung in den propriozeptiven Neuronen induziert wurde, durch die

Verabreichung eines Acetyltransferase CBP/p300 Aktivators imitieren. Dieser Aktivator



forderte das axonale Wachstum von propriozeptiven Fasern nach einer

Rickenmarksverletzung in Ratten, was mit einer funtionellen Verbesserung einherging.

Mit diesen Studien liefern wir erstmals direkte Beweise fiir das mechanistische
Verstandnis von EES und Bewegung und Uber welche Strukturen diese Therapien
funktionelle Verbesserungen nach einer Riickenmarksverletzung erzeugen. Basierend auf
diesen Erkentnissen haben wir Rezeptoren und epigenetische Mechanismen identifiziert,
welche wir pharmakologisch moduliert haben. Diese Resultate zeigen die Wichtigkeit von
afferenten Faserbahnen der Muskeln und dienen dem Design von spezifischeren Therapien

fur Patienten mit einer Rickenmarksverletzung.

Schliisselworter: Riickenmarksverletzung, epidurale elektrische Stimulation, Rehabilitation,

propriozeptive afferente Fasern, noradrenerge alpha2 Rezeptoren, korperliche Aktivitat



Acknowledgements

I would like to thank Grégoire Courtine for giving me the opportunity to perform
my PhD in his lab as well as the scientific guidance to realize this project. I learned a lot
during the last four years and I will be eternally grateful for the personal and professional

experiences [ could make in your lab.

I would like to thank Quentin Barraud for being a scientific mentor over the last
years but also a valuable friend at the same time. I was really glad to have your support

and appreciated working with you, including all the low-level jokes we shared together.

A very special thank goes to Laetitia Baud for her contribution to all the functional
experiments of my study. I admire your endurance, strength as well as your professionalism.

I would further like to thank you for being a true friend when a true friend was needed.

I would like to thank Marco Capogrosso, Emanuele Formento and Andreas Rowald

for the performed modeling experiments and the scientific contribution to my study.

I would like to thank my committee members Prof. Brian McCabe, Prof. Pavan
Ramdya, Prof. Ariel Levine and Prof. Silvia Arber for taking time out of their busy schedules

to serve on my committee.

During the last 4 years, I have been surrounded by a truly amazing lab team which
I would like to thank for making this time a memorable period of my life. A special thank
goes to Newton Cho for being a close friend and for sharing all the ups and downs during
my PhD; to Nick James for the scientific guidance and the G&T sessions in Carouge; to
Pavel Musienko for scientific support and discussions; to Claudia Kathe for helping out
with virus-related experiments; to Jean-Baptiste Mignardot for bringing me out of my
comfort zone and for the Hamperokken skyrace; to Selin Anil for her craziness and the
30km from Liddes to Verbier. Thanks to all the other lab members, as each of them

contributed to the great times in this lab.

Lastly, I am truly grateful to everyone outside the lab who made this journey
possible, my family in particular. A very special thank goes to my mom who supported me
during good but also during bad times. I would also like to thank my brother for the great

times and trips we had together.



Table of Content

Abstract 3
Zusammenfassung 5
Acknowledgements 7
I. Background and state of theart 10
1.1 Introduction to spinal cord injury 10
1.2 Disruption of descending pathways after SCI 11
1.3 Dorsal root ganglia and sensory afferent pathways 13
1.4 Locomotor training to facilitate stepping after SCI 18
1.5 Epidural electrical stimulation to activate spinal cord circuits 19
1.6 Pharmacological modulation of spinal cord circuits 20
1.7 The noradrenergic descending system 21

1.8 Direct interactions between noradrenergic receptor modulation

and reflex circuits 24

1.9 The mechanism through which EES enables motor pattern formation 26

1.10 Enriched environment 28

1.11 Clinical relevance of the performed research 30

II. Synopsis and aims of the thesis 31

III. Deconstruction of the sensorimotor circuits engaged by electrical spinal cord

stimulation that restore locomotion after paralysis 35
3.1 Abstract 35
3.2 Introduction 36
3.3 Results 38
3.4 Discussion 54
3.5 Materials and methods 59



IV. Activity-dependent recovery after spinal cord injury involves a druggable

epigenetic mechanism 78
4.1 Abstract 78
4.2 Introduction 79
4.3 Results 80
4.4 Discussion 92
4.5 Materials and methods 96
V. Integration and perspectives 109
5.1 Refined strategies to modulate proprioceptive feedback after SCI 110
5.2 The role of low-threshold mechanoreceptors in mediating the effects
of EES 110
5.3 The problematic of noradrenergic receptor modulation 111
5.4 Activity-dependent mechanisms mediated by enriched environment 112

5.5 The detailed mechanistic understanding of the applied neuromodulation

allows the design of more precise clinical interventions 113
Publications and contributions 114
List of Abbreviations 116
References 117
Curriculum vitae 131






I. BACKGROUND & STATE OF THE ART

1.1 Introduction to spinal cord injury

Severe lesions of the spinal cord lead to a range of disabilities that seriously
diminish the patient’s quality of life. Spinal cord injuries (SCI) occur with an estimated
incidence of 500000 cases per year, and to date, more than 2 million people worldwide
are affected by SCI (1). In about 90% of all cases, SCIs are the result of traumatic events
such as car accidents, forms of violence, and falls (2). The degree of functional impairment
mainly depends on the level of injury as well as on the extent (size) of a lesion. Injuries at
the cervical spinal cord level result in upper and lower limb paralysis, whereas lesions at
thoracic and lumbosacral regions lead to lower limb paralysis. In addition to the loss of
motor and sensory functions, SCI can cause a large range of other functional impairments
including bladder dysfunction, dysregulation of the autonomic nervous system,

hyperalgesia or respiratory complications (3).

Injuries of the spinal cord are generally classified as ‘complete’ or ‘incomplete’. The
extent of a lesion and the resulting functional impairment is defined by the American
Spinal Injury Association (ASIA) impairment scale (http://asia-spinalinjury.org). Based on
the remaining sensory and motor functions, 4 different severity categories can be defined
based on the ASIA impairment scale (AIS):
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AIS-A Motor and sensory complete. Complete sensorimotor loss below the lesion
including absent sacral sensation.

AIS-B Motor complete and sensory incomplete. Some sensory sensation is present but
there is no motor function below the lesion level, i.e. no clinical evidence of
voluntary control of any muscle below the lesion.

AIS-C Motor incomplete. Some motor preservation, but the majority of key muscles
below the level of injury are graded 3 or less (muscle grading is out of 5, taking
into account volitional movement, range of motion against gravity and capacity
of resistance).

AIS-D Motor incomplete. Muscle grade is 3 out of 5 or greater in the majority of muscles

below the lesion.

To date, patients with motor-complete spinal cord injuries (AIS-A and B)
demonstrate very limited recovery. In these patients, the amount of spontaneous recovery
is limited to preserve muscle functionality rather than motor recovery. Rehabilitation
strategies are mainly designed to learn how to compensate for functional disabilities and
to become independent in daily life. This includes sessions where patients learn how to
use external assistive devices (4), techniques for muscular facilitation to reduce muscle
atrophy (5) and ways to manage bowel and bladder problems (3). In contrast, patients with
residual sensation or motor control (AIS-C and D) undergo rehabilitation procedures which
include activity-based rehabilitation like daily stand-training or stepping or electrical
stimulation of the spinal cord (6) or muscles (7). About 60% of these patients even regain

the ability to walk with assistive devices (2).

1.2 Disruption of descending pathways after SCI

The motor system is a complex communication network dispersed over the central
and peripheral nervous system. Within this system, movement is generated through the
precise and orchestrated interaction between supraspinal centers (i.e. motor cortex,
midbrain and brainstem), spinal circuits and sensory inputs originating from the periphery
(Figure 1A). Supraspinal input is mediated by several descending tracts including
reticulospinal, vestibulospinal, rubrospinal and corticospinal tract which convey motor
commands from the brain to the spinal cord. At the same time, peripheral inputs derived
from a variety of receptors located in muscles, joints or skin converge on the spinal cord
where final integration and processing of these inputs take place (8). Ultimately, the spinal
cord implements these incoming inputs to precisely time and control muscle contraction.

Overall, these three networks are in relative balance to each other in order to adapt and

11



shape ongoing motor behavior. The neuronal network involved in the generation of

movement has previously been described as the “motor-circuit communication matrix” (9).

A severe SCI leads to the disruption of essentially all descending fiber tracts and
disrupts the balance between brain, spinal cord and sensory afferent inputs. Motor
impairments after SCI are the consequence of the physical interruption of descending
connections to spinal circuitries located below the level of lesion. Shortly after injury, axons
retract and pathophysiological events such as demyelination and axonal dieback lead to a
loss of fibers. As a consequence, spinal motor circuits below the lesion are isolated from
the brain and the production of movement thus requires compensatory changes (Figure
1B).

After the loss of supraspinal input due to SCI, the importance of spinal neuronal
networks and sensory input in controlling and maintaining locomotion is dramatically
increased. A critical feature of the spinal networks is their ability to receive, interpret and
process sensory information that in turn can generate the appropriate motor output.
Pioneering experiments by Brown and Sherrington provided important insights into the
physiological understanding of movement production at the spinal cord level. Using
transected cats and dogs attached over a treadmill belt, Sherrington demonstrated that
sensory information can flexibly control a range of stepping behaviours even in the total
absence of supraspinal input (10). He assumed that sensory information originating from
the moving treadmill belt engages sensory afferent pathways which in turn activate motor
circuits in the spinal cord. The activation of spinal circuits ultimately led to an alternating
stepping pattern. Moreover, Sherrington proposed that a specific type of sensory afferent
fiber must be involved in the generation of the observed stepping pattern and that these
afferents are innervating the responding hindlimb muscle executing the stepping
movement. He termed these afferent fibers ‘proprioceptive’ (fibers involved in sensing the
perception and control of body position and balance, Figure 1C). Altogether, these
experiments provided first evidence that sensory information mediated by proprioceptive
afferent fibers can serve as a partial compensation for the loss of brain-derived information

and is capable of steering the activity of spinal circuits after injury.
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Figure 1 Disruption of motor circuitry following spinal cord injury (A) Schematic showing the different elements of the
motor circuitry involved in the generation of movement. The spinal circuits integrate neuronal information from supraspinal
centers and from the periphery. (B) A spinal cord injury at the thoracic level disrupts the communication between the brain
and the lumbosacral spinal cord leading to hindlimb paralysis. (C) After SCl and the loss of supraspinal inputs, proprioceptive
afferent input from muscles becomes very important in providing information to spinal circuits. Panel C adapted from Imai
and Yoshida, 2017.

1.3 Dorsal root ganglia and sensory afferent pathways

During locomotion, the lumbosacral spinal cord receives sensory inputs from a
variety of peripheral receptors located in skin, joints and muscles. These sensory afferent
pathways provide the spinal cord with a dynamic representation of the limbs during
stepping, first to elaborate the locomotor pattern itself and second, to rapidly adapt motor
outcomes in response to unpredicted perturbations occurring during gait.
After SCI, the spinal network critically relies on the integration of sensory input to generate
appropriate motor outcomes. To date, several studies have demonstrated the importance
of sensory afferent feedback involved in functional recovery after SCI (11-13). Sensory
neurons involved in the transmission of afferent information are located in dorsal root
ganglia (DRG). DRG are assemblies of sensory cell bodies located within the spinal
subarachnoid space between adjacent vertebrae. The pseudounipolar anatomy of DRG
neurons allows them to convey afferent information from the periphery to the spinal cord
and from there to supraspinal structures for sensorimotor integration. DRGs thus provide
a direct link between the periphery and the CNS and are ideally positioned to be influenced

by environmental stimuli.
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Figure 2 Sensory afferent pathways Schematic showing the different peripheral streams of sensory afferents projecting
towards the central nervous system. Figure from Lallemend and Ernfors, 2012.

Sensory afferent pathways are highly segregated and the ability to discriminate
between diverse types of sensation is reflected by the existence of functionally and
morphologically specialized sensory neurons (14) (Figure 2). For example, proprioceptive
afferents are large-diameter, myelinated fibers that transmit information about muscle
length to the CNS (14-16). Their influence on the activity of central circuits is essential for
the modulation of motor output such as the appropriate adjustment of muscle contractions
during movement. Changes in the length of a muscle, i.e. induced by stretch, are primarily
detected by intramuscular receptors, the muscle spindles. Muscle spindles lie within an
independent capsule, parallel to the main muscle. Therefore, the muscle spindles are
stretched when the muscle lengthens and shortened when the muscle contracts. Muscle
spindles are located throughout the muscle and consist of specialized muscle fibers called
intrafusal fibers. Two types of intrafusal fibers are located within a muscle spindle, nuclear
bag fibers and nuclear chain fibers. Nuclear bag fibers are located more centrally along
the fiber. Instead, nuclear chain fibers are shorter and thinner and have less centrally-
located nuclei (17). Once activated by muscle stretch, these afferents convey sensory
information via type Ia and type II sensory fibers to the spinal cord. Type Ia sensory
afferents are the largest and fastest-conducting sensory fibers and respond to the rate of
change in muscle length (stretch). As soon as the muscle stops changing its length, Ia
fibers stop firing and adapt to the new muscle length. Ia fibers thus supply information
about the rate of change of the respective muscle. In contrast, type II afferents provide a
position sense of a still muscle, meaning that they are activated when the muscle itself is
not active. A third type of proprioceptive receptor, the Golgi tendon organ (GTO), is located
on musculotendinous junctions and measure the tension on a tendon induced by the
contracting muscle. GTOs convey information to the spinal cord via Ib afferent fibers.

Proprioceptive fibers project to intermediate and ventral spinal cord laminae where they
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establish direct and indirect synaptic contacts with motor neurons and various classes of
interneurons implicated in motor control (14,18). As proprioceptive sensory afferents
convey information about body position, they are vital for the modulation of motor output
in healthy subjects but also after SCI (12,19). A number of studies have demonstrated the
importance of proprioceptive afferent fibers involved in the recovery of locomotor function
after SCL

A second stream of sensory feedback includes cutaneous afferent pathways
involved in the transmission of touch information. A variety of receptors located in the
dermis and epidermis of the skin detects a wide range of tactile stimuli and thus endow
us with a remarkable capacity for object recognition, texture discrimination or sensory-
motor feedback (20) (Figure 3). Each mechanoreceptor thereby displays unique response
properties elicited by distinct tactile stimuli. This wide range of tactile discrimination is
reflected by the qualitative difference between the sensory neurons that sense and transmit

cutaneous information.

Generally, two families of mechanoreceptors involved in the perception of touch
can be distinguished: low-threshold mechanoreceptors (LTMRs) and high-threshold
mechanoreceptors (HTMRs). LTMRs sense innocuous light-touch and vibration and contain
a broad number of receptors such as Merkel cells, Ruffini organs, Meissner and Pacinian
corpuscles as well as longitudinal lanceolate endings located in the dermis. Once activated,
these receptors transmit sensory information via large-diameter, myelinated AP fibers that
project to laminae III/IV of the dorsal spinal cord (14,21,22). The activity of LTMRs strongly
interacts with the spinal locomotor circuitry, assuming the existence of direct intraspinal
connections from the laminae III/IV interneurons onto the motor system. In contrast,
HTMRs sense harmful mechanical stimuli activated by mechanical pressure and stretch.
They mainly include free nerve endings and convey sensory information via afferent fibers

classified as A or C to the dorsal horn of the spinal cord.
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Figure 3 The organization of cutaneous mechanoreceptors in the skin (A) In glabrous (nonhairy) skin, innocuous touch is
mediated by four types of mechanoreceptors (Merkel cells, Meissner corpuscles, Ruffini endings and Pacinian corpuscles).

(B) In hairy skin, tactile stimuli are transduced through three types of hair follicles (guard, awl/auchenne and zigzag). Figure
from Abraira and Ginty, 2013.

Awl/Auchene

Zigzag

epidermis

dermis

Compared to proprioceptive feedback, little is known about the influence of
cutaneous afferent inputs on spinal motor circuits. Cutaneous LTMRs located on the plantar
surface of the foot are not necessary for the production of basic stepping movements. In
cats, the elimination of cutaneous inputs from the hindpaws did not affect the animal’s
ability to walk. Instead, the kinematics of hindlimb movements were altered when
compared to intact cats (23). A similar altered gait pattern was observed in experiments
where pulses of electrical stimulation were applied to the plantar surface of the foot in
cats. Electrical stimulation during stance phase enhanced extensor muscle activity and
consequently prolonged the stance phase in cats (24). Altogether, inputs from LTMRs may
play a critical role in shaping normal motor function as well as in correcting motor

outcomes, i.e. in response to unpredicted perturbations.
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During intact stepping, cutaneous LTMRs are activated throughout the entire stance
phase of the leg whereas they are inactive during swing phase (25). Cutaneous afferent
feedback is thus modulated in a phase-dependent manner. In non-injured subjects, this
phase-dependent inactivation of cutaneous afferent pathways is directly regulated by the
brain. A recent study in monkeys demonstrated the existence of direct supraspinal
connections onto cutaneous interneurons within lamina III/IV (26). These supraspinal
connections are mediated by corticospinal tract (CST) fibers and control the activity of
laminae III/IV interneurons by direct and phase-specific inhibition during movements.
Besides this phase-dependent inactivation controlled by the brain, modulation of
cutaneous information is achieved by a process called ‘sensory gating’. Sensory gating
occurs at the spinal cord level and has been described for different streams of
somatosensory information like innocuous touch (21), itch (27) or pain (28). In monkeys,
sensory gating was demonstrated by applying electrical stimulation to nerves containing
either cutaneous or proprioceptive afferents during the execution of forearm reaching
movements (29). Whereas cutaneous inputs were suppressed regardless of the type of
movement, muscular (proprioceptive) inputs were specifically facilitated during relevant
movements. This implies that, even at the spinal cord level, different streams of sensory
information are modulated and gated in an input-specific process (29) and that
interneurons in the dorsal horn seem to be organized into discrete functional modules
that gate different streams of somatosensory information (27). Despite these recent
findings, little is known about the mechanisms on how cutaneous afferents influence

locomotion nor about their intraspinal connectivity scheme.

Lastly, small-diameter, non-myelinated C-fibers and lightly myelinated Ad afferents
relay nociceptive and thermoceptive stimuli. These afferents are small in diameter (0.2-1-
5um) and project to laminae I/II of the dorsal horn (14) where they arborize locally but
also project across several segments within the spinal cord (30). Table 1 summarizes the

different streams of sensory pathways involved in the transmission of afferent information.
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Sensory fiber Class/ Fiber diameter Receptor supplied Myelination
type Group (um)

Aa laand Ib 12-20 Primary muscle Myelinated
spindle afferents,
Golgi tendon organ

AB Il 6-12 Secondary muscle Myelinated
spindle afferents, skin
mechanoreceptors

Ab I 1-5 Skin mechanorecep- Lightly
tors, thermo- and myelinated

nociceptors

C v 0.2-1.5 Thermo- and Non-myelinated
nociceptors

Table 1 Sensory afferent pathways Table showing different streams of sensory pathways involved in the transmission
of afferent information.

1.4 Locomotor training to facilitate stepping after SCI

Even though there have been promising therapy interventions for neuronal
regeneration in animal models (31), clinical evidence demonstrating the capacity to repair
the human spinal cord after SCI is still lacking. So far, the only proven effective
interventions after SCI are activity-based rehabilitation strategies such as locomotor
training. To date, repeated activity is the most common practice for humans with
neuromotor disorders. Based on the knowledge obtained by Sherrington, the benefits of
daily locomotor training to regain stepping after SCI were evaluated in a number of studies.
Training as a rehabilitative strategy focuses on the reorganization of neuronal networks in
the spinal cord and has been shown to be an effective possibility to regain the ability to
walk in chronic, incomplete SCI patients (32). However, in patients with clinically complete
lesions classified as AIS-A or B, locomotor training showed no or very limited efficacy to
improve function. Nevertheless, these patients can still generate locomotor movements
during assisted stepping on a treadmill with body weight support. These automatically
evoked stepping movements after SCI are controlled by neuronal networks located at
lumbosacral levels that coordinate the alternating activity of flexor and extensor muscles
in the legs. This indicates that following SCI, the spinal circuitry below the lesion continues
to maintain active and functional neuronal properties (8); however, without any therapeutic
intervention it remains in an inactive state with the excitability insufficient to evoke any

spontaneous movements. Several interventions to enhance and control the activity of these
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neuronal networks have been described in the past years. The most promising strategies

include electrical and pharmacological stimulation of the denervated spinal cord (11,33,34).

1.5 Epidural electrical stimulation to activate spinal cord circuits

The therapeutic potential of epidural electrical stimulation (EES) has been widely
used to improve life quality and functionality of patients suffering from various diseases
or injuries of the CNS. For example, deep brain stimulation of basal ganglia to regulate
dysfunctional circuits have become common medical practices to alleviate many of the
cognitive and motor symptoms of Parkinson's disease (35,36). Similarly, dorsal column
stimulation has been applied for more than five decades to a wide variety of pain disorders
like chronic, intractable pain or phantom limb pain (37). Moreover, several studies have
shown that EES contributes to the improvement of motor function and recovery after SCL
When applied over the dorsal aspect of lumbosacral segments, EES promotes weight-
bearing standing and step-like movements in experimental animals and human patients
with severe SCI (33,38,39). For example, locomotor-like flexion and extension activity in the
paralyzed legs in human patients with complete SCI was observed during continuous,
electrical stimulation within a frequency range of 20-60 Hz (40). Recently, clinical studies
reported that even human patients with severe SCI regained voluntary movements after 7
months of electrically enabled stand training (41). Animal studies have shown similar
benefits of EES during treadmill stepping or standing in rats (13) and cats (42). Stimulation
applied during standing induced muscle activity in the recruited muscle, whereas tonic
electrical stimulation induced alternating bursts of flexor and extensor muscles during
weight-bearing locomotion on a treadmill. Additionally, when applied at different sites
along the lumbosacral segments, EES has been shown to promote specific patterns of
locomotion; stimulation at spinal level L2 encouraged flexion of the hindlimb whereas
stimulation at S1 favored limb extension. These distinct stepping features can be combined
synergistically when EES is applied in a spatially and temporally controlled manner during
the gait cycle using a closed-loop control system (43). Within the framework of this
spatiotemporal approach, EES was applied at specific spinal levels and at specific
timepoints during the gait cycle. For example, stimulation at S1 spinal level was only
applied during the stance phase of the gait cycle whereas L2 stimulation was applied
during swing phase. Using this approach, hindlimb movements could be controlled and

modified in real time in a very detailed manner during stepping.
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1.6 Pharmacological modulation of spinal cord circuits

Another strategy to increase neuronal activity after SCI consists of pharmacological
stimulation of specific monoaminergic receptor subtypes. In the intact state, midbrain and
brainstem neurons mediate tonic input through the release of dopamine (DA), serotonin
(5HT) and noradrenaline (NA) within most laminae of lumbosacral segments during
locomotion (44). The release of monoamines from these supraspinal centers acts as a slow
modulatory system which increases the neuronal activity of spinal circuits through the
modulation of specific receptor subtypes. Compared to excitatory signaling systems, the
monoaminergic system follows a slow signaling transduction pathway that alters cell
properties over a longer timescale (45). These monoaminergic inputs primarily operate

peri-synaptically through diffusion, which is termed volume neurotransmission.

After SCI, descending monoaminergic fibers from brainstem areas are cut and
degenerate. However, postsynaptic receptors below the lesion remain intact and can still
be modulated when administering specific monoaminergic agonists or antagonists. This
enabled the design of various monoaminergic therapies as a replacement strategy for the
lack of neuromodulators after SCI (Figure 4A). Pharmacological activation of several
serotonergic (5HTy, 5HT,a 5HT;) and dopaminergic (D;) receptor subtypes has been tested
for the efficacy to engage denervated spinal circuits in rats. Results showed that quipazine
(@ 5HT, agonist), 8-OHDPAT (a 5HT3a/7 agonist), and SKF-82197 (a D; receptor agonist),
each modulated specific aspects of locomotion. The combination of these agonists further
improved stepping outcomes and even potentiated the effects of EES (46). When applying
EES at L2 and S1 spinal levels in combination with the administration of the serotonergic
agonists quipazine and 8-OHDPAT, a number of studies has shown coordinated hindlimb
stepping with plantar foot placement as early as 1 week after severe SCI in rats (11,34). In
the absence of these stepping-enabling factors, no or limited stepping was observed
(Figure 4B).
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Figure 4 Electrochemical modulation of spinal circuits. (A) Electrochemical neuroprosthesis that transforms lumbar
locomotor circuits from dormant to highly functional states. (B) Stick diagram decomposition of hindlimb movements and
EMG activity from ankle muscles during locomotion without and with electrochemical stimulation in a rat with complete
SCI. Figure from van den Brand et al., 2015.

1.7 The noradrenergic descending system

Even though noradrenergic receptors have been among the first ones targeted to
restore locomotion after SCI, these receptors recently have received minimal attention as
a means to pharmacologically modulate spinal circuits after injury. This might be due to
the fact that the modulation of noradrenergic receptors yielded conflicting functional
outcomes among different species. For example, in combination with tail pinching, the
administration of clonidine (a broad noradrenergic alpha2 agonist) led to a facilitation of
stepping in spinal cats (47). In contrast to this, intrathecal application of the same
pharmacological agent abolished all remaining muscle activity in paraplegic AIS-C patients
(48). As a result, functional stepping capacities on the moving treadmill belt were abolished

25 minutes after clonidine injection.

The noradrenergic system uses noradrenaline as a hormone and neurotransmitter
to exert a broad range of effects within the body. The noradrenergic system originates in
the locus coeruleus located in the brainstem from where descending fibers project to
several spinal cord levels. Outside the central nervous system, noradrenaline is released
directly into the bloodstream by the adrenal glands where it mainly acts on the sympathetic
nervous system. Noradrenaline belongs to the catecholamine family and acts on target
cells by binding to and activating noradrenergic receptors located on the cell surface. The
general function of noradrenaline is to mobilize the body during situations of stress and
danger (fight or flight). In the brain, noradrenaline increases arousal and alertness,
promotes vigilance, and focuses attention. In the rest of the body, noradrenaline affects

heart rate and blood pressure or regulates the blood flow to skeletal muscles (49,50).
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Figure 5 The noradrenergic receptor families. (A) 3 receptor families (a1, a2 and B) can be differentiated among
the noradrenergic receptor superfamily. Within each receptor family, several receptor subtypes exist. For the a2
receptor family, three receptor subtypes (02a, 028 and ayc) can be defined. (B) Once activated, all a2 receptor
subtypes mediate a decrease of neuronal activity, i.e. by opening inwardly rectifying potassium channels (inhibitory
Gi-protein signaling).

Within the noradrenergic system, three receptor families can be differentiated
(alphal, alpha2 and beta) based on sequence similarity, receptor pharmacology and
signalling mechanisms (51,52) (Figure 5). Historically, alpha2 receptor subtypes have been
among the first ones targeted to restore locomotion after SCI in cats (47,53,54). This
receptor family can be further subdivided into three receptor subtype classes (alpha2a,
alpha2b and alpha2c) (55). Each subtype, once activated, induces a G-protein mediated
decrease of neuronal activity by opening inwardly rectifying potassium channels (56,57).
Alpha2 receptors are found in the central and the peripheral nervous system (58).
Peripheral tissues mostly express the alpha2a and alpha2b subtypes, with little alpha2c. In
contrast, within the CNS, radioligand (59) and /n situ hybridization (60) experiments
revealed that alpha2a and alpha2c receptors are predominantly expressed, whereas there
is little alpha2b receptor expression (59-61). /n situ hybridization studies further reported
alpha2a receptor mRNA labelling in the superficial dorsal horn of the rat spinal cord (62)
as well as in DRG (63). Instead, alpha2c receptor labelling was detected in the ventral spinal
cord (64) and in DRG neurons (65). In a more recent paper, the location of alpha2a and
alpha2c receptor subtypes was examined immunohistochemically (66). Both receptor
subtypes were found in superficial dorsal horn layers of the rat spinal cord as well as in
DRG (Figure 6A and C). The primary location of alpha2a receptors was found on laminae
I/Il terminals of capsaicin-sensitive, substance P-containing primary afferent fibers. This
implies that the alpha2a receptor subtype is likely to play a role in the modulation of
nociceptive information at the spinal level (66). In contrast, alpha2c receptor labelling in
the dorsal horn did not appear to co-localize with nociceptive markers. Instead, some co-

localization was found between alpha2c receptors and enkephalin, suggesting that the
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alpha2c receptor subtype may be expressed by a subset of spinal interneurons. These
results imply that alpha2a and alpha2c receptor subtypes are likely expressed on different
neuronal subpopulations and therefore may serve different physiological functions in the

spinal cord.

200 pm

Figure 6 Characterization of alpha2a and alpha2c receptors in the rat spinal cord. Immunoreactivity for
alpha2a (A) and alpha2c (C) receptors were observed in the superficial dorsal horn. Alpha2a immunoreactivity
was observed in the area surrounding the central canal. Alpha2c labelling was more prevalent in deeper layers
of the dorsal horn than alpha2a labelling. (B,D) Staining was blocked in both cases by pre-incubation of
antiserum with the cognate peptide. Figure from Stone et al., 1998.

The detailed physiological roles and effects mediated by each of the three alpha2
receptor subtypes are still largely unknown. This is partially due to the fact that the three
receptor subtypes are genetically seen highly homologous as well as due to a lack of
subtype-selective drugs (67). Transgenic mouse lines carrying deletions in the genes
encoding for the individual alpha2 receptor subtypes gave first insights on the
physiological roles of the different adrenergic receptors (49). For example, alpha2b
receptors are required for the vascular development of the placenta (placenta
angiogenesis) during embryonic development. Alpha2a receptors are involved in
presynaptic feedback inhibition of noradrenaline release from sympathetic nerves.
Furthermore, they play an important role in the mediation of analgesic and sedative effects.
Lastly, alpha2c receptors serve as feedback regulators of catecholamine release from the

adrenal gland (68).
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1.8 Direct interactions between noradrenergic receptor modulation and reflex circuits

Experiments in cats have shown that descending noradrenergic fibers essentially
modulate the transmission in spinal reflex pathways. For example, by applying electrical
stimulation to the locus coeruleus/subcoeruleus in cats, a profound depression of
transmission in group II reflex pathways was observed (69). This is in line with
pharmacological experiments in cats using the broad noradrenergic alpha2 agonist
clonidine. The activation of noradrenergic alpha2 receptors markedly depressed the
excitability of mono- and polysynaptic reflex circuitries (54,70) (Figure 7A), which play an
important role in enabling locomotion with epidural electrical stimulation (13,71). Indeed,
when combined with EES, clonidine led to a depression of locomotor states in spinal rats
(72), whereas the activation of serotonergic and dopaminergic receptor subtypes enabled
stepping.

In line with the above mentioned experiments in cats and rats, clonidine induced a
depression of locomotor states in human patients (48). In AIS-C patients,
electrophysiological testing revealed that the administration of this pharmacological agent
abolished all remaining muscle activity. To date, clonidine is frequently used in the clinic
to reduce over excitability of reflex circuits after SCI, i.e. spasticity.

In contrast to the activation of alpha2 receptors, the activation of alphal receptors
through methoxamine did not induce significant changes in measured reflex outcomes or
the currents needed to elicit a muscle response compared to the pre-drug testing (Figure
7B).

Overall, these findings imply that noradrenergic alpha2 receptors are located
on the same neuronal structures that are also recruited by EES and point towards a

direct interaction between noradrenergic circuits and spinal reflex pathways.
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Figure 7 Comparison of responses to electrical stimulation of the superficial peroneal nerve
in a cat at rest (standing). (A) Averaged response of 20 and 10 stimuli before and after clonidine
injection, respectively. Electrical current delivered before clonidine injection was 0.75mA and
was 3.0mA after injection. No response can be seen even at this current. (B) Averaged response
of 9 and 10 stimuli before and after methoxamine injection, respectively. Current of the
stimulation stayed the same (0.6mA) before and after drug injection. (C) Averaged response to
10 and 15 stimuli before and after NE injection, respectively. Current before and after drug
injection was 0.5mA. Figure from Chau et al., 1998.
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1.9 The mechanism through which EES enables motor pattern formation

Despite having been applied successfully over the last 50 years, little is known about
the underlying mechanism through which EES enables motor pattern formation. In the
past, a broad number of computational modeling studies tried to investigate the
mechanisms through which EES facilitates locomotion. Computational modeling provides
a tool which allows the examination of complex neural systems and the neural interactions
within these systems. These experiments highlight a pivotal role for large-diameter afferent
fibers in mediating the facilitating effects of EES after SCI (73-75). Based on these
experiments, electrical currents flow around the spinal cord and recruit large myelinated
afferent fibres in the DRG (Figure 8A). These afferent fibers include proprioceptors (type
Ia/Il and Ib afferents), and to a lesser extent, cutaneous low-threshold mechanoreceptors
(LTMRs, AB afferents). The current understanding is that the recruitment of these fibers
activates motoneurons through mono- and di-synaptic pathways, thereby increasing the
excitability of the whole spinal locomotor network through the integration of these
afferents in the spinal cord (75,76). In turn, the increased in excitability increases the spinal
circuit sensitivity to sensory feedback, presumably allowing the emergence of locomotor
behaviors.

Computational models were able to replicate spinal reflex curves elicited by EES.
These reflexes are mainly mediated by type Ia/ll afferents (Figure 8B and C). The
simulations were verified by electrophysiological experiments in rats showing that each
pulse of stimulation elicited well-defined mono- and polysynaptic reflex responses in
hindlimb muscles (74). Additionally, the integration of inhibitory networks (Ia inhibitory
interneurons) into the neuronal network steered the reciprocal activation of extensor and
flexor motoneurons during specific phases of gait.

Altogether, these studies provide evidence that EES enables motor control
through the specific recruitment of proprioceptive feedback circuits. However, this
hypothesis has not been addressed with mechanistic tools that allow causal,

unequivocal demonstration.
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Figure 8 Computational model of muscle spindle feedback circuits (A) Biologically realistic neural network of muscle
spindle feedback circuits of two antagonist muscles involved in the reciprocal recruitment of agonist muscles. This neural
network includes la-inhibitory interneurons, group-Il excitatory interneurons, and group-la and group-Il afferents. (B)
Musculoskeletal model of the rat hindlimb, prediction of the muscle stretch during locomotion for antagonist ankle muscles,
and resulting firing rates using a muscle spindle model. (C) Simulations based on type la/Il afferents were able to replicate
the spinal reflex recruitment curves. This was verified by electrophysiological experiments in rats showing that each pulse
of stimulation elicits well-defined mono- and polysynaptic reflex responses in hindlimb muscles. Figure adapted from

Moraud et al., 2016.
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1.10 Enriched environment

Besides motor training, exposure to enriched environment (EE) represents another
activity-based rehabilitation strategy that has been shown to induce plasticity in the adult
CNS of experimental animals. By definition, EE is ‘enriched’ in comparison to standard
laboratory housing conditions (77). This includes animal housing in larger cages and in
larger groups of animals where they have the opportunity for more social interaction. At
the same time their environment is enriched by tunnels, nesting material, toys and varying
food locations. Additionally, animals are often given the opportunity for voluntary physical
activity on running wheels (77). EE thus represents a complex interaction between physical
and social stimulation where the environment is varied over the period of the experiment
(Figure 9A).

EE as an experimental concept was first described by Donald Hebb in the late 1940s.
He reported that rats, when exposed to an enriched environment, showed behavioural
improvements over rats kept at standard laboratory housing conditions. Besides the
observed behavioural improvements, EE was found to have profound anatomical effects
on the structure and function of neurons in various supraspinal areas such as the cortex
and hippocampus (78) (Figure 9B). A richer and more stimulating environment has been
shown to elicit various plastic responses such as increased neurogenesis or synaptogenesis
(79-81). These structural changes mainly take place at a young age and, to a lesser degree,
during adulthood. Ultimately these structural changes lead to increased memory and
cognitive performance such as improved learning. Due to these positive effects on brain
function, EE may serve as a treatment or recovery strategy for various brain-related
dysfunctions like Alzheimer's disease or to counteract the symptoms of aging-related
diseases like dementia. Additionally, these findings show the importance of physical

exercise and learning mediated by EE at the behavioral and neurobiological level.
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Figure 9 The concept of enriched environment and its anatomical consequences (A) Enriched environment is defined by a
bigger cage size with more toys and nesting material compared to standard housing conditions. (B,C) Comparison of BrdU
labelling in the hippocampus of control (SH) and enriched mice after 4 weeks of SH or EE. (D) Number of BrdU-positive cells
per hippocampal granule cell layer (GCL) (E) Volume of the dentate gyrus. After 4 weeks of EE, the volume of the hippocampal
dentate gyurs was significantly increased in the enriched group (P<0.005). Panels adapted from Kempermann et al., 1997.

So far, research on EE mainly focused on anatomical changes at the supraspinal
level whereas changes at the spinal cord level have received little or no attention. Taking
into account the importance of spinal circuits and afferent pathways in processing and
transmitting sensory information involved in the generation of movement, neuronal
plasticity in response to EE might also occur at these levels. For example, DRG neurons
are ideally positioned to be influenced by environmental stimuli as they are located at the
interface between the peripheral and the central nervous system. The location of DRG
neurons allows them to convey afferent information from the periphery to the spinal cord
and supraspinal structures for sensorimotor integration. Specifically, proprioceptive
neurons have been shown to be heavily involved in steering lumbosacral neuronal
networks and in modulating motor output (12,19). This implies that increasing sensory
input through different rehabilitation strategies like motor training or exposure to EE may
force structural changes within proprioceptive afferent pathways and ultimately lead to
functional improvements. To date, the underlying mechanisms accompanying
proprioceptive plasticity in response to EE are not well understood and need further
investigation.
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1.11 Clinical relevance of the performed research

Several studies in the past have shown the promising effects of EES and EE in
modulating neuronal circuits and improving functional outcomes after various diseases of
the CNS. However, the molecular mechanisms responsible for this plasticity and recovery
remain obscure and a more in-depth understanding is missing. So far, this lack of
mechanistic understanding might have been due to the lack of scientific tools that allow
specific targeting of neuronal populations and circuits. Over the last 5-6 years this situation
has changed dramatically. Along with the development of techniques such as optogenetics
or DREADDs (Designer receptor exclusively activated by designer drugs) that allow the
reversible manipulation of specific neuronal circuits and populations, the identification of

networks controlling behavior and/or disease has become possible.

The research conducted in this thesis aims to identify the underlying circuits
activated by EES and EE. In order to improve current therapeutic interventions in human
patients, there is a critical need to understand the underlying mechanisms of the applied
therapy. For example, in most clinical settings, inadequate resources combined with the
increased fatigability of spinal cord injured patients, means the intensity of physical
rehabilitation is limited (82,83). This increases the importance of understanding the
underlying mechanisms to further optimize stimulation protocols and training sessions to
ultimately enhance rehabilitation outcomes. One possibility to further optimize therapy-
mediated effects may lie in the application of more refined electrical stimulation
parameters to specifically recruit the structures of interest or in the identification of
pharmacological targets in order to enhance the effects of EES or EE. Thus, findings
presented in this thesis may lead to the design of more precise and more economic

interventions for human patients in the future.
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II. SYNOPSIS & AIMS OF THE THESIS

Over the past decade, the Courtine lab has developed a neuroprosthetic
rehabilitation strategy to reactivate lumbosacral spinal cord circuits with the goal to restore
locomotion in rodents, non-human primates and human patients after a paralyzing SCL
An important aspect of this rehabilitation strategy is the use of EES to reactivate lumbar
spinal circuits. Several studies over the past years have shown that EES, when applied over
the dorsal aspect of lumbosacral segments, promotes weight-bearing standing and step-
like movements in experimental animals and human patients with a severe SCI. Despite
the successful application of EES, the underlying mechanisms of this treatment are not well
understood. Even though modeling studies point towards the importance of large-
diameter afferent fibers in mediating the effects of EES, this finding has not been
demonstrated directly and conclusively at the anatomical level. Therefore, I thoroughly
investigated the mechanisms mediating recovery of hindlimb control due to EES by
employing a series of experiments in rats and transgenic mice.

Similarly, little is known about the structural changes on sensory afferent pathways
induced by enriched environment. In collaboration with Prof. Simone di Giovanni and Dr.
Thomas Hutson from Imperial College London, I provided help to establish some
experimental techniques as well as to manage transgenic mouse lines needed to conduct

these experiments.
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AIM 1. Demonstrating the importance of proprioceptive afferent fibers in mediating
the effects of electrical spinal cord stimulation

There is growing evidence that EES contributes to the improvement of motor
function and recovery after SCI. However, the neuronal structures through which EES
enables motor pattern formation remain poorly understood. The first aim of this thesis
was to demonstrate unequivocally the neuronal structures activated by EES. Using calcium
imaging and chemogenetic inactivation experiments in transgenic mice and rats, we show
that EES recruits proprioceptive and low-threshold mechanoreceptor afferent circuits. This
aim is fully addressed in the first part of this thesis and sets the research framework for

the following aims.

AIM 2. Targeted modulation of noradrenergic alpha2a and alpha2c receptor subtypes
facilitates locomotion enabled by EES

We next reasoned that pharmacological agents could potentiate the activity of
large-diameter afferent circuits to augment the facilitation of locomotion during EES.
Several studies in the past have shown a direct interaction between noradrenergic alpha2
receptor modulation and mono- and polysynaptic reflex circuitries which are mediated by
large-diameter afferent fibers.

At the spinal cord level, the alpha2 receptor family is mainly represented by alphaZ2a
and alpha2c receptor subtypes. To study the contribution of these alpha2 receptors to the
production of locomotion by EES, we conducted clonidine experiments in mice lacking
alpha2a or alpha2c receptors. The combination of EES and Clonidine failed to facilitate
locomotion in mice lacking alpha2c receptors, whereas mice lacking alpha2a receptors
exhibited alternating locomotor movements under the same stimulation paradigm.

We confirmed the opposing role of alpha2a and alpha2c receptors in rats by
injecting a dual alpha2a antagonist/alpha2c agonist. This agent allows the inactivation of
alpha2a receptors while inactivating alpha2c receptors at the same time. The injection of
this pharmacological agent significantly increased reflex responses compared to the pre-
drug condition.

We next evaluated the functional impact of this noradrenergic agent in combination
with EES to restore walking in rats whose spinal cords were completely transected. When
positioned bipedally over a moving treadmill belt, the administration of the dual alpha2a
antagonist/alpha2c agonist alone exerted no visible influence on muscle activity. Rats
essentially dragged both hindlimbs along the treadmill belt. Strikingly, as soon as EES was

switched on, all tested rats displayed robust, weight-bearing locomotor movements with
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clearly alternating EMG bursts in antagonist muscles. Locomotion arrested immediately
when EES was switched off, but resumed as soon as EES was reintroduced.

Based on these functional outcomes, we suggested that alpha2a and alpha2c
receptors are located on distinct circuits that are both engaged by EES. They further implied
that alpha2a and alpha2c receptors play opposite roles in the regulation of locomotion
enabled by EES.

AIM 3. Alpha2a and alpha2c receptors are expressed on proprioceptive and low-
threshold mechanoreceptor feedback circuits

By using transgenic mouse lines expressing GFP under the alpha2a or alpha2c
promotor (alpha2a®™ and alpha2c®™ mice), we found that noradrenergic alpha2 receptors
are expressed on large-diameter, myelinated feedback circuits. While alpha2a receptors
are prominently expressed on proprioceptive neurons located in DRGs, alpha2c receptors
are mainly found on excitatory interneurons in laminae III/IV of the spinal cord gray matter.
These alpha2c®N interneurons co-localized with RORa, a marker for interneurons involved
in the transmission of cutaneous low-threshold mechanoreceptor afferent information.

These results confirmed the distinct distribution and phenotypes of neurons
expressing alpha2a or alpha2c receptors within the spinal cord and DRGs, including PV©N
and RORa®N interneurons that are both activated by EES.

AIM 4. Computational modeling to study intraspinal circuits involved in the
transmission of low-threshold mechanoreceptor feedback

To disentangle the structural and functional properties of proprioceptive and LTMR
circuits and their responses to the modulation of alpha2 receptors, we modeled the
interactions between these two feedback circuits during locomotion enabled by EES. For
this, we reconstructed intraspinal pathways of proprioceptive and LTMR afferents and their
downstream connections onto motorneurons. Based on this knowledge, simulations
showed that EES interacts synergistically with natural sensory feedback mediated by
proprioceptive afferents.

In contrast, as LTMR feedback is activated in a phase-dependent manner during
the step cycle, simulations showed that the continuous activation of these feedback circuits
interacts negatively with proprioceptive feedback circuits, suggesting that down-regulating
their excitability would augment muscle responses elicited by EES.

These simulations confirmed that upregulating proprioceptive circuits in
conjunction with an inactivation of LTMR feedback circuits engages hindlimb motoneurons

underlying locomotion produced by EES.
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AIM 5. Intrathecal delivery of the dual alpha2a antagonist/alpha2c agonist facilitates
locomotion in rats with clinically relevant SCI

Finally, we sought to test whether this targeted intervention could reestablish
functional interactions between residual supraspinal pathways and the spinal cord located
below a clinically relevant contusion injury. To evaluate the supraspinal (voluntary) control
of leg movements, contused rats were positioned bipedally in a robotic body weight
support assisting overground locomotion (84). Surprisingly, the systemic (I.P.) delivery of
the dual alpha2a antagonist/alpha2c combined with EES failed to facilitate locomotion in
all tested rats. Our lab previously demonstrated that a severe contusion spares a subset of
descending projections from glutamatergic neurons located in the ventral gigantocellular
nucleus, and that these neurons relay the cortical command to the lumbar spinal cord to
produce voluntary locomotor movements after SCI (85). We found that alpha2c receptors
are frequently expressed on neurons in the brain and brainstem, including glutamatergic
neurons located in the ventral gigantocellular nucleus. We thus surmised that the activation
of alpha2c receptors may inactivate these neurons, thus preventing the transmission of the
supraspinal command to the lumbar spinal cord. To test this hypothesis, we administered
the dual alpha2a antagonist/alpha2c agonist intrathecally over the lumbar spinal cord.
Using this route, all tested rats exhibited voluntary leg movements that allowed them to

cross the entire extent of the runway.

AIM 6. Environmental enrichment induces a lasting increase in the regenerative
potential of proprioceptive afferent neurons

The second part of this thesis uncovers the impact of movement on sensory
pathways. For this, mice were exposed to enriched environment (EE) or standard housing
(SH) prior to injury. In contrast to SH, EE primed sensory DRG neurons and induced a
lasting increase in their regenerative potential. This EE-mediated increase in regenerative
potential is specifically linked to the increased activity of proprioceptive afferent neurons.
Within these neurons, EE induced an increase in calcium signalling and epigenetic
reprogramming via CREB Binding Protein (CBP)-dependent histone acetylation, associated
with enhanced gene expression. This resulted in gene expression changes selectively found
in proprioceptive neurons, accompanied by an increased, intrinsic growth potential.

Lastly, the exposure to EE was mimicked pharmacologically. The pharmacological
activation of CBP by TTK21 (a CBP activator) after injury was performed in rats after
contusion injury. When injected after injury, the pharmacological activation of CBP
enhanced axonal growth of proprioceptive afferent fibers and enhanced the recovery of

sensory and motor functions.
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III. CHAPTER I

Deconstruction of the sensorimotor circuits engaged by electrical spinal cord

stimulation that restore locomotion after paralysis

3.1 Abstract

Epidural electrical stimulation (EES) targeting the human lumbosacral posterior roots
restored locomotion after spinal cord injury (SCI). However, the circuits engaged by EES
remain unknown, despite the importance of this knowledge to refine and disseminate this
therapy clinically. Here, we demonstrate that EES recruits proprioceptive and low-threshold
mechanoreceptor afferents within the dorsal roots. Targeted silencing of proprioceptive
feedback circuits revealed that EES modulates these pathways to produce motor patterns.
In contrast, the non-physiological recruitment of low-threshold mechanoreceptor feedback
circuits diminished the functional outcomes enabled by EES. Computational simulations
then steered the design of a pharmacological intervention targeting the identified circuits
to enhance the beneficial effects of EES. This intervention amplified the facilitation of
walking with EES in a clinically-relevant model of severe SCI, opening perspectives for

designing precise neuromodulation therapies in humans.

Adapted from manuscript in preparation. Deconstruction of the sensorimotor circuits
engaged by electrical spinal cord stimulation that restore locomotion after paralysis.
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3.2 Introduction

The regulation of dysfunctional brain and spinal cord circuits with electrical
stimulation using implantable neural interfaces has broadened the spectrum of therapeutic
options to treat or alleviate symptoms associated with various neurological disorders. The
most common treatments involve the surgical placement of deep brain stimulation
electrodes within the basal ganglia of individuals with Parkinson’s disease (35,36), and the
insertion of electrode arrays over the posterior spinal cord of individuals suffering from
chronic pain (86,87). However, the number of neurological conditions that may be
addressed with electrical neuromodulation therapies is expanding quickly.

One noticeable example is the recovery of walking after spinal cord injury (SCI).
Three independent studies showed that epidural electrical stimulation (EES), when applied
over the lumbar spinal cord, enabled voluntary control of locomotion in a patients who
had sustained a SCI leading to severe or motor complete paralysis (41,88,89). These proof-
of-concept studies stress the importance of uncovering the underlying mechanisms that
mediate the facilitation of movement with EES.

Mounting evidence suggests that the application of EES over the dorsal aspect of
the spinal cord recruits large-diameter afferent fibers (73,74,90,91). These afferent fibers
primarily innervate muscle proprioceptors (type la/Ib/Il) that transmit information about
the length of a muscle as well as the tension applied to its tendon. Albeit to a lesser extent,
afferent fibers recruited by EES also include low-threshold mechanoreceptors (AR afferents)
that convey information about innocuous light touch sensation (21). These two types of
afferent feedback circuits strongly modulate the activity of motoneurons, both directly and
indirectly through the recruitment of spinal interneurons involved in motor control. These
sensorimotor circuits are essential for the modulation of motor output and play a critical
role during locomotion (12,16,92).

However, the mechanisms through which EES recruits these afferent fibers, their
respective contribution to the production of locomotion, and the spinal circuits engaged
by their recruitment remain unclear. This understanding has far-reaching implications, since
the identification of the recruited neural structures and intraspinal circuits may support the
design of more precise stimulation protocols that are more efficacious and can be applied
to a broader population of patients.

Here, we establish causality between the recruitment of proprioceptive afferent
fibers with EES and the formation of motor patterns through the resulting activation of
proprioceptive feedback circuits. However, we also show that the recruitment of low-

threshold mechanoreceptors diminishes functional outcomes enabled by EES.
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Consequently, we designed a pharmacotherapy that amplifies the activation of
proprioceptive feedback circuits with EES, while reducing the activity of circuits linked to
low-threshold mechanoreceptors. This pharmacotherapy led to the immediate production

of locomotion in a clinically relevant model of paralysis in rats.
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3.3 Results

EES engages proprioceptive neurons within dorsal root ganglia

Parvalbumin (PV) is expressed by the majority of proprioceptive neurons (93). To
visualize proprioceptive feedback circuits, we cleared the dorsal roots, DRGs and
lumbosacral spinal cord of PVCeR26SHtdTomate mjce  CLARITY-optimized light-sheet
microscopy revealed large bundles of proprioceptive afferent fibers located within the
dorsal roots that emerged from dense populations of PVON neurons concentrated within
the DRGs. These bundles penetrated the spinal cord through a continuum of rootlets
distributed along the entire extent of the dorsal lumbosacral spinal cord (Figure 10A).

Computational modeling studies suggested proprioceptive feedback circuits are the
primary neural structures engaged by EES, but the recruitment of proprioceptive neurons
located in the dorsal root ganglia (DRG) with EES has never been visualized directly.

To validate these predictions and to assess whether EES activates proprioceptive
feedback circuits, we imaged intracellular calcium levels in the L2 DRG of PV¢¢:R26Sk-tdTomato
mice in response to continuous EES applied over the midline of the L2 spinal cord segment
for 30 minutes (Figure 10B). We first parametrized EES at the intensity (1.2x muscle
response threshold) and frequency (40 Hz) that are commonly employed to facilitate
walking after SCL This stimulation led to a robust increase in the levels of calcium released
from intracellular stores of PVON neurons (Figures 10C and 10D). In contrast, PVO™ neurons
required stimulation intensities as large as three times the muscle response threshold to
exhibit a similar increase in calcium levels. At this intensity, EES did not recruit additional
PVON neurons compared to EES applied at 1.2x threshold stimulation. This indicates that
PVON cells activated by EES were nearly all recruited at lower intensities commonly delivered
to facilitate walking with EES (1.2x motor threshold).

These results showed that EES robustly activates proprioceptive neurons
concentrated in the DRGs through the recruitment of their large-diameter, myelinated
proprioceptive afferent fibers. In contrast, EES delivered at threshold intensity had no
detectable influence on non-proprioceptive DRG neurons whose afferent fibers encompass

small- to medium-size diameters and are often lacking myelin.
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Figure 10 Epidural electrical stimulation (EES) recruits proprioceptive neurons in DRG (A) Cleared lumbosacral spinal cord
with attached DRGs of a PVCre;R26\SLtdTomato moyse, Insets show proprioceptive afferent fibers and neurons in DRGs. Scale
bars, 2mm (overview), 500um (a), 500um (b), 50um (c) and 25um (single plane) for the insets, respectively. (B) Timeline
summarizing calcium imaging experiments. Experiments were conducted on PVCre:R26SItdTomato mijce under three
experimental conditions: no stimulation (n=5), EES at 1.2x motor threshold (n=5) and EES at 3x motor threshold (n=5). (C)
Representative images of intracellular calcium release in L2 DRG for each experimental condition. Asterisks indicate double-
labelling between the released intracellular calcium and PVON and/or PVOFF neurons. Scale bar, 50um. (D) Bar plots reporting
calcium release in L2 DRGs for each experimental condition. EES at 1.2x motor threshold led to an increase in calcium release
in PVON neurons. In contrast, PVOFF neurons did not release significantly more intracellular calcium at this stimulation
intensity. **P = 0.0031. ns, not significant. Two-way ANOVA followed by Tukey’s post-hoc test.
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EES engages proprioceptive feedback circuits to facilitate walking after SCI
We next sought to establish a causal link between the recruitment of proprioceptive
feedback circuits and the recovery of locomotion with EES after SCL

For this, we performed targeted silencing of PVON neurons using chemogenetics
(DREADDs). We injected AAV2/5-flex-h4mDi-mCherry into both sciatic nerves of PV rats
(n = 4, Figure 11A and 11B). Post-mortem quantifications of the L4 DRGs revealed that
44 +4.3% of PVON neurons expressed DREADDs (Figure 11C). One week after sciatic nerve
injections, rats received a severe contusion of the mid-thoracic spinal cord (250 kdyn,
Figure 11D). In the same surgery, they were implanted with EES electrodes over the L4
spinal cord segment and with bipolar electrodes in leg muscles to record EMG signals.

Previous studies provided evidence that a single pulse of EES elicits short- and
medium-latency reflex responses into leg muscles that have been linked to the recruitment
of mono- and polysynaptic proprioceptive circuits, respectively (94). A single pulse of EES
elicited these reflex responses into the tibialis anterior muscles of all the tested rats. The
administration of the DREADD agonist clozapine N-oxide (CNO) near completely abolished
these reflex responses in PV rats expressing DREADDs, whereas CNO had no influence
on the reflex responses in wild-type animals (Figure 11E and 11F).

We next tested whether this inactivation of proprioceptive feedback circuits altered
the ability of EES to facilitate locomotion after SCI. Three weeks after contusion, the rats
were positioned bipedally over a treadmill belt while supported in a robotic body support
system. Without EES, all tested rats exhibited complete paralysis of both legs associated
with an absence of muscle activity (Figure 11G). Continuous EES enabled coordinated
locomotion with alternating bursts of EMG activity in antagonist muscles of the ankle that
were elaborated from a succession of reflex responses linked to each pulse of EES (Figure
11G). The inactivation of proprioceptive feedback circuits following CNO administration
led to a pronounced decrease of reflex responses elicited in leg muscles, which resulted
in diminished locomotor outcomes in PV“e rats expressing DREADDs (P < 0.001). In
contrast, CNO had no influence on the locomotor outcomes of wild-type rats (Figure 11G).

To quantify locomotor performance, we applied a principal component (PC) analysis
onto a set of 129 parameters calculated from kinematic recordings (Figure 11H). PC1 (40%
of explained variance) segregated the experimental groups and experimental conditions.
Consequently, locomotor performance was quantified based on the scores of each rat onto
PC1 (Figure 11H). This analysis showed that EES enabled contused rats to display
continuous, coordinated locomotor movements that shared many features underlying the

gait patterns of non-injured rats. In turn, inactivation of proprioceptive feedback circuits
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induced a significant decline in locomotor performance with EES, leading to gait patterns
nearly equivalent to those measured without EES (P<0.001, Figure 11H and 11I).

These results demonstrate that EES activates leg muscles through the recruitment
of proprioceptive feedback circuits, and that this recruitment is essential to facilitate

locomotion during EES after SCL
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Figure 11 EES engages proprioceptive feedback circuits to facilitate walking after SCI (A) Scheme summarizing chemogenetic
inactivation of proprioceptive neurons in DRG. (B) Functional and electrophysiological experiments were performed before
and after CNO-mediated silencing of PVON neurons. (C) Photograph showing DRG neurons double-labelled for PV and
mCherry. Scale bar 10 um. DRG reconstruction displaying the ratio of PVON/mCherry©N labelled neurons. 44 +4.3% of all PVON
neurons were infected by mCherry. (D) Image showing a representative coronal section through a contusion epicenter (GFAP,
Glial fibrillary acidic protein). Scale bar 200um. Bar plot reporting the area of spared tissue at the lesion epicenter for PV¢re
(n=4) and wild-type (n=4) rats. ns, not significant. Non-paired Student’s t-test. (E) Scheme illustrating reflex recordings in leg
flexor muscles in response to EES at L4 spinal level. Representative reflex curves of a wild-type and a PVCe rat, pre- and 55
minutes post-CNO. (F) Bar plot showing normalized reflex responses 55 minutes post-CNO in PVCre and wild-type rats. CNO
injection led to a decrease of reflex responses in PVCe rats. CNO had no influence on reflexes in wild-type rats. ***P = 0.0004,
Two-way ANOVA followed by Bonferroni’s post-hoc test. (G) PVC and wild-type rats were tested during bipedal locomotion
on a treadmill. Stick diagram decompositions of the right leg movements and activity of extensor and flexor muscles of the
ankle. The grey and white backgrounds correspond to stance and swing phases of gait, respectively. Snapshots showing a
PVCre rat walking bipedally under EES 55 minutes after NaCl-injection and dragging 55 minutes after CNO administration. EMG
insets show motor responses evoked in extensor and flexor muscles at distinct moments of the gait cycle. (H) PC analysis
applied on 129 gait parameters averaged for each rat and condition (small circle). Large circles show the average per group.
Bar plot showing average scores on PC1, which quantifies locomotor performance of PV rats (n=4) and wild-type rats (n=4)
compared to non-injured rats (n=10). Inactivating proprioceptive feedback circuits following CNO resulted in diminished
locomotor outcomes in PV rats. CNO had no influence on locomotor outcomes in wild-type rats. ***P < 0.0001. Two-way
ANOVA followed by Bonferroni’s post-hoc test. (I) Bar plots showing average values of single gait parameters extracted from
the PCA for each experimental condition. ***P = 0.0003 for step height, ***P < 0.0001 for dragging duration. Two-way
ANOVA followed by Bonferroni’s post-hoc test.

Targeted modulation of large-diameter afferent circuits to enhance the effects of EES

We reasoned that pharmacological agents could potentiate the activity of large-
diameter afferent circuits, which would augment the facilitation of locomotion during EES.
Several studies in the past have demonstrated a direct interaction between noradrenergic
receptor modulation and reflex pathways, which are mediated by large-diameter afferent
fibers (54).

For example, experiments in cats have shown that descending noradrenergic fibers
essentially modulate the transmission in spinal reflex pathways (69). Furthermore, the
activation of noradrenergic alpha2 receptors by the broad alpha2 agonist Clonidine
markedly depressed the excitability of mono- and polysynaptic reflex circuitries in cats (54).

The alpha2 receptor family can be subdivided into three receptor subtype classes
(alpha2a, alpha2b and alpha2c) (Figure 12A). In the spinal cord, /n-situ hybridization
experiments revealed that alpha2a and alpha2c receptors are predominantly expressed,
whereas there is little alpha2b receptor expression (60). The activation of alpha2 receptor
subtypes induces a G-protein mediated decrease of neuronal activity (56,57).

To study the contribution of alpha2 receptors to the facilitation of locomotion during
EES, we conducted experiments in mice lacking alpha2a or alpha2c receptors (95,96).

The combination of EES and Clonidine failed to facilitate locomotion in mice lacking
alpha2c receptors (Figure 12B and C). This absence of locomotor movements was not due
to defect in the locomotor circuity, since the combination of EES and agonists to 5HT

receptors promoted robust locomotor movements in the same mice. In striking contrast,
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mice lacking alpha2a receptors that had received Clonidine exhibited alternating locomotor
movements as soon as EES was switched on (Figure 12B and C).

These results suggest that alpha2a and alpha2c receptors are located on distinct
subsets of circuits that are both engaged when EES is delivered to the spinal cord. Our
results further imply that alpha2a and alpha2c receptors play opposite roles in the
regulation of locomotion enabled by EES, opening the possibility that these circuits could
be targeted specifically to augment the facilitation of locomotion with EES.

Based on these functional outcomes, we sought to identify a noradrenergic
pharmacological strategy that targets alpha2a and alpha2c receptors, with the aim to
specifically augment the facilitation of locomotion with EES. To achieve this goal, we
conceived a pharmacological manipulation that aimed at increasing the excitability of
alpha2a receptors and decreasing the excitability of alpha2c receptors.

For this purpose, we administered a dual alpha2a antagonist/alpha2c agonist that
was previously synthetized for pain treatment (97,98). The delivery of this pharmacological
agent led to a significant increase of reflex responses elicited by a single pulse of EES in
rats with a complete spinal transection (Figure 12D).

These experiments confirm our hypothesis that alpha2a and alpha2c receptors, when
modulated correctly, are directly involved in the regulation of reflex responses underlying
locomotion.

We next evaluated the functional impact of this dual alpha2a antagonist/alpha2c
agonist to restore walking in rats whose spinal cords were completely transected.

When positioned bipedally over a moving treadmill belt, all tested rats (n=5)
exhibited complete paralysis of both hindlimbs, associated with quiescent activity in
hindlimb muscles (Figure 12E). EES enabled alternating movements of the left and right
hindlimbs, but this facilitation was insufficient to promote plantar foot placements
associated with weight-bearing locomotion. Administration of the dual alpha2a
antagonist/alpha2c agonist alone exerted no visible influence on muscle activity. Rats
essentially dragged both hindlimbs along the treadmill belt. Strikingly, as soon as EES was
switched on all tested rats displayed robust, weigh-bearing locomotor movements with
alternating EMG bursts in antagonist muscles and stable coordination between the left and
right hindlimb (Figure 12E). Locomotion arrested immediately when EES was switched off,
but resumed as soon as EES was reintroduced (Figure 12F and I). The quantification of
locomotor performance using principal component (PC) analysis on a set of 129
parameters confirmed the functional improvements caused by the electrochemical

intervention (Figure 12G and H).
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We then sought to verify that this powerful facilitation of locomotion resulted from
the targeted modulation of proprioceptive feedback circuits. For this purpose, we tested
whether delivering EES in combination with the dual alpha2a antagonist/alpha2c agonist
could facilitate walking in Egr3 mutant mice, which lack functional muscle spindle feedback
circuits (Figure 12I). While this electrochemical combination promoted robust locomotion
in wild-type mice with complete SCI, virtually no hindlimb movements could be observed
in Egr3 mutant mice (Figure 12J) and K). In contrast, the administration of agonists to 5-
HT receptors led to alternating leg movements, indicating that the lack of muscle spindle
feedback circuits per se was not responsible for the absence of locomotion when delivering
EES and noradrenergic modulators.

These behavioral experiments indicate that both, electrical and pharmacological
intervention, act on the same neuronal structures to induce a facilitation of locomotion.
Based on previously shown experiments, these activated structures may be proprioceptive
afferent feedback circuits.
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Figure 12 Targeted modulation of noradrenergic alpha2a and alpha2c receptors restores locomotion enabled by EES (A)
Noradrenergic receptor families (alphal, alpha2, beta) and alpha2 receptor subtypes (alpha2a, alpha2b, alpha2c). (B)
Snapshots showing alpha2a KO mice stepping in a coordinated manner while alpha2c KO mice dragged both hindlimbs post-
clonidine under EES Bar plot showing the average scores on PC1 for alpha2a (n=5) and alpha2c KO mice (n=5) compared to
uninjured mice (n=6). ***P < 0.0001. Two-way ANOVA followed by Tukey’s post-hoc test. (C) Inactivation of alpha2a and
activation of alpha2c receptors using a dual alpha2a antagonist/alpha2c agonist. Reflex curves showing a significant increase
of reflex curves after delivery of this agent. Bar plot reporting increased reflexes for flexor and extensor muscles for all tested
animals. *P < 0.05, bootstrapping, two-sided. (D) Rats with a complete SCI were tested on a treadmill during bipedal
locomotion under electrochemical neuromodulation. Stick diagram decompositions of right leg movements and EMG activity
of ankle extensor and flexor muscles. Grey and white backgrounds correspond to stance and swing phases of gait,
respectively. (E) Snapshots showing hindlimb dragging in a rat after injection of the dual alpha2a antagonist/alpha2c agonist.
Gait was immediately activated when EES was switched on. (F) PC analysis on 129 gait parameters averaged for each rat and
condition (small circle). Large circles show the average per group. Bar plot showing the average scores on PC1, which
quantifies the locomotor performance of injured rats (n=6) under different experimental conditions compared to intact (non-
injured) rats (n=10). ***P < 0.0001. One-way ANOVA followed by Tukey’s post-hoc test. (G) Bar plots showing average values
of single gait parameters for each experimental condition extracted from the PCA. ***P < 0.0001 for dragging duration. ***p
< 0.0001 for step height. One-way ANOVA followed by Tukey’s post-hoc test. (H) Stick diagram decomposition reporting the
direct electro-chemical interaction on producing locomotion. (I) Scheme showing mice with (wild-type) and without
functional muscle spindle feedback (Egr3KO). (J) Snapshots showing stepping in wild-type mice under the dual alpha2a
antagonist/alpha2c agonist and EES. Egr3KO mice were dragging under the same intervention. (K) Bar plot showing the
average scores on PC1, which quantifies the locomotor performance of injured wild-type (n=5) and Egr3KO (n=4) mice under
different experimental conditions compared to uninjured mice (n=5). ***P < 0.0001. One-way ANOVA followed by Tukey’s
post-hoc test.

Alpha2a and alpha2c receptors are expressed on proprioceptive and low-threshold
mechanoreceptor feedback circuits

To guide the understanding of this targeted intervention and to better understand
the sensorimotor circuits engaged by EES, we studied the spatial distribution of alpha2a
and alpha2c receptors in the spinal cord and DRG using mice expressing GFP under the
alpha2a or alpha2c promoter (99). In these mice, the distribution of neurons expressing
alpha2a and alpha2c receptors reproduced the previously documented topologies in brain
and brainstem (99).

We found that neurons expressing alpha2a versus alpha2c receptors exhibited
different spatial distributions in the spinal cord (Figure 13A and B). Neurons expressing
alpha2a receptors were mostly found within laminae I/Il and lamina X of the spinal cord
grey matter. In contrast, neurons expressing alpha2c receptors were concentrated within
laminae III/IV (Figure 13B and D). These spatial distributions were preserved along the
entire extent of the lumbosacral spinal cord. Additionally, neurons expressing alpha2a and

alpha2c receptors were found abundantly in DRGs (Figure 13B and E).

We next sought to identify the phenotype of these neurons using
immunohistochemistry, both in the spinal cord and DRGs.

Within laminae I/, alpha2a receptors were mainly expressed on inhibitory glycinergic
(66%) and GABAergic (27%) interneurons (Figure 13G). These interneurons are richly

innervated by small-diameter, non-myelinated afferent fibers involved in the transmission
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of nociceptive information (14). Around the central canal (lamina X), alpha2a was expressed
on glutamatergic, glycinergic and cholinergic interneurons (Figure 13G).

In contrast, alpha2c receptors were near-exclusively expressed on excitatory
glutamatergic interneurons in the spinal cord (93%, Figure 13G). The phenotype and
spatial location of these neurons resembled the characteristics of neurons expressing the
nuclear orphan receptor RORa (21). Indeed, double-labelling experiments confirmed that
nearly all these glutamatergic interneurons expressed RORa (90%, Figure 13I). RORaN
interneurons  receive light touch information originating from low-threshold
mechanoreceptor (LTMR) afferents (21). The large diameter of these fibers (AB) suggest
that they could be recruited by EES. We thus asked whether EES led to the activation of
alpha2c®N neurons located in the spinal cord. The delivery of continuous EES during 30
minutes under anesthetized conditions (without movement) led to a robust expression of
the activity-dependent marker cfos in alpha2c®N neurons (P < 0.001, Figure 13H).

A similar distinction between alpha2a® and alpha2c®™N neurons was observed in
DRGs. The alpha2a receptor subtype was predominantly expressed on proprioceptive PVON
neurons (67%). Instead, alpha2c® neurons mainly expressed markers of nociceptive
afferent neurons, including peptidergic (CGRP, 66%) and non-peptidergic (Ib4, 18%)
neurons (Figure 13F).

To confirm the observed alpha2c/RORa double-labelling genetically, we performed
single-cell sequencing of neurons located in the dorsal horn of the spinal cord. For this,
we used a recently published single-cell RNA sequencing database which identified 30
global excitatory and inhibitory cellular subtypes of neurons in the mouse dorsal horn
(100) (Figure 13J). Based on this database, we examined the relative expression of the key
marker genes Rora and AdraZc across all 30 cell types (21). We found that only one
excitatory cell type (Glut_Elavl4_Meis2) robustly expressed both, Rora and AdraZc
consistent with our hypothesis that this combination of gene expression represents a
unique and distinct cell type within the spinal cord. As a control, we additionally examined
the expression of glutamate (S/c17a6) as well as classical markers including Cck and Cmip,
which have previously been reported to be associated with Rora®V cells in the dorsal horn.
Furthermore, we found that these cells expressed very low to negligible levels of Pkcg or
PaxZ, consistent with previous work (21) (Figure 13K).

Taken together, these results demonstrate the remarkably distinct phenotypes and
distributions of neurons expressing alpha2a or alpha2c receptors within the spinal cord
and DRG, including PVON and RORa®N neurons that are both activated by EES.
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Figure 13 Noradrenergic alpha2a and alpha2c receptors are located on neuronal pathways activated by EES (A)
Noradrenergic receptor families (alphal, alpha2, beta) and alpha2 receptor subtypes (alpha2a, alpha2b, alpha2c). (B)
Overview showing the location of cells expressing alpha2a or alpha2c receptor subtypes in spinal cord and DRGs. (C) In-situ
hybridization. (D) Representative images of GFP, PKC-y, CGRP and Ib4 labelled dorsal horns display the distinct laminar
location of alpha2a®N and alpha2cON neurons. Scale bar 50um for the overview, 25um for the insets. (E) Images showing the
expression of alpha2a and alpha2c receptor subtypes in DRGs. Scale bar 100um for the overview, 20um for the insets. (F)
Phenotype of cells expressing alpha2a or alpha2c receptors located in spinal cord and DRGs. Polar plots displaying overlap of
alpha2a®N and alpha2c®N with parvalbumin (PV), Ib4 or CGRP in DRGs. Scale bar 10um. (G) Polar plots displaying overlap of
alpha2a®N and alpha2c®N neurons in the spinal cord with various neurotransmitter markers. Scale bar 10um. (H) Scheme
illustrating the cfos experiment. Images showing alpha2c®V/ cfos double-labelling in laminae Il1/1V after EES. Scale bars 5um.
Bar plot reporting the percentage of alpha2cON neurons co-localising with cfos after EES versus no EES. ***P < 0.0001. Non-
paired Student’s t-test. (I) Photographs showing co-localization between alpha2c®N and RORa®N interneurons in laminae Il1/IV.
Scale bars 10um. Bar plot reporting co-labelling between alpha2c®N and RORa®N interneurons. ***P < 0.001. Non-paired
Student’s t-test. (J) Single-cell sequencing experiments confirming alpha2c/RORa co-expression (Glut_Elavl4_Meis2). (K) Key
molecular markers defining alpha2c and RORa.
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Interneurons involved in the transmission of low-threshold mechanoreceptor feedback
establish synaptic contacts onto inhibitory pre-motor interneurons

Our results demonstrate that EES recruits proprioceptive and LTMR feedback circuits
(Figure 14A). Both pathways play opposite roles in the regulation of locomotion enabled
by EES. Whereas the activation of proprioceptive circuits enables locomotion, the activation
of LTMR feedback circuits by EES diminishes functional outcomes.

Due to the detrimental effects of LTMR activation on locomotor outcomes, we sought
to identify the intraspinal circuits involved in the transmission of LTMR feedback in
response to EES.

To dissect the structural and functional properties of these circuits and their
responses to the modulation of alpha2 receptors, we modeled the interactions between
proprioceptive and LTMR feedback circuits in response to single pulses of EES. For this, we
combined a finite element model (90) with a static computational model that emulated
mono- and di-synaptic connections of proprioceptive neurons onto motoneurons.

In a next step, we expanded this computational model with LTMR feedback circuits
(Figure 14B). Compared to proprioceptive feedback, pathways transmitting cutaneous
LTMR information are poorly characterized. Electrophysiological experiments showed that
cutaneous reflexes typically involve two to three interneurons that lead to excitation or
inhibition of motoneurons (101-103). In line with this, a recent study showed that RORa°N
interneurons, which receive direct synaptic inputs from LTMR afferents, establish direct
synaptic contacts onto several classes of excitatory interneurons involved in motor control,
such as VOc®N or V2a°®N interneurons (21).

Our electrophysiological and functional experiments have shown that decreasing the
excitability of interneurons located on LTMR circuitries significantly augmented reflex
responses and locomotor outcomes enabled by EES. This implies that LTMR feedback
circuits interact negatively with proprioceptive feedback circuits at the spinal level,
suggesting that down-regulating their excitability would augment proprioceptive feedback
and ultimately functional outcomes. Such a negative interaction could be explained by the
presence of an inhibitory pre-motor interneuron located between RORa®N interneurons
and motoneurons.

Consequently, we modelled LTMR feedback circuits that linked RORa®N interneurons
to both, excitatory and inhibitory premotor interneurons establishing direct synaptic

contacts onto motoneurons (Figure 14B).
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To test the two modeling networks (LTMR network containing an inhibitory
interneuron versus no inhibitory interneuron), we evaluated changes in the membrane
potential of motoneurons in response to a single pulse of EES (Figure 14C). When modeled
with the network containing an inhibitory interneuron in the LTMR circuitry, motoneurons
displayed a lower resting membrane potential. Consequently, when applying a single pulse
of EES, the chance of activating the motoneuron was smaller. In contrast, when no
inhibitory interneuron was implemented in the circuitry, the same amplitude of EES led to
an activation of motoneurons.

In a next step we performed simulations where we compared the inactivation of
proprioceptive or LTMR afferents circuits using the two networks. As anticipated,
simulations with both networks revealed that the inactivation of proprioceptive circuits led
to a suppression of reflex responses (Figures 14D and E). In this case, the integration of
an inhibitory interneuron in intraspinal LTMR circuits did not change the modeled reflex
outcomes.

Instead, when inactivating LTMR feedback circuits, the presence of inhibitory
interneurons between RORo®N interneurons and motoneurons largely increased reflex
curves in response to single pulses of EES (Figure 14E) and resembled the reflex outcomes
obtained in the rat (Figure 12D). In contrast, in a network without inhibitory but only
excitatory interneurons, a decrease of reflex curves was observed (Figure 14D). When
inactivating LTMR feedback circuits, the excitation mediated by this interneuron was
automatically inactivated as well.

Overall, these simulations suggest that the recruitment of LTMR feedback circuits
diminishes functional outcomes and why their down-regulation leads to an increase of
reflex responses. Our modeling experiments reveal that such a strong increase in reflex
amplitude can be explained by the presence of inhibitory interneurons located between

RORo®N interneurons and motoneurons.

We next performed monosynaptic rabies tracing experiments to visualize direct
synaptic connections from RORa®N interneurons onto inhibitory premotor interneurons.

To reveal premotor interneurons, intramuscular injections of AG protein Rab—eGFP
together with an AAV expressing rabies glycoprotein (AAV-Gly) were performed in
RORa¢re:R261SEtdTomate myjce gt post-natal day 2 (P2) (Figure 14F). Inhibitory interneurons
were identified by the marker parvalbumin (PV), which characterizes a subgroup of
GABAergic V1 interneurons in the spinal cord (104-106).

22+4% of rabies°N premotor interneurons co-labelled with PV. Double-labelled

interneurons were found in dorsal, intermediate and ventral laminae of the spinal cord
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gray matter (Figure 14G). In intermediate laminae, vGlut2°N synapses from RORo®N
interneurons were found in close contact to rabies®~/PV°N premotor interneurons (Figure
14H). On average, each inhibitory premotor interneuron received 6+2 synaptic contacts
from RORa®N interneurons (Figure 14I).

This experiment demonstrates that RORa®N interneurons establish synaptic contacts

with inhibitory premotor interneurons which directly modulate the activity of motoneurons.
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Figure 14 Intraspinal circuits involved in the transmission of LTM feedback in response to EES (A) Scheme illustrating
proprioceptive and LTM feedback circuits and downstream connections. (B) Scheme showing the network used for modeling
experiments. LTM feedback circuits were modeled either with or without inhibitory interneuron. (C) Modeled motoneuron
membrane potential in response to a single pulse of EES, based on a model containing an inhibitory interneuron or not. (D)
Modeled muscle reflex curves in response to EES for different experimental conditions, based on a network without
inhibitory interneurons located on the downstream pathway of LTMs. Scale bar 5mV. (E) Modeled muscle reflex curves in
response to EES for different experimental conditions, based on a network containing inhibitory interneurons located on
the downstream pathway of LTMs. Scale bar 2mV. (F) Scheme summarizing the experimental approach to visualize premotor
interneurons. (G) Reconstruction showing the location of inhibitory pre-motor interneurons. (H) Image showing a rabiesON
pre-motor interneuron co-localizing with parvalbumin (PV). This interneuron receives synaptic inputs (vGlut2) from RORa®N
interneurons. Scale bar 4um. (1) 3D reconstruction of the same inhibitory pre-motor interneuron showing several synaptic
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Enabling voluntary control of walking in rats with clinically relevant contusion SCI

Finally, we sought to test whether this targeted modulation therapy could reestablish
functional interactions between residual supraspinal pathways and the spinal cord located
below a clinically relevant contusion SCI. To model a severe contusion in rats, we delivered
a robotically controlled impact (250 kdyn) onto thoracic segments (T8/T9) (85). This lesion
spared as little as 8.7+1.2% of intact cross-sectional tissue. To label the fibers and synaptic
projections of descending noradrenergic pathways, we injected AAV-DJ-hSyn-flex-mGFP-
2A-Synaptophysin-mRuby into the rostral ventrolateral medulla (RVLM) of TH® rats
(Figure 15A). Visualization of the entire spinal cord using CLARITY-optimized light-sheet
microscopy revealed stereotypical projection patterns of THON fibers. These fibers primarily
extended in the lateral white matter, from which bundles of fibers projected into the spinal
cord grey matter at regular intervals along the neuraxis (Figure 15D). The severe contusion
completely interrupted these fibers, only sparing a subset of THON fibers located in the
ventral white matter (Figure 15D and E).

To evaluate the supraspinal (voluntary) control of leg movements, the contused rats
were positioned bipedally in a robotic body weight support that provides personalized
assistance against gravity during overground locomotion (Figure 15G) (84). The systemic
(LP.) delivery of the dual alpha2a antagonist/alpha2c combined with EES failed to facilitate
locomotion in all tested rats. The animals fell backward, incapable of initiating locomotor
movements. This failure contrasted with the coordinated leg movements observed in
response to the delivery of EES and 5-HT agonists.

We previously demonstrated that a severe contusion spares a subset of descending
projections from glutamatergic neurons located in ventral gigantocellular nucleus, and that
these neurons relay the cortical command to the lumbar spinal cord to produce voluntary
locomotor movements (85). We found that alpha2c receptors are expressed on various
neurons in the brain and brainstem, such as on glutamatergic neurons located in the
ventral gigantocellular nucleus (Figure 15F). We thus surmised that the activation of
alpha2c receptors may inactivate these neurons, thus preventing the transmission of the
supraspinal command to the lumbar spinal cord.

To test this hypothesis, we administered the dual alpha2a antagonist/alpha2c agonist
intrathecally to the lumbar spinal cord. Using this route, all the tested rats exhibited
voluntary leg movements that allowed them to cross the entire extent of the runway
(Figures 15G, H and I).
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Figure 15 Voluntary control of locomotion in rats with a severe contusion injury (A) Scheme illustrating tracing strategy to
label descending noradrenergic axons and synapses in THC® rats. (B) 3D image showing the injection site in the ventral
brainstem (rostral ventrolateral medulla, RVLM). Scale bar 300um. (C) Images showing virus-infected neurons (mRuby) co-
localising with TH in RVLM. Scale bar 10um. (D) 3D rendering showing the interruption of noradrenergic descending fibers by
the contusion. Scale bar 1.5mm. 3D insets above the contusion showing details about the anatomical arrangement of the
noradrenergic tract. Scale bars 500um and 300um, respectively. (E) Spinal cord reconstructions of descending projections
above (T3) and below (L3) the contusion. Bar plot showing the quantification of axon density of noradrenergic fibers above
and below injury (n= 4 rats). Scale bar 500um. ***P < 0.0001, paired Student’s t-test. (F) Reconstruction of alpha2c®N cells at
brainstem level. Scale bar 500um. Images showing alpha2cON cells co-localising with glutamate in the ventral gigantocellular
nucleus (vGi). Scale bars 20um. (G) Rats with a severe contusion (250kdyn) were tested during bipedal locomotion on a
runway with gravity-assist under various experimental conditions. Stick diagram decompositions of the right leg movements
and activity of extensor and flexor muscles of the ankle. The grey and white backgrounds correspond to the stance and swing
phases of gait, respectively. (H) PC analysis applied on 129 gait parameters averaged for each rat and condition (small circle).
Large circles show the average per group. The bar plot shows the average scores on PC1 (locomotor performance) of injured
rats (n=6) under different experimental conditions compared to uninjured rats (n=7). ***P < 0.0001. One-way ANOVA
followed by Tukey’s post-hoc test. (I) Snapshots showing a rat unable to initiate stepping after systemic injection of the dual
alpha2a antagonist/alpha2c agonist in combination with EES. In contrast, after intrathecal injection of the same
pharmacological agent, rats exhibited voluntary leg movements that allowed them initiate locomotion along the runway.
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3.4 Discussion

Several studies in animal models and human patients showed that EES, applied over
the dorsal aspect of lumbar segments, leads to improved functional recovery (34,107).
However, the limited understanding of the identity of neural structures activated by EES
have prevented more precise and refined stimulation interventions so far. Here, we provide
direct anatomical evidence that EES recruits proprioceptive and LTMR feedback circuits.
Whereas the activation of proprioceptive afferent circuits engaged motor pattern
formation, the activation of LTMR circuits diminished the production of locomotion
enabled by EES. We discuss our findings with an emphasis on the role of sensory feedback
involved in the generation of locomotion after SCI as well as the therapeutic potential of

such circuit-specific interventions for human patients.

Targeting proprioceptive feedback circuits after SCI

Our study shows that EES robustly activates proprioceptive neurons concentrated in
DRGs through the recruitment of their large-diameter, myelinated fibers. These findings
demonstrate the importance of exploiting muscle spindle feedback in the design of
rehabilitative strategies after SCL This includes the specific modulation of proprioceptive
feedback circuits during rehabilitation to enhance the effect of rehabilitation therapies after
SCL

One possibility to specifically recruit proprioceptive neurons in DRG consists in
applying electrical currents within a defined range of stimulation frequencies at low
amplitudes (41,76). Based on modeling experiments, spatiotemporal EES patterns applied
with a frequency envelope resembling the firing rates of Ia afferent fibers is ‘in-phase’ with
the natural firing pattern of proprioceptive afferent fibers during locomotion. This ‘in-
phase’ stimulation paradigm led to improved motor and sensory outcomes in SCI patients
when combined with daily locomotor training over 5 months (41).

Another possibility to enhance the activity of proprioceptive feedback circuits consists
in the specific modulation of this afferent circuit, i.e. by pharmacological agents.
Pharmacological receptors expressed on proprioceptive DRG neurons may serve as a
possible target for pharmacological agents to directly influence the activity of this circuit.
As demonstrated in this study, noradrenergic receptor subtypes could serve as a possible

target to achieve this goal.
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Activation of LTMRs diminishes locomotor outcomes generated by EES

Besides proprioceptive afferents, LTMR feedback circuits involved in the transmission
of light-touch information are recruited by EES. Compared to muscle spindle feedback,
little is known about the impact of LTMRs on the motor system and how their activation
by EES affects motor outcomes.

During stepping, cutaneous LTMRs are activated throughout the entire stance phase
of the leg whereas they are inactive during swing phase (25). In contrast to proprioceptive
circuits, LTMRs are thus activated in a phase-dependent manner. Our modeling
experiments showed that the continuous activation of LTMR feedback circuits by
continuous EES interferes with the natural activation pattern of LTMR feedback circuits.
Indeed, down-regulating the excitability of LTMRs in combination with an up-regulation of
proprioceptive circuits during EES-enabled stepping immediately enhanced locomotor
outcomes in spinal rats.

A similar, sensory-specific modulation of proprioceptive and cutaneous afferent
pathways has recently been described in monkeys (29). During the execution of forearm
reaching movements, electrical stimulation was applied to nerves containing either
cutaneous or proprioceptive afferents. Whereas cutaneous inputs were suppressed
regardless of the type of movement, muscular inputs were specifically facilitated during
relevant movements. These outcomes imply that different streams of sensory information
are modulated in an individual manner and are in line with the results we present here.

In the intact state, this sensory-specific modulation may be directly controlled by the
brain. A recent study in monkeys demonstrated the existence of direct supraspinal
connections onto cutaneous interneurons within lamina III/IV (26). Supraspinal inputs were
mediated by corticospinal tract (CST) fibers which controlled the activity of lamina III/IV
interneurons by direct and phase specific inhibition during movements. Similarly, direct
CST connections from the brain to interneurons located in laminae III/IV of the spinal cord

have been shown in mice (21,108).

Until recently, little was known about the anatomical properties of intraspinal
pathways involved in the transmission of LTMR afferent information. A recent study gave
first anatomical insights into the intraspinal connectivity pattern of LTMR circuits. LTMRSs,
defined by the expression of the molecular marker RORa, were found to establish direct
synaptic contacts onto several classes of molecularly identified, excitatory interneurons
involved in motor control, such as VOc or V2a interneurons (21).

In our study, by using the same experimental approach, we found inhibitory PVON

premotor interneurons located in intermediate laminae, receiving synaptic input from
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RORa®N interneurons. Previous studies reported that PVON neurons located in intermediate
spinal cord regions are derived from the V1 class of spinal interneurons, and show the
characteristics of Ila-inhibitory interneurons (105). Ia-inhibitory interneurons receive
synaptic input from Ia afferent fibers of one muscle and in turn provide inhibitory input
onto motoneuron pools innervating antagonist muscles (109). These interneurons play a
pivotal role in the alternating recruitment of antagonist motoneuron pools during
locomotion by providing the main source of rhythmic inhibition to flexor and extensor
motoneuron pools (109,110). Based on the location of the identified, inhibitory premotor
interneurons in intermediate laminae, our findings suggest that LTMR may establish
synaptic contacts with Ia-inhibitory interneurons. The continuous activation of LTMRs by
EES would lead to a non-physiological activation of Ia-inhibitory interneurons, which, in
turn, would cause a disruption of the naturally occurring left-right activity pattern during
locomotion. To confirm this hypothesis, more anatomical evidence will be needed though.

Similarly, a recent paper investigating crossed reflex pathways in mice assumed the
existence of an inhibitory interneuron along intraspinal pathways involved in the

transmission of cutaneous information (111).

Clonidine-mediated alpha2 receptor modulation after SCI

Historically, noradrenergic alpha2 receptors have been among the first ones
targeted to restore locomotion after SCL In cats with a complete transection of the spinal
cord, clonidine, usually in combination with tail pinching, has been shown to reliably
enhance stepping function after SCI (47,54,70). In contrast, when delivering clonidine in
human patients, a depression of locomotor states was observed (48). A similar functional
outcome was reported in spinal rats when clonidine was administered in combination with
EES (72).

These conflicting functional outcomes among different species may explain why
noradrenergic receptor stimulation only received minimal attention over the last years as
a means to pharmacologically modulate spinal circuits after SCL. So far, there was no
explanation for the observed differences in functional outcomes between the species after
clonidine injection. By using transgenic mouse lines, we found that noradrenergic alpha2a
and alpha2c receptor subtypes, which are activated by clonidine, are expressed on
proprioceptive and LTMR feedback circuits, respectively. The inactivation of proprioceptive
afferent pathways by clonidine through the activation of alpha2a receptors explains why
this pharmacological agent abolished locomotion enabled by EES in rats. Similarly, it also

explains the diminished stepping outcomes in human patients after clonidine
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administration, taking into account the importance of proprioceptive circuits in generating
locomotion after SCL.

Overall, these findings demonstrate why clonidine alone or in combination with EES
failed to induce stepping after SCI. Nevertheless, it is still unknown why clonidine enabled
locomotion in cats. In order to induce stepping in cats, tail pinching was often applied
after the injection of clonidine. Tail pinching is primarily activating cutaneous afferent
pathways and is thus acting on different sensory circuits compared to EES. Another
explanation for the observed differences could be that cats display a different ratio of

alpha2a and alpha2c receptors compared to rats and humans.

The expression of noradrenergic alpha2a and alpha2c receptors on proprioceptive
and LTMR afferent circuits suggests that we modulate neuronal circuits involved in the
transmission of fight and flight responses. The noradrenergic system is known to be
involved in mobilizing the body during situations of stress and danger (fight and flight).
The modulation of noradrenergic receptors located on proprioceptive and cutaneous reflex
pathways can trigger an immediate escape in a situation of sudden danger or fear. Our
findings imply that EES exerts its effects on the same reflex pathways.

Having the detailed knowledge about the expression pattern of alpha2a and
alpha2c receptor subtypes, together with the evidence that EES modulates proprioceptive
and LTMR afferents, we used this knowledge to tailor a targeted neuromodulation strategy
to produce stepping after SCI. Within this targeted neuromodulation strategy, electrical
and pharmacological stimulation both exert their effects on the same neuronal structures.
The direct interaction between the two interventions was observed in functional testing.
The electrical or pharmacological intervention alone did not induce plantar and weight-
bearing stepping. In contrast, only when both interventions were applied simultaneously,
all tested rats displayed robust, weigh-bearing locomotor movements. This is in contrast
to serotonergic or dopaminergic receptor modulation. Even though serotonergic agonists
(5HT;, 5HT,s 5HT;) have been shown to potentiate the effects of EES, such a direct
interaction as observed between EES and the dual alpha2a antagonist/alpha2c agonist

cannot be achieved.

Limitations of the current study

To visualize activated DRG neurons in response to the application of EES, we
performed ex-vivo calcium imaging experiments. Even though a previous study has
demonstrated the feasibility of /n-vivo DRG recordings (112), we here used an ex-vivo

approach to visualize activated neurons in response to the application of EES. Due to the
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isolated location of DRGs within the spinal subarachnoid space between adjacent vertebrae
and thus the difficult accessibility, /n-vivo DRG recordings are difficult to achieve from a
technical point of view. Besides this technical aspect, additional problems such as induced
movements (i.e. by breathing) have to be taken into account when recording DRG activity
in-vivo. Nevertheless, despite some minor limitations, ex-vivo calcium imaging as our
method of choice worked reliably and provided stable outcomes.

To label interneurons expressing alpha2a or alpha2c receptor subtypes we used
transgenic mouse lines engineered by a bacterial artificial chromosome (BAC) insertion
into their genome. Even though in most cases the labelling outcomes obtained by such
transgenic mouse lines have been shown very reliable (113), the random insertion of such
BAC-cassettes into the genome of mice can lead to aberrant and non-specific labelling. To
verify the correct transgenic labelling obtained by the alpha2a®® and alpha2c®™ mouse
lines, we will thus perform alpha2a and alpha2c mRNA labelling by performing /n-situ
hybridization in the spinal cord and DRGs.

In this study we have shown that EES primarily engages large-diameter myelinated
fibers, in particular muscle spindle and LTMRs feedback circuits. Therefore, we restricted
our model to these pathways. However, our model does not include the activation of Ib
afferent fibers by EES. Based on their diameter and myelination, it is very likely that Ib
afferent fibers, which transmit information from Golgi tendon organs (GTOs) to the spinal
cord, are also recruited by EES. At this point, only little is understood about the exact role
and contribution of Ib afferent fibers during gait and how they modulate functional
outcomes. In the future it will thus be important to dissect the role of this sensory afferent
pathway and to understand its role in the production of locomotion, with the goal to

generate more precise simulations.

Future perspectives

Despite lacking mechanistic understanding about how EES mediates its effects to
produce locomotion after SCI, functional improvements in patients with relatively simple
stimulation protocols have been reported in the past. Nevertheless, there is critical need
for the detailed understanding of the underlying mechanisms of the applied therapeutical
intervention (114). The mechanistic understanding of EES presented here has the potential
to further optimise current stimulation strategies with the goal to enhance functional
improvements after SCL. This knowledge may lead to more specific therapy interventions
in the future and establish a framework to design efficient neuromodulation strategies to

reverse paralysis in humans one day.
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3.5 Materials and methods

Experimental setup

Experiments were conducted on adult female Lewis rats (~220 g body weight), adult
Long evans rats (~240 g body weight) and adult C57BL/6 mice (20-30 g body weight).
PV (Jackson Laboratory, JAX# 017320), RORa‘® (21), alpha2a®® (MMRRC,
MMRRC:014248-UCD), alpha2c®® (MMRRC, MMRRC:030098-UCD), alpha2a”" knockout
(115), alpha2c’- knockout (67), Egr37- knockout (12) and R26ttdTomato (Jackson Laboratory,
#007909) transgenic mouse strains were used and maintained on a mixed genetic
background (129/C57BL/6). PV (RRRC, 773) and TH® (Horizon discovery, TGRA8400) rat
lines were maintained similarly. Experimental animals used were of both sexes. Housing,
surgery, behavioral experiments and euthanasia were performed in compliance with the
Swiss Veterinary Law guidelines. Animal care, including manual bladder voiding, was
performed twice daily for the first 3 weeks after injury, and once daily for the remaining
post-injury period. All procedures and surgeries were approved by the Veterinary Office of

the canton of Geneva in Switzerland.

Surgical procedures and post-surgical care

General surgical procedures used have been described previously (34,71). All
interventions were performed under general anesthesia and aseptic conditions. Briefly,
stimulating electrodes were created by removing a small part (~400 um notch) of insulation
from Teflon-coated stainless steel wires (AS632, Cooner Wire, USA), which were
subsequently secured at the midline overlying spinal cord segments L2 and S1 by suturing
the wires to the dura. A common ground wire (~1cm of Teflon removed at the distal end)
was inserted subcutaneously over the right shoulder (Figure 16, step 1).

Bipolar intramuscular electrodes (Cooner Wire; AS632 and AS632-1 for rats and mice,
respectively) were inserted bilaterally in the medial gastrocnemius (MG, ankle extensor, in
rats) or vastus lateralis (VL, knee extensor, in mice) and tibialis anterior (TA, ankle flexor)
muscles to record electromyographic (EMG) activity. All the wires were connected to a
percutaneous amphenol connector (Omnetics Connector Corporation, USA) cemented
onto the skull of the animals.

In the same set of surgery, wildtype and transgenic rats (n=10) and mice (n=20)
received a complete thoracic (T8) SCI. A subset of n=10 rats received a severe contusion
injury (250 kdyn; 1 dyn=10uN) using a force-controlled spinal cord impactor (IH-0400

Impactor, Precision Systems and Instrumentation LLC, USA). The spinal cord displacement
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induced by the impact was measured for each animal and the extent and location of each
lesion was verified postmortem.

Analgesia (buprenorphine Temgesic®, ESSEX Chemie AG, Switzerland, 0.01-0.05mg
per kg, s.c.) and antibiotics (Baytril® 2,5%, Bayer Health Care AG, Germany, 5-10mg per

kg, s.c.) were provided for 3 and 5 days post-surgery, respectively.

Neurorehabilitation procedures and behavioral testing

Several groups of rats participated to the study. The main groups of rats involved 10
spinal and 6 contused rats. One of the contused rats was excluded due to a lesion extent
that largely exceeded the mean variability of the rest of the group. All animals followed a
comprehensive rehabilitation program during 2 months, starting 7 days after spinal cord
injury, as previously described in detail (34) (Figure 16, step 3). Briefly, rats were trained 6
days per week for 30 min per day. To reactivate lumbar motor circuits during training, we
applied an electrochemical neuromodulation therapy consisting of a serotoninergic
replacement therapy and epidural electrical stimulation (34). Five minutes prior to training,
the rats received a systemic (i.p.) administration of quipazine (5-HT.a, 0.2 - 0.3 mg/kqg)
and 8-OH-DPAT (5-HTia/7, 0.05 - 0.2 mg/kg) that was adjusted daily based on locomotor
performance. Specifically, quipazine was adjusted to modulate extension components while
8-OH-DPAT was adjusted to modulate flexion components. During training, continuous
epidural electrical stimulation (0.2ms, 100-300pA, 40Hz) was delivered through L2 and S1
electrodes. Training was conducted bipedally on a treadmill (11 c¢cm/s) with adjustable
robotic bodyweight support against the direction of gravity (Robomedica, USA). Starting 2
weeks after the induced injury, contused rats were additionally trained overground with
the robotic bodyweight support system (84). The robotic bodyweight support provided
optimal vertical and mediolateral support to the bipedally positioned animals. The forward
component of the robot was set to zero force control mode. In this condition, the robot
does not facilitate locomotion in the forward direction, i.e. a supraspinal command is
necessary to initiate and sustain a forward motion of the body. The content of each training
session evolved with the actual capacities of the rats and training objectives. Positive
reinforcement was used to encourage the rats to perform the requested tasks.

Leg motor control was evaluated on a treadmill and along a straight runway with
robotic assistance. All animals participated in behavioral evaluation 9 weeks post injury
(Figure 16, step 4). They were tested without neuromodulation, with electrical
neuromodulation, and with electrochemical neuromodulation. Experiments with mice did
not involve rehabilitation procedures. Instead, leg motor control was evaluated in different

testing conditions 4 weeks after spinal cord contusion.
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Figure 16 General methods and experimental groups. Summary of the experimental procedures and timeline for the main
groups of animals. (Step 1) Surgical implantation of chronic epidural electrodes over the midline of L2 and S1 spinal cord
segments to deliver electrical stimulation. Bipolar electrodes are inserted into a pair of flexor (tibialis anterior) and extensor
(medial gastrocnemius) muscles of the ankle to record electromyographic activity. A severe contusion (250 kdyn) was
performed at the mid-thoracic level. (Step 2) Leg kinematics and muscle activity is shown for a rat tested on a treadmill 1
week after contusion, both without and with electrochemical neuromodulation. (Step 3) Design of the task-specific training
regimen throughout the period of recovery, including the transition from automatic stepping on a treadmill to voluntary
overground walking with robotic assistance. The features and time-dependent adaptations of the electrochemical
neuromodulation therapy are shown. Briefly, the type and concentration of administered chemicals is constantly adjusted to
the current motor performance of the rats. (Step 4) Behavioral tasks to evaluate leg motor control.
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Acute functional experiments in cats

Four cats were decerebrated and received a complete SCI at mid-thoracic level
shortly after. Epidural electrodes were acutely implanted over the midline of L5 spinal
segment and an intrathecal catheter was implanted at lumbar segments for local
administration of pharmacological agents. For functional recordings, a treadmill enabling
evaluations of bilateral locomotion in cats was used (116). A custom-made stereotaxic
frame was used to fix the animal over the treadmill without impeding leg movements.
Force plates located below each belt recorded the ground reaction forces generated by
the left and right hindlimb. A video-based system allowed concurrent recording of whole
body kinematics. Kinematic and muscle activity recordings were conducted to evaluate the
effects of pharmacological interventions on locomotor performance. After baseline
recordings of locomotion during continuous epidural electrical stimulation, various
pharmacological agents were applied to achieve selective activation/inactivation of

noradrenergic receptors in lumbar segments of spinal cats.

Circuit-specific inactivation using DREADDs

In order to reversibly silence proprioceptive afferent neurons in DRG, we used a viral
mediated expression of an engineered G protein-coupled receptor exclusively activated by
an otherwise inert drug-like small molecule (Clozapine N-oxide, CNO). A total of 2.5uL of
AAV5-flex-DREADD-hm4Di-mCherry (titer 1.12813 VG/ml) was injected bilaterally into each
sciatic nerve under isoflurane anaesthesia (2% isoflurane) in a first surgery in PV rats
(n=5). A 5puL Hamilton syringe was inserted into the nerve and used to slowly deliver the
virus over the course of 90 seconds. The syringe was left in position for 2 minutes following
injection to minimise any backflow of tracer. The skin was then sutured separately and
animals were administered analgesics and allowed to recover in a heated incubator before
being returned to their home cage.

One week after virus injection, stimulating electrodes were implanted at the midline
overlying spinal cord segment L4 in PV (n=5) and wild-type (n=4) rats. Intramuscular
electrodes (Cooner Wire; AS632) were inserted bilaterally in the tibialis anterior (TA, ankle
flexor) muscles to record EMG activity. In the same set of surgery, all rats received a severe
contusion injury (250 kdyn; 1 dyn=10 uN) using a force-controlled spinal cord impactor
(IH-0400 Impactor, Precision Systems and Instrumentation LLC, USA). The spinal cord
displacement induced by the impact was measured for each animal and the extent and
location of each lesion was verified postmortem. Analgesia (buprenorphine Temgesic®,
ESSEX Chemie AG, Switzerland, 0.01-0.05 mg per kg, s.c.) and antibiotics (Baytril® 2,5%,
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Bayer Health Care AG, Germany, 5-10 mg per kg, s.c.) were provided for 3 and 5 days
post-surgery, respectively.

Starting 7 days after spinal cord injury, all animals were trained on 5-6 consecutive
days on the treadmill using the above described electrochemical neuromodulation therapy
consisting of a serotoninergic replacement therapy and epidural electrical stimulation (34).
Animals were trained until they showed plantar stepping enabled by electrical stimulation
only.

Functional experiments under different experimental conditions were performed 4
weeks after virus injection. Stepping outcomes were evaluated under electrical stimulation
at L4 spinal level before and after systemic (i.p.) injection of CNO (5 mg/kg body weight,
dilution with saline). For both groups, control (wildtype) and PV rats, functional testing
were performed before and over the course of 45-60min after CNO-injection.

For static reflex measurements, rats were anesthetized using urethane (0.5 - 0.6
mg/kg bodyweight, dilution with saline). Single electrical pulses were applied over the
dorsal aspect of the L4 spinal cord level while EMG responses were recorded from both
tibialis anterior (TA) muscles using acute needle implants (Ambu, Denmark) to detect
electromyographic signals. Monosynaptic reflex curves were measured using the TDT
system (Tucker Davis Technologies, USA). Testing were performed before and over the
course of 60min after CNO-injection. CNO (5 mg/kg body weight, dilution with saline) was
injected systemically (i.p). For all animals, the extent and location of each lesion as well as

the DREADD expression in DRG were verified postmortem.

Intrathecal (i.t.) injections

Lt. injections in contused rats were performed according to methods described
previously (117,118). Animals were securely held in position while a 30G needle was
inserted into the tissues between the dorsal aspects of L5 and L6, perpendicular to the
vertebral column. When the needle entered the subarachnoidal space, a sudden lateral
movement of the tail was observed. This ‘tail-flick’ reflex was used as an indication of
successful needle insertion. For each pharmacological agent tested, a volume of 0.05mL
was injected. After injection, the syringe was held in position for a few seconds and
progressively removed to avoid any liquid backflow. During the whole procedure, no sign

of distress or pain was observed.
Kinematic, kinetic and muscle activity recordings

All procedures used have been detailed previously (34,84). During both treadmill and

overground conditions, bilateral leg kinematics were captured using the high-speed

63



motion capture system Vicon (Vicon Motion Systems, UK), consisting of 12 infrared
cameras (T-10, 200 Hz). Reflective markers were attached bilaterally at the iliac crest, the
greater trochanter (hip joint), the lateral condyle (knee joint), the lateral malleolus (ankle),
the distal end of the fifth metatarsophalangeal (mtp) joint and, for the rats, the tip of the
fourth toe was added. The body was modeled as an interconnected chain of rigid
segments, and joint angles were generated accordingly. Ground reaction forces were
recorded using a biomechanical force plate (2 kHz; HE6X6, AMTI, YSA) located below the
treadmill belt or in the middle of the runway. Electromyographic signals (2 kHz) were
amplified, filtered (10-1000 Hz bandpass), stored and analyzed offline to compute the
amplitude, duration and timing of individual bursts (Figure 17, step 1). For both the left
and right legs, 10 successive step cycles were extracted over several trials on the runway
for each rat under each experimental condition and time point. A 20 second interval was
used when no or minimal leg movements were observed. Leg movements were
reconstructed as a virtual segment connecting the iliac crest and the MTP marker.
Kinematracer (Kissei Comtec Co., Japan) motion tracking software was used to obtain 2-D
coordinates of hindlimb movements. EMG- signals were recorded concomitantly to video

acquisition.

Analysis of kinematic, kinetic and muscle activity

A total of 104 (mice) and 129 (rats) parameters quantifying kinematics, kinetics, and
muscle activity features were computed for each leg and gait/stroke cycle according to
methods described in detail previously (34,84). All the parameters are reported in table 2.
To evaluate differences between experimental conditions and groups, as well as the most
relevant parameters to explain these differences, we implemented a multi-step statistical
procedure based on PC analysis (72,84) (Figure 17, step 2). PC analysis was applied on
data from all individual gait cycles or swim strokes for all the rats together. Data were
analyzed using the correlation method, which adjusts the mean of the data to 0 and the
standard deviation to 1. This method of normalization allows the comparison of variables
with disparate values (large versus small values) as well as different variances (Figure 17,

step 3).
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# Computed parameter

Gait timing

1 1 Cycle duration

3 3 Stance duration

5 5 Stance duration in percentage of whole cycle

7 7 Double stance (in percentage of gait cycle duration)

9 9 Steplength

11 11 Step height normalized to stance height

Endpoint trajec
13 13 Stance width

15 14 Maximal backward position of the foot

17 16 Maximal endpoint velocity

19 18 Endpoint acceleration

21 20 orientation of the velocity vector at swing onset

23 relative drag duration (percent of swing duration)
Stability

24 21 Amplitude of lateral trunk position

26 23 Sagital trunk velocity

28 25 Variability of medio-lateral hip rotation

30 27 Lateral oscillation of the center of mass

Joint angles and limb

ment oscillatio

31 28 Crest oscillation (minimal elevation)

nta k nent oscillations

33 30 Shank oscillation (minimal elevation)

35 Toe oscillation (minimal elevation)

37 33 Crest oscillation (maximal elevation)

39 35 Shank oscillation (maximal elevation)

ey

Toe oscillation (maximal elevation)

43 38 Hip joint angle (maximal)

45 40 Ankle joint angle (maximal)

47 41 Whole limb adduction

49 43 Hip joint angle (minimal)

51 45 Ankle joint angle (minimal)

53 46 Whole limb abduction

55 48 Crest oscillation

57 50 Shank oscillation

59 Toe oscillation

61 53 Hip joint angle

63 55 Ankle joint angle

65 57 Whole limb medio-lateral oscillation

Table 2 Kinematic, kinetic and EMG parameters

Velocity
67 59 Whole limb angle velocity (minimal)

69 61 Knee joint angle velocity (minimal)

MTP joint angle velocity (minimal)

73 64 Hip joint anlge velocity (maximal)

75 66 Ankle joint angle velocity (maximal)

77 67 Whole limb angle velocity

79 69 Knee joint angle velocity
81 MTP joint angle velocity
(Intra-limb) coordination
82 71 Temporal coupling between crest and thigh oscillation
84 73 Temporal coupling between shank and foor oscialltion
86 74 correlation of crest and thigh oscillation
88 76 Correlation of leg and foot oscillation
90 77 Correlation of hip and knee oscillation
92 79 Correlation of ankle and MTP oscillation

94 81 Timing of crest-thigh (maximal)

96 83 Timing of thigh-shank (maximal)

98 85 Timing of shank-foot (maximal)
100 Degree of linear coupling between joint oscillations (PC2)

Similarity to healthy gait

102 Correlation between limb oscillation of healthy and injured leg
04 Correlation between knee oscillation of healthy and injured leg
106 Correlation between MTP oscillation of healthy and injured leg

riabilit

107 86 Variability of foot trajectory in the forward direction

| |
0a

109 88 Variability of foot trajectory in the 3-dimensioal room

111 90 Variability of stride length

113 92 Variability of step height

115 94 Variability of max endpoint velocity

Kinetics

=
=
o

vertical ground reaction force
M ity

Burst onset of extensor

[
=
~

119 Burst duration of extensor

121 Integral of extensor activity

123 Burst onset flexor

Burst duration of flexor

127 Integral of flexor activity

129 Co-contraction of the flexor and extensor muscle
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Figure 17 Behavioral evaluation of gross and detailed motor performance. (Step 1) Rats were evaluated during overground
locomotion in a bipedal posture with robotic assistance. They were tested under different experimental neuromodulation
conditions. Stepping performance (kinematics, muscle activity and ground reaction forces) was evaluated for different testing
conditions and compared to the motor output of non-trained and non-injured rats. (Step 2) A PC analysis was applied on a
total of 129 parameters characterizing gross and detailed motor performance. The gait cycles of each rat under each
neuromodulation condition (single dot, averaged of 10 to 20 gait cycles per rat) and averaged per group and conditions (large
dots) are represented in new space defined by PC1 and PC2 (% of explained variance). PC1 differentiated the effects of
training, distinguishing the ability to move forward (walking) versus movements in place or falling backward (no walking).
PC2 distinguished the effects of the neuromodulation conditions on leg motor control. (Step 3) The score of each rat on PC1
was extracted to quantify motor performance. The parameters that correlated highly with PC1 were extracted and regrouped
in functional clusters that we named for clarity (# refers to Table 2). The bar plots report the mean values for one parameter
per cluster, highlighted in yellow in the cluster. (Step 4) The same procedure was applied for parameters correlating with
PC2. *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA followed by Bonferroni’s post-hoc test.
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Virus production

AAV constructs used for central injections were based on a backbone vector from
the Allen Institute for Brain Science (AAV-Flex-vector (690) Xbal/HindlIl). Briefly, the vector
contains a hSyn promoter, a WPRE element for enhanced expression and double inverted
loxP elements (flex) flanking complementary DNA sequences (synthetic constructs from
Blue Heron) in inverted orientations. DREADD (hM4Di) constructs were also used and
detailed sequence information is available upon request. AAV2/5 production was carried
out in 293AAV HEK cells following standard procedures, yielding vector suspension with
titers >1F13 VG/ml. The following vectors or constructs were obtained commercially: AAV-
DJ-hSyn Flex mGFP 2A synaptophysin mRuby (Stanford vector core facility, reference AAV
DJ GVVC-AAV-100), AAV2/6-G (The Boston Children’s Hospital Viral Core) and Rabies-eGFP
(Gene Transfer, Targeting and Therapeutics Core at the Salk Institute). The vectors were
used at the concentration indicated for each injection procedures. All flexed AAV vectors
used in the present study showed transgene expression only upon Cre-mediated

recombination.

Virus and tracer delivery procedures

Spinal cord and brain targeted tracer or viral delivery were performed through
stereotaxic injections using high precision instruments (David Kopf) under isoflurane
anesthesia.

Monosynaptic rabies virus tracings were performed on RORa“e:R26'SHdTomato negnate
mice according to protocols described previously (119). A virus mixture containing equal
volumes of AAV6-G (1 x 10'* GC/ml, The Boston Children’s Hospital Viral Core) and Rab-
eGFP (1 x 10° TU/ml, Gene Transfer, Targeting and Therapeutics Core at the Salk Institute)
was injected unilaterally into the tibialis anterior muscle of neonate mice (P2). 3ul of virus
mixture was injected into each muscle.

Anterograde tract-tracing of axons from rostro ventrolateral medulla (RVLM)
projection neurons was performed in a group of four TH®® rats. A craniotomy was
performed bilaterally over the brainstem medulla oblongata and AAV-DJ hSyn FLEX-mGFP
2A Synaptophysin-mRuby (titer 1.15814 GC/ml) was injected bilaterally into both RVLM.
Four injections (250nl per injection) at two different rostrocaudal locations at two depths
were made. Coordinates used for targeting this nucleus were -12.12 to -12.62mm
anteroposterior from Bregma, 2mm lateral and 8 to 8.3mm ventral from the surface of the
cerebellum.

Injections were performed using either a glass pipette driven with the Nanoliter pump

(Nanoliter 2010 injector, World Precision Instruments) or using the Hamilton injection
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system (for brainstem injections in rats). The virus was injected at 3nl/s and the needle was
held in place for 2 minutes before being slowly retracted.

After a survival time of 8 (mice) to 18 (rats) days, all animals were deeply anesthetized
by an i.p. injection of 0.5ml Pentobarbital-Na (50mg/mL) and transcardially perfused with
approximately 80ml Ringer's solution containing 100'000IU/L heparin (Liquemin, Roche,
Switzerland) and 0.25% NaNO, followed by 300ml of cold 4% phosphate buffered
paraformaldehyde, pH 7.4. The brain and spinal cord were removed and postfixed
overnight at 4°C in the same fixative before they were transferred to 30% sucrose in
phosphate buffer (PB) for cryoprotection. The tissue was embedded in Tissue Tek O.C.T
(Sakura Finetek Europe B.V., The Netherlands), frozen at -40°C, and cut to a thickness of
30um.

Immunohistochemistry

Mounted or free-floating sections (30um) were washed 3 times in 0.1M PBS and
blocked in 5% normal goat serum containing 0.3% Triton (Sigma, USA). Sections were then
incubated in primary antibody diluted in the blocking solution overnight at 4°C (CGRP,
parvalbumin) or room temperature (GFP, Ib4, PKC-gamma, ChAT, RORaq, vGlut2), or 3 nights
at room temperature (Glutamate, Glycine, GABA). Primary antibodies used were rabbit anti-
Glutamate (1:1000, Sigma, USA), rabbit anti-GABA (1:1000, Millipore, USA), rabbit anti-PKC-
gamma (1:500, Santa Cruz Biotechnology, USA), rabbit anti-cfos (1:500, Santa Cruz
Biotechnology, USA), rabbit anti-Parvalbumin (1:2000, Swant, Switzerland), rabbit anti-GFAP
(1:1000, Dako, USA), rabbit anti-RFP (1:1000, Rockland, USA), chicken anti-GFP (1:500, Life
Technologies, USA), goat anti-ChAT (1:500, Chemicon, USA), goat anti-RORa (1:500, Santa
Cruz Biotechnology, USA), mouse anti-vGlut2 (1:2000, Millipore, USA), mouse anti-CGRP
(1:1000, Abcam, UK), mouse anti-TH (1:500, Millipore, USA) and rat anti-glycine (1:200,
Immunosolution, Australia). Sections were again washed 3 times in 0.1M PBS and incubated
with the appropriate secondary antibody (Alexa fluor® 405, Alexa fluor® 488, Alexa fluor®
555 or Alexa fluor® 647; Molecular Probes, Life Technologies, USA) in blocking solution.
DAPI (Life Technologies, USA) was used as a counterstain at a dilution of 1:1000 in 0.1M
PBS for 20 minutes. Slides were washed, air-dried and cover slipped with Mowiol
(Calbiochem, USA).

Fluorescent /n-situ hybridization
To label mRNA of PVON and alpha2c®N interneurons in the spinal cord, an RNA
labeling kit from Molecular instruments (Molecular instruments, USA) was used. After

perfusion, tissues were fixed in 4% phosphate buffered paraformaldehyde for 3 hours at
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4°C before they were transferred to 30% sucrose in phosphate buffer (PB) for
cryoprotection at 4°C for 2 nights. RNA /n situ hybridization was performed on 40um spinal
cord sections according to a standard protocol. Briefly, samples were placed in 5x SSCT
(20x SSC buffer, Invitrogen, USA; 10% Tween 20, Applichem, Germany) for 10min and then
pre-hybridized in 30% probe hybridization buffer (Molecular instruments, USA) for 30min
at 37°C. Samples were hybridized overnight at 2uM probe concentration in 30% probe
hybridization buffer at 37°C. Following hybridization, samples were washed in a solution
of 30% probe wash buffer (Molecular instruments, USA) and 5x SSCT four times 15 minutes.
Sections were then incubated in an amplification buffer (Molecular instruments, USA) for
30min at room temperature. In the meantime, fluorophore-labeled HCR hairpins (Molecular
instruments, USA) were snap-cooled (heating at 95°C for 90sec) and cooled down to room
temperature. Amplification was performed overnight at room temperature at a
concentration of 120nM per hairpin in the amplification buffer. Following amplification,
samples were washed in 5x SSCT for at least 2 times 30min to remove unbound hairpins.

Lastly, sections were air-dried and coverslipped using Mowiol (Calbiochem, USA).

Evaluation of spared tissue after spinal cord contusion

The extent and location of spinal cord damage was evaluated in each experimental
animal. The lesion cavity was cut in serial coronal sections (40 pm) that were stained using
GFAP antibodies (Figure 18A and B). For each lesion, we calculated the spared spinal cord
surface with respect to the distance from the epicenter of the lesion, the spared area at
the epicenter, and the total volume of damaged spinal cord tissue. The percentage of
spared tissue at the epicenter was calculated using Fiji and normalized using the mean
surface of sections rostral and caudal to the contusion, taking into account spinal cord

compression (Figure 18C).

Wild-type 1 Wild-type 2 Wild-type 3 Wild-type 4 Cc Spared tissue (%)

QOQO

PVCrE PVC[E PVC[E PVCre
lSpared
tissue

Figure 18 Lesion size quantification. (A) Severe contusion injuries (250 kdyn) were applied at spinal level T8. B) Photograph
of a coronal section at the contusion epicenter (GFAP, Glial fibrillary acidic protein), which was used to trace the contour
of the contusion cavity and to measure the spared intact tissue, as illustrated below. Scale bar 250pum. The reconstructions
of the lesion cavity at the epicenter are shown for PVCe (n=4) and wild-type (n=4) rats used for behavioral and anatomical
evaluations. Scale bar 500um. (C) The bar graph reports the area of spared tissue at the lesion epicenter for PVcre and wild-
type rats. ns, not significant; Non-paired Student’s t-test.
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Neuromorphological evaluations

The percentage of double-labelled alpha2a®™ and alpha2c® neurons and various
neurotransmitters (GABA, Glycine, Glutamate, and Acetylcholine) and sensory afferent
markers (Parvalbumin, Ib4, CGRP) was quantified using 5 confocal image stacks per mouse
at the L2 spinal cord level or in dorsal root ganglia. Images were acquired with standard
imaging settings. Image acquisition was performed using a Leica TCS SPE or SP8 laser
confocal scanning microscope (Leica Microsystems, Germany). Images were analyzed
manually for double-labelling using the LAS AF interface (Leica Microsystems, Germany).

For RORa‘e:R26StdTomato mice injected with G-deleted rabies virus, the spinal cords
were cut in coronal sections of 40um. Images were acquired with standard imaging
settings, using a Leica TCS SPE or SP8 laser confocal scanning microscope (Leica
Microsystems, Germany). The number of RORaN/vGlut2°N synaptic contacts onto
inhibitory pre-motor interneurons were counted manually using the Fiji 3D object counter.
Synaptic contacts were quantified on 3 confocal image stacks per mouse. Neurons and

synaptic contacts were reconstructed offline using the Imaris software (Bitplane, USA).

Single-cell sequencing data processing

For single-cell sequencing data of the mouse spinal cord, we queried the gene
expression omnibus. For this, three studies were identified (100,120,121). Two out of the
three studies used droplet-based methodology with relatively low sequencing depth
(~50,000 per cell) (120,121), while the third study sequenced up to ~200,000 reads per cell
(100). We retrieved the data from the gene expression omnibus (GSE103840, GSE103892)
or the processed loom files available at http://mousebrain.org/downloads.html. Initial
examination of the data revealed that the expression of markers of interest (Rora, Adra2c)
were only robustly expressed with deeper sequencing, so only one dataset was used for
further analysis (100).

Cells were classified according to the 30 global excitatory (glutamatergic) and
inhibitory (GABAergic) phenotype as described in the publication (100). In a first step, the
relative expression of the key marker genes Rora and AdraZc across all cell types were
examined. Cells were defined as expressing the gene if the read count was non-zero, due
to the known zero-inflation of single-cell sequencing reads. We considered a gene robustly
expressed if more than 20% of cells in that subtype showed non-zero expression, similar
to previous work (121). Only one cell type (Glut_Elavl4_Meis2) was found to robustly
express both, Rora and AdraZc. Additionally, the expression of glutamate (S/c17a6), as well
as classical markers including Cck and Cmip, which have previously been reported to be

associated with Rora®" cells in the dorsal horn were examined. Furthermore, control
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markers (Pkcg, Pax2) that are known to be expressed at very low to negligible levels in

Rora®V cells were included.

CLARITY and 3D-Image acquisition
Tissue was cleared using CLARITY (122). Animals were deeply anesthetized with an
i.p. injection of pentobarbital and perfused with 4% PFA. Brain and spinal cords were
dissected and post-fixed overnight in 4% PFA at 4°C. The meninges were removed from
brain and spinal cord segments and incubated in a bis-free Acrylamide solution (4%
acrylamide, 0.25% VA-044 initiator, 0.001M PBS, no PFA) for 24 hours at 4°C with nutation.
The tubes were then flushed with nitrogen (N,) gas for 3 minutes and immediately closed
to remove oxygen. Polymerization was then performed by incubating the hydrogel solution
with the sample for 2 hours in a water bath at 37°C. Polymerization resulted in a viscous
gel that was not solidified, as previously described (122). Excess gel was carefully removed
and tissues were washed in 0.001M PBS for 5 minutes. The tissue was placed in the X-
CLARITY chamber (Logos Biosystems Inc., South Korea), emerged with an SDS clearing
solution (40g sodium dodecyl! sulfate (SDS), 200mM boric acid, dH,O up to 1 L of solution,
pH 8.5) and cleared with the following settings: 37°C, 100 RPM, and 1.2A of current. A
clearing solution was continually circulating through an adequate chamber and was
changed every day following the 4 days after polymerization process. The clarification
process lasted 10-15 hours for the spinal cord and about 30 hours for brainstem tissue.
After clearing, the samples were placed in PBST (1x PBS, 0.1% (v/v) Triton-X, 0.02% (w/v)
sodium azide) under shaking at room temperature for 24 hours.
Prior to imaging, samples were placed in RIMS (40g Histodenz in 30cc 0.02M PBS for
a total volume of 48.75cc, pH 7.5, 0.01% sodium azide, refractive index: 1.465) for 24 hours.
Imaging was performed using a custom-built COLM microscope as previously described
(123). We used a customized sample holder to immerge the spinal cord or brain in a
chamber filled up with RIMS. Samples were then imaged using a 4x objective with two
light sheets illuminating the sample from the left and the right side. Z-step was set to 5um
in the dorsal-ventral orientation. Images were acquired as 16-bit TIFF files and
reconstructed in 3D using the TeraStitcher (124). 3D reconstructions and optical sections
of the raw images were produced using Imaris (Bitplane, v.9.0.0).
As the spinal cord lesion is a compact inflammatory tissue, the lesion cavity did not
clear entirely and is therefore taken up in all channels. The background noise (scar tissue)
is subtracted from the signal channel. The lesion volume was reconstructed using the

Imaris Software.
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Ex-vivo calcium imaging in mouse DRGs

PVCre:R26MStdTomate mjce  were anesthetized using urethane (0.5 - 0.6mg/kg
bodyweight, dilution with saline). A laminectomy over the L2 spinal cord level was
performed and electrical spinal cord stimulation was applied via acutely implanted
electrode for 30 minutes. The following experimental conditions were tested (1) no
electrical stimulation; (2) threshold stimulation and (3) supra-threshold stimulation (3x
threshold). After stimulation, stimulated (L1-L3) and non-stimulated (T1) dorsal root
ganglions (DRG) were dissected and prepared for calcium imaging experiments as
previously described (Hutson et at., in preparation). Briefly, Fluo-4 AM (50ug, ThermoFisher,
Cat.F14201) was re-suspend in 50ul DMSO (Sigma, Cat. D2650), diluted in 10 ml of HBSS
without Ca?* and Mg?* (ThermoFisher, Cat. 14175095), supplemented with 10 mM Hepes
(ThermoFisher, Cat. 15630080) and then stored in the dark at -20°C. After acute stimulation
experiments, DRGs were extracted and immediately suspended in Fluo-4-AM (10 uM)
dissolved in HBSS supplemented with 10 mM Hepes for 1 hour at 37°C, 5% CO,. The Fluo-
4-AM solution was then replaced with HBSS with 10 mM Hepes and the DRGs were washed
for 1 hour at 37°C, 5% CO, The DRGs were placed into a video-microscopy chamber at
37°C, 5% CO; and suspended in HBSS with 10 mM Hepes. Time-lapse recordings were
taken with images acquired every second for 5 minutes. Imaging was done on an Olympus
XCellence microscope (Olympus, Japan) equipped with a Hamamatsu camera (ORCA 03G,
Japan) at 20X magnification. After 1 minute of baseline recording, increasing
concentrations (50 mM, 100 mM and 150mM) of KCL (Sigma, Cat. P3911, USA) were added
to the DRG to elicit depolarisation and induce intracellular Ca?* release. Quantification was
done using the Fili-Imagel plug-in 7ime series analyser, where the soma of at least 20
neurons per DRG were analysed. To determine the fold-change in Fluo-4 AM intensity
after KCL addition, the Fluo-4-AM intensity ratio “F/Fo” was calculated by dividing the
average fluorescence intensity after KCL addition “F” with the average intensity of baseline

fluorescence "Fo".

Recruitment curves

EES-evoked motor responses were recorded in ankle flexor and extensor muscles in
response to single electrical pulses. Rectangular pulses (0.5 ms duration) were delivered at
0.2 Hz through the implanted L2 or S1 electrodes. The intensity of electrical stimulation
was applied over a defined range of amplitudes, starting from threshold level and
increasing for 200pA. EES-evoked motor potentials were recorded in TA and MG muscles.
Animals were awake and hold still during stimulation. Analysis was performed in Matlab.
EMG signals (12.207 kHz) were amplified, filtered (1-5000 Hz bandpass), and stored for
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off-line analysis. Signals with movement artefacts were excluded. The onset latency and
peak amplitude of the different components in compound action potentials were

determined through a custom-made software in Matlab (MathWorks).

Electrophysiological and pharmacological experiments

Electrophysiological experiments were performed in awake rats before (baseline
condition) and after the administration of various pharmacological agents. The following
pharmacological agents were tested: (1) quipazine (5-HT2A/C, 0.2 - 0.3mg/kg) and 8-OH-
DPAT (5-HT1A/7, 0.05 - 0.2mg/kg); (2) clonidine (NA2 agonist, 0.4 - 0.6mg/kg); (3)
Guanfacine hydrochloride (alpha2a agonist, 3mg/kg); (4) BRL-44408 (NA2a antagonist, 7 -
7.5mg/kqg); (5) JP-1302 (alpha2c antagonist, 7 - 7.5mg/kg) and (6) compound AO8 (dual
NA2a antagonist/NA2c agonist, 25 - 35mg/kg). All pharmacological agents were injected
systemically (i.p.).

Modeling experiments

The neural network is implemented in NEURON (125) using a parallel multi-threaded
structure. Afferent fibers are modeled as Poisson point processes with average firing rates
estimated from a spindle model and 20% noise level. The latency between action potentials
and elicited excitatory postsynaptic potentials (EPSPs) to the target cell follows a normal
distribution (mean = 2ms, variance = 0.3ms) accounting for the variability in afferents
diameter. A total of 60 Ia- and group-II fibers are implemented for each motor pool (126).
Each group-la fiber forms excitatory synapses to all motoneurons of the homonymous
motor pool (126), while group-II fibers establish excitatory synapses onto each group-II
interneuron (127). Each motor pool comprises 169 alpha motoneurons (90,127-129). The
membrane potential of each cell is described as a modified Hodgkin- Huxley model
comprising sodium, potassium, calcium, and potassiumcalcium gated ion channels (129).
To model the effect of 5-HT agonists, which is used with EES to enable locomotion, we
lowered the potassium- calcium gated ion channels conductance by 40% (130).
Motoneuron morphology consists of a 32- + 10-mm-diameter spherical soma connected
to an electronic-equivalent dendritic tree of mammalian S type alpha motoneurons
(128,131), dendritic sizes adapted to match soma diameter, from cell S-type cell 35/4. The
initial segment and efferent axon are implemented with dedicated membrane dynamics
(90,129). Inhibitory synapses innervate the soma and behave as alpha functions with a
reversal potential Esyn = _75 mV, a rise time constant s = 1.5 ms, and a decay time constant
t = 2 ms. The resulting inhibitory postsynaptic potential (IPSP) at the soma reaches an

amplitude of 3mV (109,132). Group-II interneuron excitatory synapses are located along
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the dendritic tree with a Poisson distribution (128). Excitatory synapses are modeled by an
exponential function with reversal potential Esyn = 0 mV and decay time constant t = 0.5
ms. The conductance of excitatory synapses from group-la fibers was tuned to a mean
EPSP amplitude = 212 mV (133), increased by 28% to mimic the heteronymous
contribution of synergistic innervations (134). The conductance of group-II interneuron
synapses was set to one-third the size of group-Ia fiber EPSPs to mimic the smaller impact
of group-II fibers on motoneurons (135). Excitatory and inhibitory interneurons were
modeled as Integrate and fire cells with membrane time constant tm = 30 ms. Due to the
absence of experimental measurements, we tuned the strength of the reciprocal inhibition
by comparing the energy of the simulated and experimental EMG signals. We computed
a fitness score to measure the amount of alternation in bursting activity of antagonist

motor pools during gait:

Alternation = mean (1 — (EMGenvelopege, * EMGenvelopeey))

EnergyRatio = (EnergyEMGenvelopese,)/ EnergyEMGenvelopeey *

(EnergyExperimetnalEMGenvelopee)/ EnergyExperimentalEMGenvelopeex

Fitness Score = Alternation * EnergyRatio.

Synaptic strengths were set to match recordings in healthy rats during stepping (fitness
score equal to 1). We performed a robustness test over the chosen value. A variation of
40% in IPSP conductance of Ia-interneurons induced a 37% change in fitness, compared
to a total possible maximum change of 1,400% ranging from tonic activation to complete
suppression of the motor pool activity. A variation of 56% in EPSP strength resulted in a
10% change in fitness score, showing that the chosen parameters are robust and preserve

results over a wide range of values.

Muscle Spindle Model

Instantaneous firing rates of group-la and -II afferents fibers were computed using
a spindle model (136). Fibers stretch and stretch velocity were linked to the envelope of
EMG bursts to mimic the alpha-gamma linkage. The firing rates of the different fibers were

computed using the following equations:

la firing rate = 50 + 2 * stretch + 4.3 * sign(strVelocity) * strVelocity®®
+ 50 * EMGeny
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(Equation 1)
II firing rate = 80 + 13.5 * stretch + 20 * EMGgp,
(Equation 2)

Biomechanical Model

Estimation of the muscle fiber stretch during gait was derived from a realistic
musculoskeletal model of the rat hindlimb implemented in OpenSim (137) and validated
experimentally (138,139). We fed OpenSim with crest, hip, knee, ankle, and
metatarsophalangeal joint positions recorded in healthy rats (n = 10 steps) to calculate

the corresponding muscle stretch profile of muscles of the ankle.

Coupling with EES

The number of fibers recruited by EES was computed using a validated finite element
model of EES (90) with the same geometry and parameters. The coupling between EES
and the natural firing rate of afferent fibers is nonlinear. If a depolarization event occurs
when the nodes of Ranvier are producing an action potential or during its refractory period,
EES may fail to elicit a depolarization, or it may occur at higher thresholds. We modeled
afferents fibers as integrate and fire cells with a membrane time constant = 30 ms. EES
and natural firing rates were provided as suprathreshold synaptic inputs to each fiber.
Firing rates were calculated from the sum of EES frequency and natural firing rate on the

cell membrane.

EMG Model

Alpha motoneuron action potentials occurring at the last node of Ranvier were
convolved with representative motor unit action potentials (MUAPs), modeled as damped
sinusoidal waves with normally distributed amplitude (1 + 0.2 a.u.) and duration (7.5 £ 2
ms). A latency of 2 ms between each event and the corresponding MUAP was implemented
to account for the traveling time of an action potential from the spinal cord to the rat

triceps surae (94).

Statistical procedures

All data are reported as mean values + s.e.m. Behavioral assays were replicated
several times (3 to 10 times depending on the experiments) and averaged per animal.
Statistics were then performed over the mean of animals. All statistical analysis was
performed in GraphPad Prism, (USA) using two-sided paired or unpaired Student's t-tests,

one-way ANOVA for neuromorphological evaluations with more than two groups, and
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one- or two-way repeated-measures ANOVA for functional assessments, when data were
distributed normally. The post hoc Tukey's or Bonferroni test was applied when
appropriate. The significance level was set as p < 0.05. The nonparametric Mann-Whitney

or Wilcoxon signed-rank tests were used in comparisons of <5 rats or mice.

Data availability

Data are available from the authors upon request.
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IV. CHAPTERII

Activity-dependent recovery after spinal cord injury involves a druggable epigenetic

mechanism

4.1 Abstract

Injured axons fail to regenerate in the adult mammalian central nervous system
(CNS), leading to permanent deficits in sensory and motor functions. We found that
enhancing the activity of proprioceptive dorsal root ganglion (DRG) neurons through an
enriched environment induces a long-lasting increase in their regenerative potential that
is dependent on CREB Binding Protein (CBP)-mediated histone acetylation. Delivery of a
small molecule activator of CBP acetyltransferase at clinically relevant times after spinal
cord injury promoted regeneration and sprouting of sensory and motor axons, together
with improvement in both sensory and motor functions. These findings open avenues for

therapeutic developments in clinical spinal cord injury.

Adapted from the submitted manuscript: Activity-dependent recovery after spinal cord
injury involves a druggable epigenetic mechanism. T. H. Hutson, C. Kathe, 1. Palmisano,
K. Bartholdi, A. Hervera, F. De Virgiliis, E. MclLachlan, L. Zhou, G. Kong, Q. Barraud, M. C.
Danzi, A. Medrano-Fernandez, J. Lopez-Atalaya, A. L. Boutillier, S. H. Sinha, A. K. Singh, P.
Chaturbedy, L. D. F. Moon, T. K. Kundu, J. L. Bixby, V. P. Lemmon, A. Barco, G. Courtine*,

and S. Di Giovanni*,

#Co-senior authors
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4.2 Introduction

Following spinal cord injury (SCI), motor and sensory axons fail to regenerate, leading to
permanent neurological impairments (31,140). Sensory dorsal root ganglia (DRG) neurons
convey afferent information from the periphery to the spinal cord in order to modulate
motor outputs, and to supraspinal structures for the elaboration of sensorimotor
integration and conscious perception. Amongst the DRG, proprioceptive neurons innervate
muscle spindles and Golgi tendon organs. They transmit information about the length and
tension of muscles, which plays a critical role during sensorimotor execution (12,19).
Moreover, proprioceptive afferent feedback plays an important role in directing motor
recovery after SCL. Mice lacking functional proprioceptive afferents exhibit a defective
rearrangement of descending pathways that prevents recovery after SCI (12). This
observation indicates that proprioceptive neurons may deliver molecular cues for axonal
regrowth and sprouting after injury. In turn, modulation of proprioceptive afferents with
electrical stimulation (76,85) and rehabilitative training (34) augments neuroplasticity and
recovery in both animal models and humans after SCI (41). However, the underlying

mechanisms remain poorly understood.

Proprioceptors are ideally located for modulation by environmental stimuli. Here,
we investigated the impact of environmental enrichment (EE) on proprioceptive DRG
neurons, hypothesizing that this would prime them to initiate a regenerative response to
a subsequent injury. We show that augmenting the activity of proprioceptive DRG neurons
using EE induces a lasting increase in their regenerative potential that is dependent on
CREB Binding Protein (CBP)-mediated histone acetylation. In turn, pharmacologically
increasing CBP acetyltransferase activity at clinically-relevant times and in clinically-relevant
models of SCI promoted regeneration and sprouting of sensory axons and brainstem
motor pathways that mediated improvements in both sensory and motor functions. These
results show that neuronal activity leads to changes in chromatin environment that boost
the regenerative capacity of neurons. Elucidating the mechanisms underlying activity-
dependent responses in neurons translated into the identification of a clinically-relevant

pharmacotherapy for SCI that warrants evaluation in humans.
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4.3 Results

Environmental enrichment induces a lasting increase in the regenerative potential of
DRG neurons

To test whether EE can enhance the regenerative potential of DRG neurons, mice were
exposed to EE or standard housing (SH) for 1, 3, 6, 10 or 35 days. Neurite outgrowth of
DRG neurons was significantly enhanced only after exposure to EE for 10 or 35 days on a
growth permissive substrate (Figure 19A and B). The extent of neurite outgrowth on myelin
was similar to what is observed after a conditioning injury, which represents the benchmark
for stimulating DRG axon regeneration (141,142).

EE-dependent neurite outgrowth was abolished when delivering the transcriptional
inhibitor actinomycin-D in culture, suggesting a dependence of this response on gene
transcription. EE-dependent increase in neurite outgrowth was maintained during a 5-week
period of SH after 10 days of EE (Figure 19C, D and E), suggesting that EE may trigger
long-lasting epigenetic reprogramming. Analyses of growth responses revealed that EE
enhanced axon elongation rather than branching, which may translate into axonal
regeneration /n vivo.

Given the multifactorial nature of EE, we decided to discriminate between the
relative role of running, and the remaining environmental stimuli (larger cage, increased
number of mice, novel objects, and increased nesting material) on DRG outgrowth. Mice
were placed either in EE, in SH, in EE with an immobilised wheel or in SH with a running
wheel for 10 days. Analysis of neurite outgrowth showed that although the running wheel
in SH enhanced outgrowth compared to SH alone, the full complement of EE still induced
a significantly higher degree of outgrowth. This result indicated that the full EE is required
for maximal enhancement of DRG outgrowth.

We next tested whether EE can also enhance regeneration of axons within the
peripheral and the central nervous system. Prior exposure to EE enhanced sciatic nerve
regeneration after complete transection and re-anastomosis (Figure 19F and G), along
with increased muscle re-innervation after a sciatic nerve crush.

We then assessed whether pre-exposure to EE would enhance regeneration of
sensory axons in the dorsal columns after a SCI and compared this response to the
regeneration observed after a conditioning injury. Three groups of adult mice were
exposed to EE or SH for 10 days and then housed in SH, subsequently one SH group
received a conditioning sciatic nerve axotomy (SNA) injury and the other SH and the EE
groups underwent a sham injury. Next, all the mice received a thoracic (T12) dorsal

hemisection. Five weeks later, the retrograde tracer Cholera Toxin subunit B (CTB) was
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injected into the sciatic nerves to evaluate the regeneration of ascending dorsal column
axons (Figure 1H). The majority of labelled axons from SH Sham mice retracted from the
injury site. In contrast, labelled axons from EE Sham mice could be observed within the
lesion epicentre. Some regenerating axons even expanded beyond the lesion site, attaining
distance up to 800 um from the lesion border (Figure 19H and I). Some of these
regenerating axons co-localized with vGlutl, suggesting the formation of putative
synapses. In the SH SNA group, we also found as expected axons traversing the lesion
(Figure 19H and I).

We conducted terminal electrophysiological experiments 6 weeks after injury to
evaluate the functionality of these regenerating axons. The dorsal columns were stimulated
below the injury at L5, and recorded both below and above the lesion, at L1 and T9,
respectively (Figure 1J). In all the animals that underwent EE or SNA, compound action
potentials could be recorded above the lesion site. However, the amplitude of these
responses was significantly larger for the animals that had been housed in EE compared
to SNA (black traces, Figure 19K and L), suggesting an increase in neuroplasticity across
the lesion. There was no significant difference in the compound action potential recordings
below the lesion for any of the groups (blue traces, Figure 19K).

To assert that regenerating sensory axons were responsible for the increase in
conduction through the lesion site, we specifically silenced these axons using designer
receptors exclusively activated by designer drugs (DREADD), using methods that were
described previously (143). We injected an AAV-flex-hM4Di into the sciatic nerve to express
the Gi receptor into DRG neurons under Cre recombination. Three weeks after SCI, an
AAV-Cre was injected rostral to the site at of injury to express the Cre-dependent Gi-
coupled DREADD only in those DRG neurons that had extended axons through and beyond
the lesion. After 3 additional weeks, mice previously exposed to EE underwent
electrophysiological assessment. In all tested mice, compound action potentials could be
recorded beyond the lesion. Chemogenetic mediated silencing restricted to regenerated
axons (Cre-dependent AAV-flex-hM4Di) significantly reduced conduction across the lesion,

establishing causality that was confirmed with a re-transection (Figure 19K and L).
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Figure 19 Environmental enrichment induces a lasting increase in the regenerative potential of sensory neurons. a,
Cultured mouse sciatic DRGs after exposure to EE, stained for Beta-Ill-tubulin. Scale bar 100 um. b, Quantification of neurite
outgrowth (mean * SEM, Unpaired Student’s t-tests ***P<0.001, n = 4/group). ¢, Diagram illustrating the experimental
design, sciatic DRGs were cultured from mice that had been placed in EE for 10 days and then returned to SH for up to 5
weeks. d, Example images of sciatic DRGs from mice that had been in SH or EE for 10 days and then SH for 5 weeks. Scale
bar 100 um. e, Quantification of neurite outgrowth indicated that DRGs from mice that had been exposed to EE still had
significantly increased neurite outgrowth compared to SH controls (mean + SEM, unpaired Student’s t test *** P<0.001, n =
4/group).f, Sciatic nerves immunostained for SCG10 after transection and re-anastomosis, Scale bar 500 um. g,
Quantification of regenerating axons (mean + SEM, Two-way ANOVA, Holm-Sidak post-hoc, ***P<0.001, **P<0.01, *P<0.05
n = 6/group). h, CTB-traced (red) dorsal column axons after injury, DAPI (blue), lesion site (dashed line). Scale bar, 200 um.
i, Quantification of CTB positive regenerating axons (mean + SEM, Two-way repeated measures ANOVA, Tukey’s post-hoc
**p<0.01, ***P<0.001, n = 10/group). j, Electrophysiological setup. k, Compound action potentials recorded below (blue)
and above (black) injury. I, Quantification of compound action potentials above the lesion (mean + SEM, One-way ANOVA,
Fisher’s LSD post-hoc ***P<0.001, n = 6/group).

Proprioceptive afferent feedback is required for EE-mediated increase in DRG
regenerative growth

We next investigated whether a specific type of neurons were implicated in EE-dependent
regenerative growth. We injected CTB into the distal sciatic nerve one day after performing
a sciatic nerve crush injury. Consequently, only DRG neurons that regenerated an axon
across the injury site and into the denervated side would be able to take up the CTB tracer
(Figure 20A). Two days after the CTB injection, we assessed the number of CTB-positive
DRG neurons that co-stained for markers of the main DRG subpopulations (Figure 20B).
Prior exposure to EE significantly increased the number of CTB positive DRG neurons
(Figure 20C). The majority of DRG neurons, which regenerated axons through the sciatic
nerve crush and were retrogradely labelled with CTB, expressed markers of proprioceptors
(parvalbumin) rather than nociceptors (isolectin B4 or substance P) (Figure 20B and D),
suggesting that EE specifically enhances the regeneration of proprioceptive axons.

Next, we investigated whether the EE-dependent increase in regenerative potential
of proprioceptive neurons relied on a muscle spindle proprioceptive mechanism. To this
end, we used £gr3’- mice that while retaining a similar number of parvalbumin (PV) DRG
neurons compared to WT mice, this mutation abolishes muscle spindle proprioceptive
feedback (12,144) (Figure 20E). We found that EE- but not sciatic nerve axotomy-
dependent DRG outgrowth was abolished in mice lacking intact muscle spindles (£gr3”)
(Figure 20F and G). This observation demonstrates that EE-dependent regenerative
priming is contingent on intact proprioceptive feedback.

Finally, to further confirm the cell type specificity of the EE mechanism, we assessed
neurite outgrowth of DRG neurons from PV-tdTomato mice. Exposure to EE significantly
increased the outgrowth of PVON but not PV DRG neurons (Figure 20H and I).

Taken together, these experiments demonstrate that prior exposure to EE

specifically primes proprioceptive DRG neurons for enhanced axon regeneration.
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Figure 20 Proprioceptive afferent feedback is required for EE-mediated increase in DRG regenerative growth. a, Schematic
of the experimental design, after EE and SH exposure mice underwent sciatic nerve crush injury and CTB injection distal to
the crush site, axons that regenerate across the injury site take up CTB and retrogradely transport it to the soma. b,
Representative images of co-localization between parvalbumin, substance P or isolectin B4 (green) and CTB (red) in DRGs
from EE mice that had undergone a sciatic nerve crush. Scale bar, 50 um. ¢, Quantification of the number of CTB positive
DRG neurons suggests EE significantly enhances axon regeneration compared to SH (mean + SEM, unpaired Student’s t test,
** P<0.01, n = 3/group). d, Quantification of the percentage of CTB positive neurons that co-localized with parvalbumin,
substance P or isolectin B4 demonstrates high levels of co-localization between CTB and parvalbumin after exposure to EE.
e, Schematic showing Egr3 mutation resulting in degeneration of muscle spindles. f, Beta-lll-tubulin stained sciatic DRGs
from WT or Egr3-- mice after exposure to SH or EE .Scale bar 100 um. g, Quantification of neurite outgrowth. (mean * SEM,
One-way ANOVA, Tukey’s post-hoc, ***P<0.001, n = 4/group). h, Example images of tdTomato (red) positive or tdTomato
negative DRGs co-stained with beta-lll-tubulin (green) cultured from PV-cre x tdTomato mice that had been exposed to
either SH or EE for 10 days. Scale bar 100 um. i, Quantification of neurite outgrowth showed EE significantly increased
outgrowth of PV-tdTomato+ DRGs compared to PV-tdTomato- DRGs (mean + SEM, One-way ANOVA, Tukey’s post-hoc, **
P<0.01, *** P<0.001, n = 5/group).

Environmental enrichment induces85signalling pathways involved in neuronal activity,
calcium mobilization and the regenerative program of large-diameter DRG neurons
EE and exercise have been shown to increase neurotrophin expression and modify
cytokines influencing neuroplasticity (145-147). Surprisingly we found no changes in
neurotrophin or cytokines levels in the DRG or in the blood, suggesting that alternative
mechanisms may be responsible for EE-dependent DRG regenerative growth.

To uncover EE-dependent molecular mechanisms, we performed RNA sequencing
(RNAseq) from whole DRG or laser-captured large-diameter DRG neurons (LDN) and
conducted proteomic analysis from sciatic nerve axoplasm after EE or SH. Unsupervised
gene expression clustering showed dramatic changes in gene expression of LDN after EE
vs SH, but not in the whole DRG, which contains a multitude of different neuronal and
glial cell types (Figure 21A). These results confirmed that EE specifically modulates gene
expression in proprioceptors and potentially mechanoreceptors. EE preferentially increased
rather than repressed gene expression in LDN. Similarly, proteomic analysis showed a
larger number of up-regulated proteins after EE vs SH (71 vs 49). Importantly, 37 out of
71 significantly up-regulated proteins were also up-regulated at the RNA level, suggesting
that gene transcription drove the observed protein changes. Functional classification of
EE-dependent gene expression changes in LDNs revealed that EE strongly modulated
functionally interconnected molecular pathways involving ion channels, neuronal activity,
calcium signalling, energy metabolism and neuronal projection (Figure 21B). Combined
analysis of the RNAseq and proteomic datasets for protein-protein interactions identified
multiple interactions between proteins involved in neuronal activity, calcium85signalling
and cytoskeletal rearrangements, supporting a role for EE-mediated activity in axon

projection and elongation.
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These results encouraged us to investigate the role of neuronal activity and calcium
release in the EE-mediated increase in DRG regenerative potential. We employed an AAV-
mediated chemogenetics approach to inhibit or enhance neuronal activity of DRG neurons
using DREADD technology. When activated by the pharmacologically inert ligand
clozapine-N-oxide (CNO), Gi-coupled (hM4Di) DREADD receptors inhibit adenylyl cyclase,
which silences neuronal activity (148). Instead, activation of Gg-coupled (hM3Dq) DREADD
receptors enhance neuronal activity by eliciting IP;-mediated calcium release from
intracellular stores (148). This increase in intracellular calcium levels activates calcium-
dependent signalling cascades, which would thus mimic the effects of EE on DRG neurons
identified with gene and proteomic analysis.

We injected AAV vectors into the sciatic nerve to express hM4Di, hM3Dq or GFP in
DRG neurons. mCitrine/GFP expression confirmed an efficient transduction. Four weeks
after injection, mice expressing hM4Di, hM3Dq or GFP were placed in EE or SH. CNO was
added in the drinking water to activate the receptors. Ten days later, we performed a
sciatic nerve crush, and assessed the extent of regeneration three days post-injury (Figure
21C and D).

Gqg activation enhanced axon regeneration in SH mice and Gi-dependent
inactivation of DRG neurons significantly attenuated axon regeneration of mice exposed
to EE, demonstrating the importance of neuronal activity for EE-mediated regeneration
(Figure 21C and D). Expression of Gi in SH mice or Gqg in EE mice did not further impair
or promote axon regeneration (Figure 21C and D). Similar results were obtained when
assessing neurite outgrowth of DRGs cultured after /n vivo DREADD transduction and EE
exposure. Gg expression in DRGs from SH mice significantly increased neurite outgrowth
to a similar extent to what was observed in the DRGs of mice exposed to EE, while the
expression of Gi in DRG neurons significantly reduced EE-dependent outgrowth.

RNAseq and proteomics data suggests that EE may enhance calcium signalling in
proprioceptive DRG neurons. To visualize this induction of activity-dependent signalling
pathways in proprioceptive neurons in response to EE, we directly measured intracellular
calcium levels in these cells, as an indicator of release from intracellular stores. Transgenic
mice that expressed the genetically encoded calcium indicator GCaMP under the PV
promoter were exposed to EE or SH. Whole sciatic DRGs were extracted in order to
measure the fluorescent signals of proprioceptive neurons ex vivo when applying
increasing levels of potassium chloride. As anticipated, we found that a prior exposure to
EE significantly increased the levels of calcium in DRG neurons at all the potassium chloride
concentrations tested compared to calcium levels measured in the DRGs of SH mice

(Figure 21E and F). These observations show that EE increases calcium signalling in
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proprioceptive neurons, which is likely due to the increased solicitation of muscle spindles
and force sensors within the enriched environment.

These results provide evidence that EE increases neuronal activity and calcium
signalling in proprioceptive DRG neurons and plays an important role in the activity-

dependent increase in regenerative potential.

a RNA sequencing in DRG b Gene expression changes in LDNs
Large-diameter
BT WM \hole DRG neurons (LDNs)

-3-2-10123 \
. Calcium binding
\

,Extracellular vesicles
Mitochondrial .~ Neuron projection
membrane
protein

complex

~

—lon transport

~Gated channel

/ activity
lon
transmembrane
transport
N d Regenerating axons distal to lesion
= 60 BSHGFP MEEGFP
S SH Gi HEEGI
g 501 = _BSHGq B EE Gq
o Q40
% 30
- 0 4
85
g X 20
g 104
o 0

i 2 3 4 5
Distance from lesion site (mm)

f Intracellular calcium release from
PVON neurons

31 msH ==
BmEE

e

i
.

GCaMP intensity ratio (F/F0)

2

Baseline Baseline 50mM 100mM 150mM [KCI]

Figure 21 EE induces signalling pathways involved in neuronal activity, calcium mobilization and the regenerative program
of large-diameter DRG neurons. a, Heatmap of the differentially expressed (DE) genes in whole-DRG and LDN RNA-seq
(P<0.05). Color scale represents arbitrary expression units (lowest, blue; highest, red). b, Pie chart of genes in each functional
group identified by GO analysis of DE genes in LDN. Functional groups are color-coded. ¢, Sciatic nerves transduced with
AAV5-GFP, AAV5-hM4Di-mCitrine or AAV5-hM3Dg-mCitrine labeled with mCitrine/GFP after sciatic nerve crush. Arrow-
head: lesion site. Scale bar, 500 um. d, Quantification of axon regeneration (mean + SEM, Two-way repeated measures
ANOVA, Tukey’s posthoc, ***P<0.001, n = 6/group). e, Time-lapse images of intracellular calcium release from whole-mount
PV-GCaMP DRGs before and after addition of 150 mM KCL. Scale bar, 50 um. f, Quantification of F/Fo ratio after 50 mM,
100 mM and 150 mM KCI (mean + SEM, Two-way ANOVA, Sidak’s post-hoc **P<0.01, ***P<0.001, n = 4/group).
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CBP mediated histone acetylation is required for EE-dependent increase in
regeneration potential

We reasoned that EE-dependent modulation of neuronal activity might induce epigenetic
modifications enabling active transcription and a lasting increase in regenerative potential.
Indeed, we found that EE enhanced H3K27ac and H4K8ac but not H3K9ac, H3K4me2 or
H3K4me3 in parvalbumin-positive DRG neurons (Figure 22A, B and E). H4K8ac and
H3K27ac are both well-established markers of transcriptional activation, which correlated
with our RNAseq data where we observed activation of gene expression in the large-
diameter sensory neurons after EE. These two histones can be acetylated by CREB-binding
protein (CBP) (149,150), a lysine acetyltransferase that contains two calcium-sensitive
transactivation domains (151) and involved in activity-dependent neuroplasticity
(80,152,153). Acetylation of CBP increases its acetyltransferase activity and facilitates
transcription complex formation and acetylation of H4K8 and H3K27, leading to persistent
changes in transcriptional activity (154,155). EE significantly increased pCREB (Figure 22C,
D and F) and active acetylated-CBP (acCBP) expression in parvalbumin-positive DRG
neurons (Figure 22G and H). Levels of H4K8ac but not pCREB or acCBP remained elevated
in PVON DRG neurons 5 weeks after exposure to EE. The levels of histone acetylation are
likely ~maintained because they do not rely solely wupon the histone
deacetylase/acetyltransferase equilibrium but on the overall epigenetic configuration of
the locus. While this is important for histones, it is unlikely for proteins, such as CBP, whose
acetylation status directly depends on the activity of signal transduction pathways.
Furthermore, the levels of H4K8ac and acCBP in DRG neurons were enhanced or inhibited
by hM3Dq or hM4Di, respectively, linking calcium-dependent neuronal activity to histone
acetylation.

To further elucidate the role of CBP in the EE-mediated increase in the regenerative
potential of DRG neurons, we used CaMKIla-creERT2/CBPYf transgenic mice with tamoxifen
inducible CBP deletion in CaMKIla positive cells (80). This population of neurons includes
both large and medium diameter DRG neurons (156). Four weeks after tamoxifen
treatment, mice were placed in EE or SH for five weeks prior to the extraction of the sciatic
DRG neurons. Neurite outgrowth was then assessed in culture. Importantly, the conditional
deletion of CBP in CaMKIla-positive DRG neurons (80) abolished the EE-dependent increase
in neurite outgrowth (Figure 22I and J). This data suggests that CBP specifically contributes
to mediating the increase in regenerative potential of DRG neurons after EE exposure. We
also found that CBP deletion completely abolished the EE-mediated increase in H4K8ac

(Figure 22K), ruling out a significant role for other histone acetyltransferases.
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Figure 22 CBP is required for EE-dependent increase in regeneration potential. a, DRGs stained for H4K8ac (green),
parvalbumin (red) and DAPI (blue). Scale bar, 50 um. b, Quantification of H4K8ac intensity (mean + SEM, unpaired Student’s
t test *** P<0.001, n = 6/group). ¢, Examples images of DRGs from mice housed in SH or EE, which were double stained for
pCREB (green) and parvalbumin (red). Scale bar, 50 um. d, Quantification of the fluorescence intensity of pCREB in the nuclei
of parvalbumin positive DRGs show as significant increase 10 days after EE compared to SH (mean + SEM, unpaired Student’s
ttest *** P<0.001, n = 4/group). e, Immunoblotting analysis for H4K8ac from protein extracts from whole sciatic DRGs after
10 days exposure to SH or EE. Shown is a significant increase in the expression of H4K8ac following exposure to EE (mean +
SEM, unpaired Student’s t test, ** P<0.01, n = 3/group). H4K8ac was normalised the levels of H4, while GAPDH was used as
a loading control. f, Immunoblotting analysis for pCREB from protein extracts of whole sciatic DRGs revealed that exposure
to EE significantly increased levels of pCREB compared to SH (mean + SEM, unpaired Student’s t test ** P<0.01, n = 3/group).
pCREB was normalised to levels of CREB, while GAPDH was used as a loading control. g, DRGs stained for acCBP (green) and
total CBP (red). Scale bar, 50 um. h, Quantification of acCBP intensity (mean + SEM, unpaired Student’s t test *** P<0.001,
n=11/group). i, Cultured DRG neurons from WT x CBP"f or CaMKIlla-creERT2 x CBP"/f mice (Beta-llI-tubulin, red and H4K8ac,
green). Scale bar, 200 um. j, Quantification of neurite outgrowth (mean = SEM, One-way ANOVA, Tukey’s post-hoc ***
P<0.001, n = 5/group). k, Quantification of H4K8ac intensity (mean + SEM, One-way ANOVA, Tukey’s post-hoc *** P<0.001,

n =5/group).
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Pharmacological CBP/p300 activation enhances sprouting of both descending motor
and ascending sensory axons leading to functional recovery after contusion SCI in rats

The central role of CBP suggested that the pharmacological activation of CBP might
mimic the EE-dependent increase in regenerative growth of DRG neurons. To test this
hypothesis, we delivered a small-molecule activator of CBP/p300 (TTK21) after SCI. A recent
study has shown that TTK21 is non-toxic, and when conjugated to glucose derived carbon
nanospheres (CSP), TTK21 successfully crosses the blood brain barrier, effectively enhances
histone acetylation in the hippocampus, and promotes improvements in learning and
memory capacities (157). We first confirmed that the addition of CSP-TTK21 to DRG
cultures was capable of increasing neurite outgrowth compared to control CSP. Indeed,
CSP-TTK21, a pharmacological activator of CBP/p300 (157), triggered a significant increase
in neurite outgrowth and H4K8ac in cultured neurons (data not shown).

To substantiate the efficacy of CSP-TTK21 in vivo, we evaluated whether CSP-TTK21
could promote anatomical and functional neuroplasticity of motor systems after a more
clinically relevant SCI. Adult rats underwent a mid-thoracic spinal cord contusion (220
kdyn). CSP-TTK21 or CSP was administered i.p. 6 hours after SCI, which is a clinically-
relevant time point after injury, and repeated weekly thereafter.

To quantify locomotor performance, we applied a principal component (PC) analysis
to various parameters calculated from kinematic recordings of quadrupedal walking along
a flat corridor. PC1l captured the extent of the recovery, showing that CSP-TTK21
significantly improved locomotor performance compared to CSP-treated rats. Parameters
that correlated with improved recovery included reduced paw dragging, increased step
height and more frequent plantar steps with weight bearing (Figure 23A-D). The number
of footfalls occurring during locomotion across a horizontal ladder also decreased
significantly. This functional recovery was associated with increased sprouting of
descending reticulospinal and serotoninergic axons within the lumbar spinal cord (Figure
23E-J). Accordingly, CSP-TTK21 enhanced H4K8ac in the reticular formation and raphe
nucleus. CSP-TTK21 also augmented the density of vGlutl-positive boutons from
proprioceptors onto motoneurons located within lumbar segments below the injury
(Figure 23K and L), which was associated with increased muscle responses evoked by
stimulating proprioceptive afferents (H-reflex, Figure 23M). However, CSP-TTK21 did not
affect the lesion size or GFAP intensity.

Together, these results show that activating CBP using a small-molecule promotes
sprouting of descending pathways and proprioceptive afferents below injury associated

with improved recovery of both sensory and motor functions after SCIL.
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Figure 23 Pharmacological CBP/p300 activation enhances sprouting of both descending motor and ascending sensory
axons leading to functional recovery after contusion SClI in rats. a, Image showing joints used for reconstruction of hindlimb
movements b, Representative hindlimb kinematics after treatment with CSP or CSP-TTK21. Black, orange and grey
correspond to stance, drag and swing phases of gait, respectively. ¢, PC analysis of gait parameters averaged for each group
at weeks 1, 4 and 8 and quantification of average scores on PC1, which quantify the locomotor performance of rats treated
with CSP or CSP-TTK21 (mean + SEM, Two-way ANOVA, Fisher’s LSD post-hoc * P<0.05, n = 10/group). d, Bar plots of drag
duration and step height show significant improvements after CSP-TTK21 treatment (mean + SEM, unpaired Student’s t test
* P<0.05, **P<0.01, n = 10/group). e, Schematics showing strategy for tracing vGi axons, T9 contusion and the L4 ventral
horn analyzed for vGi and 5HT sprouting. f, CSP-TTK21 increased sprouting of descending vGi axons (Red) observed around
motoneurons (ChAT, Cyan) in the lumbar ventral horn. Scale bar, 50 um. g, Quantification of vGi intensity in the ventral horn
(mean = SEM, unpaired Student’s t test, ***P<0.001, n = 10/group). h, CSP-TTK21 increased sprouting of descending 5HT
axons (Magenta) was observed around motoneurons (ChAT, Cyan) in the lumbar ventral horn. Scale bar, 50 pum. i,
Quantification of 5HT intensity in the ventral horn (mean + SEM, unpaired Student’s t test, ***P<0.001, n = 10/group). j,
Sagittal sections showing CSP-TTK21 increased sprouting of descending vGi (Red) and 5HT (Green) axons around
motoneurons (ChAT, White) below in the injury in the lumbar ventral horn. Scale bar, 50 um. K, vGluT1 positive
boutons (yellow) from Group-la afferents in proximity to motoneurons (ChAT, Cyan) below the injury (L1-4). Scale bar, 25
um. I, Quantification of vGIluT1 positive boutons opposed to motoneurons (mean + SEM, unpaired Student’s t test
***p<0.001, n = 10/group). m, The amplitude of the H-wave significantly increased after treatment with CSP-TTK21 (mean
+ SEM, One-way ANOVA, Tukey'’s post-hoc * P<0.05, n = 10/group).

4.4 Discussion

Our work demonstrates how increasing the neuronal activity of proprioceptive DRG
neurons prior to an injury using EE or chemogenetics elicits CBP-mediated histone
acetylation that is required for the enduring increase in axonal regeneration potential.
Activating CBP using a small-molecule at clinically relevant time points and in clinically-
relevant models of SCI mimicked the effect of increasing neuronal activity. CSP-TTK21
treatment promoted regeneration of ascending sensory axons and sprouting of both
sensory and supraspinal motor axons below the lesion. The induced spinal circuit
reorganization resulted in significant electrophysiological and behavioural recovery. Here,
we discuss the role of activity on enhancing the regeneration potential of proprioceptive
neurons as well as the molecular mechanisms underlying these effects before concluding

on the implications for spinal cord repair and rehabilitation.

Activity-dependent mechanisms for priming the regeneration potential of
proprioceptive neurons

The complete lack of EE-mediated increase in neurite outgrowth observed in DRGs from
mice with defective muscle spindle receptors demonstrates the importance of
proprioceptive neurons and muscle spindle afferent feedback in triggering the activity-
dependent increase in regeneration potential. This finding provides novel evidence and
expands upon the recent demonstration that muscle spindle feedback is essential for
inducing the correct anatomical reorganisation of projection neurons and functional
recovery after spinal cord injury (12). Multiple pieces of evidence emphasised this
remarkable cell type specificity. Furthermore, we found that EE drives the expression of

genes underlying neuronal activity, calcium signalling and regenerative pathways in large-
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diameter DRG neurons. Indeed, this robust gene expression response was largely lost when
RNAseq was performed from the whole DRG that contains multiple neuronal populations
and glial cells, highlighting the specificity of EE-mediated gene-expression in large-
diameter DRG neurons, which are essentially composed of cells innervating proprioceptors.
Finally, the impact of neuronal activity on axon regeneration could be reproduced
experimentally. We showed that the manipulation of DRG neuronal activity using
chemogenetics reproduced or abolished EE-mediated increase in axonal regeneration
potential. Indeed, the increase in DRG neuronal activity alone triggered an increase in axon
regeneration, further expanding upon what has been observed recently (158,159).

These data suggest that the effects of EE are essentially elicited by proprioceptive
feedback signals, which leads to an enhanced activity of proprioceptive DRG neurons that

promotes a lasting augmentation of their regenerative potential.

Lasting increase in regeneration potential involves CBP-dependent histone acetylation
Our results provided evidence that the lasting increase in regeneration potential resulted
from a CBP-dependent increase in histone acetylation and a dramatic increase in gene
expression, including pathways involved in neuronal activity, axonal projection and
cytoskeleton remodelling. Specifically, neuronal activity elicited by EE activates CBP and
increases the acetylation of H4K8. This enduring increase in histone acetylation likely
mediates the long-lasting enhancement in regenerative potential of these DRG neurons
that extends for several weeks. The requirement of CBP was confirmed as deletion of CBP
completely abrogated the EE-dependent increase in DRG neurite outgrowth and H4K8
acetylation. Furthermore, pharmacological activation of CBP after SCI promoted axonal
regeneration and functional recovery. These data show that CBP is necessary for the EE-
mediated increase in DRG neurite outgrowth and that its activation promotes functionally
relevant axon regeneration and sprouting leading to recovery. These results expand upon
recent studies by us and others showing that associated histone acetylation with a
transcriptional-dependent enhancement of the regeneration program in neurons (160-
165). We previously demonstrated that a conditioning injury activates p300/CBP associated
factor (PCAF). Together with HAT p300, PCAF promotes acetylation of the promoters of
known regeneration associated genes (RAGs), which facilitate their expression and thereby
enhance axon regeneration after injury (160,161,163). The inhibition of HDACs promotes
histone acetylation that can also promote axon regeneration (162,164). Similarly, nuclear
export of HDAC5 has been shown to be required for peripheral axon regeneration and for
the induction of a number of RAGs (165). However, our present results show that EE-

dependent histone acetylation does not involve PCAF since H3K9ac is not altered by EE
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and it does not require p300, since CBP deletion completely blocked EE-dependent DRG
regenerative growth. These observations suggest that a conditioning injury and EE operate
via separate signalling mechanisms leading to distinct histone acetylation changes.
Collectively, these studies demonstrate the importance of the chromatin
environment to the regenerative capacity of DRG neurons. Identifying and manipulating
key histone modifiers that can orchestrate broad changes in gene transcription may lead

to significant improvements in axon regeneration.

Implications for spinal cord repair and rehabilitation

The identification of the mechanisms underlying the activity-dependent increase in
DRG regenerative growth allowed us to reproduce these effects pharmacologically. We
show that the activation of CBP within a clinically relevant time frame after SCI using a
non-toxic small molecule promotes axon regeneration and enhanced both
electrophysiological and behavioural functional recovery in sensory and motor tests. These
findings show that activity-dependent regenerative pathways triggered preceding a SCI
can also be successfully targeted to enhance axonal regeneration and sensorimotor
recovery after injury.

Rehabilitation strategies including exercises that increase afferent activity in the
spinal cord are now well established procedures to augment functional recovery in rodents
after SCI (34,166-168). Moreover, modulation of proprioceptive afferent circuits with
electrical spinal cord stimulation (74,76,169) augments neuroplasticity and recovery after a
SCL Thus, our results re-emphasized the critical role of proprioceptive neurons in steering
the re-organisation of neural pathways that supports functional recovery after SCL

However, few studies have systematically investigated the impact of task-specific
rehabilitation strategies prior to SCI on neuroplasticity and functional recovery. One study
demonstrated that voluntary exercise prior to peripheral nerve injury enhances peripheral
nerve regeneration (145). This observation is consistent with the robust axon regeneration
resulting from an exposure to EE prior to a peripheral nerve injury. The study by Molteni
et al reported an increase in neurotrophin mRNA in the DRG after exercise (145).
Consequently, they used a pharmacological inhibitor of Trk tyrosine kinase to demonstrate
that the exercise-mediated increase in DRG outgrowth was contingent on neurotrophin
release. These findings differ from our data, since we did not observe any significant
increase in neurotrophin mMRNA or protein levels in DRGs after exposure to an EE. Along
the same lines, a recent study has shown that exercise after SCI does not change
neurotrophin expression in large-diameter DRG neurons (170). It is possible that the

pharmacological inhibitor of Trk tyrosine kinase may have off-target effects altering
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multiple intracellular signalling pathways that lead to the reduction in DRG outgrowth.
Voluntary exercise also prevents the reduction of key signalling molecules that are involved
in neuroplasticity including p-synapsin I, p-CREB and p-CaMK in the spinal cord and brain
(171). Similarly, we found that EE triggers an increase in calcium related signalling
molecules known to be important in gene regulation and inducing neuroplasticity.

Finally, it is worth speculating upon the anecdotal evidence that individuals who
had an "active lifestyle” recover to a greater degree after SCI than individuals who lived
“less active” lifestyles. In addition to the global benefits associated with a healthy lifestyle,
our combined observations prompt us to suggest that neurons are “primed” for axonal
regeneration and sprouting, which contribute to this enhanced recovery. It will be useful
to collect epidemiological data supporting or refuting this hypothesis.

In summary, we have demonstrated an epigenetic-based mechanism underlying
activity-dependent neuronal plasticity. The exploitation of this mechanism allowed to
develop a novel pharmacotherapy that enhanced spinal cord repair and functional recovery

after SCI, opening a realistic pathway for clinical evaluations.
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4.5 Materials and methods

Animal models

All procedures were carried out in accordance with the UK Animals (Scientific
Procedures) Act 1986 and approved by the veterinarian and ethical committee of Imperial
College and the canton of Vaud and Geneva. Male C57BL/6J mice (Charles River
Laboratories, UK) ranging from 6 to 8 weeks of age were used for all experiments except
those specifying transgenic mice. Female WT/lox-tdTomato, CaMKIla-Cre-ERT2/lox-
tdTomato, CaMKlla-Cre-ERT2/CBP, WT/CBPf mice with a C57BL/6) genetic background
have been previously described®. For CBP ablation experiments, tamoxifen (T5648; Sigma)
was administered to 4 week old CaMKIla-creERT2/CBPf mice using a gastric probe for 5
consecutive days (total consumption ~20 mg per animal); control animals were non-cre
recombinase expressing CBPYf mice (WT/CBP"") treated with tamoxifen. PV-cre x GCaMP
and PV-cre x tdTomato mice on a C57BL/6J genetic background were provided by the
Courtine laboratory. £gr3/- mice containing the £gr3 mutant allele previously described?
were maintained on a C57BL/6J genetic background and provided by the Courtine lab.
Adult female Lewis rats (180-220 g body weight, 14-30 weeks of age) were used for the

CBP activator experiment.

Animal housing

Animals were kept on a 12 hr light:dark cycle with food and water provided ad
libitum. Standard housing for mice consisted of 26x12x18 cm? cages housing 4 mice with
tissue paper for bedding, a tunnel and a wooden chewstick. The enriched environment
housing consisted of 36x18x25 c¢cm? cages housing 8 mice with tissue paper for bedding,
a tunnel and a wooden chewstick. EE cages also received additional nesting material which
included nestlets, rodent roll and sizzle pet (LBS biotech). EE cages continually contained
a hanging plastic tunnel (LBS biotech) and a plastic igloo combined with a fast-track
running wheel (LBS-biotech). In addition to this EE cages received a wooden object (cube,
labyrinth, tunnel, corner 15) (LBS biotech) that was changed after 5 days to help maintain
a novel environment. The EE cages also received 15 g fruity gems (LBS biotech) every 5
days to encourage exploratory and natural foraging behaviour. Rats were house in standard

housing conditions with 3 rats per cage.
DRG culture

Glass coverslips were coated with 100 pg/ml poly-D-lysine (Invitrogen) in H,O for

2 hours at room temperature. The PDL was removed and washed 3 times with PBS
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(Invitrogen, UK), after which they were coated with 2 pg/ml of laminin (Millipore) for 2
hours at 37°C. For the inhibitory myelin substrate, 8 ug/cm? of extracted rat myelin was
added to the laminin coated coverslip for 2 hrs at room temperature before removing the
myelin and leaving to air dry for 30 mins. L4-L6 DRGs were dissected and collected in
Hank's balanced salt solution (HBSS) (Invitrogen) on ice. DRGs then underwent enzymatic
digestion (5 mg/ml Dispase II (Sigma), 2.5 mg/ml Collagenase Type II (Worthington) in
DMEM (Invitrogen) and incubated at 37°C for 45 min with occasional mixing. DRGs were
then transferred to media containing 10% heat-inactivated fetal bovine serum (Invitrogen,
UK), B27 (Invitrogen) in DMEM:F12 (Invitrogen) mix and were briefly triturated with a 1 ml
pipette to manually dissociate the DRG. After which, the single cell suspension was spun
down, re-suspended in media containing 1x B27 and Penicillin/Streptomycin in DMEM:F12
mix and plated at 4,000 cells per coverslip and 4,500 per coverslip for the myelin substrate.
The culture was maintained in a humidified incubator at 5% CO, and 37°C for 12 or 24
hours before fixing with 4% PFA (Sigma) in PBS (Sigma). For the transcriptional inhibition
experiment 0.01 pg/ul or 1 pg/pl Actinomycin-D was added to the culture media at time
of DRG plating.

Immunocytochemistry

Cultures were fixed with 4% PFA (Sigma) for 20 mins at room temperature and then
washed with 1X PBS (Invitrogen). The cells were blocked with 10% normal donkey serum
(Sigma) in PBS + 0.3% Triton-X for 1 hour at room temperature. Primary antibodies used
were: Beta-IlI-tubulin (1:1000, Promega G712A) and H4K8ac (1:1000, Abcam ab15823).
Primary antibodies were diluted in 10% normal donkey serum (Sigma) in PBS + 0.3%
Triton-X and left incubating with the cells for 4 hours at 4°C. Primary antibodies were
removed and the cells washed 3 times in 1X PBS. This was followed by incubation with
Alexa Fluor 568-conjugated Donkey anti-mouse and Alexa Fluor 488-conjugated Donkey
anti-rabbit (1:1000, Invitrogen) in PBS + 0.3% Triton-X for 2 hours at room temperature.
To visualize the nucleus, the cells were stained with DAPI (1:5000, Molecular Probes) in
PBS + 0.3% Triton-X.

Sciatic nerve axotomy, crush and reanastomosis

Mice were anesthetised with 3% isoflurane in 1 L/min oxygen and given a
subcutaneous injection of 5 mg/kg Rimadyl and 0.1 mg/kg Buprenorphine for perioperative
analgesia. A small incision was performed at the gluteal region and the muscles blunt
dissected to expose the sciatic nerve. For SNA the sciatic nerve was completely transected

using micro-scissors (Fine Science Tools). For the crush injury the sciatic nerve was crushed
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using no.5 fine forceps (Fine Science Tools) keeping constant firm pressure for 10 seconds.
For reanastomosis the nerve was completely transected as above and the two ends were
re-anastomosed using two 2.0 sutures. The skin was then closed with two suture clips. For
sham surgeries the sciatic nerve was exposed but left uninjured. Regeneration was assessed

1 day after the crush and 3 days after the reanastomosis.

Intramuscular injection

Fourteen days post sciatic nerve crush sensory axons that had re-innervated the
muscle were traced by injecting 5 pl of 1% CTB (List Biological Laboratories) diluted in
saline into the tibialis anterior and medial gastrocnemius muscles using a 10 pyl Hamilton
syringe and Hamilton needle (NDL small RN ga34/15mm/pst45°) (Hamilton). 3 days post-
tracing, mice were terminally anaesthetised and transcardially perfused with 20 ml PBS (pH
7.4) (Sigma) followed by 20 ml 4% paraformaldehyde in PBS (Sigma).

Dorsal hemisection injury

Surgeries were performed as previously reported?. Briefly, mice were anesthetised
with 3% isoflurane in 1 L/min oxygen and given a subcutaneous injection of 5 mg/kg
Rimadyl and 0.1 mg/kg Buprenorphine for perioperative analgesia. A laminectomy at
vertebra T9 was performed to expose spinal level T12 and a dorsal hemisection until the
central canal was then performed using micro-scissors (Fine Science Tools). For the sham
surgery a laminectomy was performed but the dorsal hemisection was not. Any bleeding

was stopped and the muscle and skin was sutured closed.

Contusion injury

Rats were anesthetised with 3% isoflurane in 1 L/min oxygen, a partial laminectomy
was made at the T9 vertebra. Contusion injury was produced using a force-controlled
spinal cord impactor (IH-0400 Impactor, Precision Systems and Instrumentation). The
applied force was set to 220 kdyn (1 dyn = 10 pN). The spinal cord displacement
induced by the impact was measured for each animal. Analgesia (buprenorphine, 0.01-
0.05 mg/kg, s.c.) and antibiotics (Baytril 2.5%, 5-10 mg/kg, s.c.) were provided for 3

days after surgery

Axonal tracing - Mice
Six weeks post spinal cord injury the sensory axons in the dorsal columns were
traced by injecting 3 pl of 1% CTB (List Biological Laboratories) diluted in saline into the

sciatic nerve using a 10 pl Hamilton syringe and Hamilton needle (NDL small RN
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ga34/15mm/pst45°) (Hamilton). 4 days post-tracing, mice were terminally anaesthetised
and transcardially perfused with 20 ml PBS (pH 7.4) (Sigma) followed by 20 ml 4%
paraformaldehyde in PBS (Sigma).

Axonal tracing - Rat

Nine weeks post contusion injury an AAV vector was injected (AAV8-CAG-DIO-
tdTomato-COMET, titre 1.03x10** vg/ml, kindly provided by Prof. M. Tuszynski) into the
ventral gigantocellular (vGi) for tract-tracing was performed in rats. Under isoflurane
anesthesia, a craniotomy was performed over the brainstem medulla oblongata.
Injection coordinates for rats were —11, -11.5, =12 mm caudal, +0.8 mm mediolateral
to bregma and 9.5 mm ventral from the surface of the cerebellum (six injections total,
250nl per injection, injected with a Hamilton injection system). The AAV vector was
injected at 3nl/s and the needle was held in place for 3 min before being slowly
retracted. Five weeks after the AAV injections rats were terminally anaesthetised and
transcardially perfused with 200 ml PBS (pH 7.4) (Sigma) followed by 200 ml 4%
paraformaldehyde in PBS (Sigma).

Histology and immunohistochemistry

Tissue was post-fixed in 4% paraformaldehyde (PFA) (Sigma) and transferred to 30%
sucrose (Sigma) overnight to cryoprotect, the tissue was then embeded in OCT compound
(Tissue-Tek) and frozen at -80°C . DRGs were sectioned at 10 pym thickness and mouse
spinal cord at 15 pm, rat spinal cord at 30 ym and rat brainstem at 40 uym using a cryostat
(Leica). Tissue sections were blocked for 1 h with 10% normal donkey serum (Sigma), 0.3%
Triton X-100 (Sigma) in PBS, and then incubated with, and H4K8ac (1:1000, ab15823),
H3K27ac (1:500, ab4729), H3K9ac (1:500, Cell Signalling 9671), H3K4me? (1:500, Abcam
ab8580), H3K4me? (1:500, Cell signalling 9726), Parvalbumin (1:1000, Abcam ab64555),
Substance P (1:250 ab67006), IB4 (1:250, Invitrogen 121411), CBP (1:50, Abcam ab50702),
acCBP (1:1000, Abcam ab61242), pCREB (1:100, Abcam ab32096), SCG-10 (1:500, Novus
biologicals NBP1-49461), CTB (1:1000, List biological 703), vGlutl (1:1000, Synaptic system
135302), 5-HT (1:6000, Sigma S5545), ChAT (1:200 Chemicon), GFAP (1:500, Millipore
AB5804) antibodies O/N. This was followed by incubation with Alexa Fluor 568-conjugated
donkey anti-mouse and Alexa Fluor 488-conjugated donkey anti-rabbit or Alexa Fluor 568-
conjugated donkey anti-rabbit and Alexa Fluor 488-conjugated donkey anti-mouse
(1:1000, Invitrogen), respectively. Slides were counterstained with DAPI to visualise nuclei
(1:5000, Molecular Probes). Photomicrographs were taken with a Nikon Eclipse TE2000

microscope with a optiMOS scMOS camera using 10x or 20x magnification.
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Image analysis
Image analysis was performed using Image) (Fiji) software. All analysis was

performed by the same experimenter who was blinded to the experimental groups.

Analysis of neurite outgrowth

The mean neurite outgrowth per DRG neuron was manually measured using the
NeuronJ plugin for Image). We measured the mean neurite outgrowth of 75 neurons per
mouse with at least 4 mice per group and 3 technical replicates per mouse. The EE-
mediated increase in DRG outgrowth was also independently verified by our collaborators

in Miami, strengthening the reproducibility of this phenotype.

Analysis of immunohistochemistry for epigenetic marks, pCREB, CBP and acCBP

For quantitative analysis of pixel intensity, the nucleus or soma of DRG neurons were
manually outlined in images from one series of stained tissue for each mouse. To minimise
variability between images pixel intensity was normalize to an unstained area and the

exposure time and microscope setting were fixed throughout the acquisition.

Analysis of vGi and 5HT fibres in the ventral horn

Intensity of SHT immunohistochemistry or tdTomato fluorescent protein labelling of
the vGi fibres was measured in the ventral horn of L1-4 spinal sections. Quantification was
done using ImageJ, the background was subtracted and then the mean pixel intensity was

measured from one series of tissue for each animal.

Analysis of vGlutl immunohistochemistry in proximity to motor neurons

vGlutl, a pre-synaptic marker labelling proprioceptive or cutaneous sensory afferent
terminals was used to identify boutons in close proximity to motor neurons, which had
been retrogradely traced with CTB. To determine the number of vGlutl boutons in close
proximity to motor neurons, consecutive confocal images (0.3 pm thick optical sections)
were acquired as Z-stacks (total average thickness: 15 um) using a 40x objective. The
Average number of vGlutl boutons opposed to motor neurons in the ventral horn of L1-

3 spinal sections was calculated by analysing at least 20 motor neurons per animal.
Analysis of GFAP intensity and area around the lesion site

GFAP intensity and area was quantified from sagittal spinal cord sections from one

series of tissue for each animal. Quantification was done using ImageJ, the background
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was subtracted and then the mean pixel intensity and area of immune-reactivity was

measured.

Analysis of CTB positive dorsal column axon regeneration in the spinal cord
Regeneration of dorsal column axons were quantified from sagittal spinal cord
sections from one series of tissue for each mouse. CTB intensity was quantified using
Image) software at set distances rostral to injury centre then expressed as a percentage of
the CTB intensity caudal to the injury site to control for variations in tracing efficacy. The
furthest rostral CTB positive axon was determined relative to the lesion centre and caudal
axon retraction was defined as distance the lesioned axon bundle retracted relative to the

lesion centre.

Analysis of SCG10 and mCitrine axon regeneration after sciatic nerve injury

The regeneration of peripheral axons in the sciatic nerve was quantified from one
series of tissue from each mouse. SCG10 or mCitrine intensity was quantified using ImageJ
software at set distances distal to injury site then expressed as a percentage of the pixel
intensity proximal to the injury site to control for variations in staining or transduction

efficiency.

Behavioural analysis

Mice were trained daily for 2 weeks pre-surgery before baseline measurements and
then assessed on day 3 post-surgery and weekly thereafter. All behavioural testing and
analysis was done by an observer blinded to the experimental groups.

Gridwalk — Mice crossed a 1 m long horizontal grid 3 times. Videos of the runs
were analysed at a later time-point and errors from both hind-limbs were counted. Error
values represent the total number of slips made by both hind-limbs over the 3 runs.

Horizontal ladder — Rats walked across a 1 m long horizontal ladder 3 times. Videos
of the runs were analysed and errors from both hind-limbs were counted. Error values
represent the total number of slips made by both hind-limbs over the 3 runs.

Adhesive tape test — An 8 mm diameter adhesive pad was placed on each hind-
paw. The mouse was then placed into plexi-glass box and the time until it first made
contact with each of the adhesive pads was recorded, followed by the time until it removed
the adhesive pads from each hind-paw. The maximum time allowed for each animal was
5 mins. Each animal was tested twice per time-point and values represent the average time

from both hindpaws from both runs.
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Kinematic recordings

All procedures used have been detailed previously*®. Kinematic recordings were
obtained from rats walking over-ground along a horizontal runway. Bilateral hindlimb
kinematics were captured with a Vicon high-speed motion capture system (Vicon Motion
Systems), using 12 infrared cameras (200 Hz). Reflective markers were attached
bilaterally at the iliac crest, the greater trochanter (hip joint), the lateral condyle (knee
joint), the lateral malleolus (ankle) and the distal end of the fifth metatarsophalangeal
joint. The body was modeled as an interconnected chain of rigid segments, and joint
angles were generated accordingly. For both the left and right legs, 10 step cycles were

extracted randomly over several trials on the runway for each rat at each time point.

Analysis of kinematic recordings

A total of 78 parameters quantifying gait features were computed for each leg
and each gait or stroke cycle according to methods described in detail previously*®. All
parameters are reported in Supplementary Table 1. To evaluate differences between
experimental conditions and groups, as well as the most relevant parameters to explain
these differences, we implemented a multistep statistical procedure based on principal
component (PC) analysis. PC analyses were applied to data from all individual gait cycles
for all rats together. Data were analysed using the correlation method, which adjusts
the mean of the data to 0 and the s.d. to 1. This method of normalization allows the
comparison of variables with disparate values (large vs. small values) as well as different
variances. Locomotor performance was quantified with the score along PC1, which
segregated differences between groups. Factor loading of parameters on PC1, i.e. the
correlations between each parameter and PC1l explaining recovery, are reported in

Supplementary Table 1.

Electrophysiology

Mice were anaesthetized with an IP injection of 50 mg/kg ketamine and 0.5 mg/kg
medetomidine. Their thoracic and lumber back was shaved and disinfected with
chlorhexidine. Mice were kept on a heating blanket throughout the procedure and
anaesthesia depth was monitored and the anaesthesia topped up if needed.
Laminectomies were performed at vertebrae levels T13, T11 and T7 to expose spinal levels
L5, L1 and T9. A concentric bipolar stimulating electrode (FHC CBBPC75) was placed over
the dorsal columns at L5 for local surface stimulation (stimulation range: 100 psec at 0.1
mA to 0.5 mA, 0.2 Hz). Field potentials were recorded at either L1 (below the injury) or T9

(above the injury) with a fine microneurography electrode (in-house custom made) inserted
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superficially into the spinal cord. Recordings were filtered between 300 and 6 kHz;
amplified by 4 k. The animals were grounded with a 30 G needle through the skin. The
traces had a typical positive-negative-positive waveform corresponding to the compound
action potential in the dorsal column® with a conduction velocity of around 25 msec’. To
capture all components of the compound action potentials, we analysed the area under
the curve by measuring the absolute integral of the curves (between 1 and 11 msec). 5
traces were averaged per mouse for analysis and representation at a stimulation intensity
that distinctively excites dorsal column fibres controlled for by recording from below the

lesion site.

Hoffmann-Reflex Testing

Electrophysiology was performed as previously reported®. Briefly, rats were
anaesthetized with 30 mg/kg ketamine and 0.1 mg/kg medetomidine and two 24-G needle
electrodes were inserted across the lateral side of the ankle for nerve stimulation (via a
constant current isolated pulse stimulator, stimulus width 100 us). Two recording electrodes
were inserted into the medial plantar foot to record electro myograms. The signal was
amplified (1000-fold), filtered (10 Hz to 5 kHz), digitized via PowerlLab, visualised and
analysed with LabChart. The M-wave is evoked by excitation of motor axons. The H-wave
is the monosynaptic reflex: Ia proprioceptive afferents synaptically activate motor neurons
in the spinal cord. The threshold was determined as the lowest stimulation intensity that
elicited a H-wave response in at least 75% of the recordings. First, the responses to
increasing stimulus intensities were tested at 0.1 Hz up to 2 x threshold. M-wave and H-
wave amplitudes were normalized to the maximum M-wave recorded at higher stimulation

intensities.

Laser capture micro-dissection

Sciatic L4-L6 DRGs were extracted from 3 mice per condition. Using RNase-free
conditions, DRGs were embedded with Tissue Freezing Medium (Triangle Biomedical
Sciences, Inc) and frozen in dry ice-cold 2-methylbutane. 16 um thick sections were cut on
the cryostat and collected on Leica PEN-membrane slides (Leica). From each animal, 4-6
slides were obtained. Toluidine blue (Sigma) staining was used to identify the DRG neurons.
Slides containing sections were dehydrated and stained with ethanol series, as follow: 3
times of 30 seconds in 70% ethanol, 60 seconds in 0.5% Toluidine blue dissolved in 70%
ethanol, 2 times for 30 seconds each in 70% ethanol, 1 time for 30 seconds in 90% ethanol,

2 times for 30 seconds in 100% ethanol. Once air-dried the slides underwent laser capture
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using a Leica LMD 6000 microscope. From each animal, large diameter neurons with a

diameter of > 30 microns were obtained.

Western Blot

Proteins from L4-L6 DRGs were extracted using RIPA buffer with protease and
phosphatase inhibitor cocktails (Roche), lysed for 30 min on ice followed by 30 min
centrifugation at 4°C. Protein concentration was quantified using Pierce BCA Protein
Assay Kit (ThermoScientific). Subsequently, 10-50 ug protein was loaded in SDS-
polyacrylamide gel electrophoresis (PAGE) gels and transferred to polyvinylidene
difluoride (PVDF) membranes for 2h. Membranes were blocked with 5% BSA or milk for
1h at room temperature and then incubated with H4K8ac (1:1000, ab15823), H4 (1:1000,
Abcam ab10158), CREB (1:500, Abcam ab178322), pCREB (1:500, Abcam ab32096) or
GAPDH (1:1000, cell signaling 14C10) antibodies at 4°C overnight. Membranes were then
incubated with HRP-linked secondary antibody (GE Healthcare) for 1h at room

temperature and developed with ECL substrate.

RNA sequencing

RNA sequencing was performed using RNA from whole DRG tissue and from large
diameter laser microdissected DRG neurons in 3 biological replicates. For whole DRG
RNAseq, sciatic L4-L6 DRGs were extracted from 2 mice per sample and stored in RNase
later (Qiagen). DRG tissue was crushed with RNAse free micropestle and RNA was extracted
using RNAeasy kit (Qiagen), according to manufacturer’'s protocol. Residual DNA
contamination was removed by on column DNase I treatment (Qiagen) for 15 min at room
temperature. RNA concentrations and quality were measured using Agilent 2100
Bioanalyzer (Agilent). RNA with RIN factor above 7.5 was used for library preparation.
Libraries were prepared at Ospedale San Raffaele (Milan) using the TruSeq mRNA Sample
Preparation kit (Ilumina) and sequenced using Illumina HiSeq 2500 100-cycle, pair end
sequencing.

For Laser captured DRG neurons, RNA was extracted using Arcturus PicoPure RNA
isolation kit (Life Technologies), following manufacturers protocol. RNA concentrations and
quality were measured using Agilent 2100 Bioanalyzer (Agilent). RNA with RIN factor
between 6 and 7 were used for library preparation. Libraries were prepared using the
RiboZero ScriptSeq V2 kit working from the low input protocol using 100 ng of RNA per
sample. Libraries were sequenced using Illumina HiSeq 2500 generating 125 bp, paired

end reads.
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Sequence reads were aligned to the mm10 mouse reference genome sequence using
tophat version 2.0.12 running Bowtie2-2.2.3. Gene structure annotations corresponding to
the Ensembl annotation of the mml0 genome sequence were used to build a
transcriptome index and provided to tophat during the alignment step. The aligned reads
were sorted using samtools-0.1.19 and read counts per gene were obtained from mapped
reads using HTSeq-0.6.1. EdgeR version 3.8.6 (using limma-3.22.7) in R-3.1.1 was used to
identify differentially expressed genes. Read-level quality checking was performed using
fastqc-0.10.1 and the fastqc-aggregator (https://github.com/staciaw/fastqc_aggregator)
and gene-level quality checking was performed using RSeQC-2.6.1. The gene expression
in EE was compared to SH. Heatmap of RNAseq mRNA expression levels of the genes
differentially expressed in any sample group (P<0.05) were generated in Matlab R2014b
using the dustergram function.

Gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) were
performed on the differentially expressed genes with DAVID (Database for Annotation,
Visualization, and Integrated Discovery (http://david.abcc.ncifcrf.gov/)) using a threshold of
P<0.05. Functional GO clustering was performed using ClueGO in Cytoscape
(http://www.cytoscape.org): (Bonferroni P<0.05) (GO tree interval min3, max8) (GO
selection min 4, 1%) (K score 0.3). Differentially expressed proteins and genes that resulted
enriched in the GO functional clustering were uploaded into STRING to build a protein-
protein interaction network. The network was visualized by Cytoscape, where each node
represents a differentially regulated gene (RNA-seq) or protein (proteomic) and edges

represent protein-protein interactions.

Axoplasm extraction and proteomics

Sciatic nerves were dissected and the axoplasm was obtained according to the
previously published protocol®. LC-MS was performed on axoplasmic samples by the
Quantitative Biology Center (QBiC) in Tuebingen followed by proteomics analysis. Each
axoplasmic extract processed for proteomics was derived by pooling 16 nerves dissected
from 8 mice that were housed for 10 days in either SH or EE in biological triplicates and
technical duplicates. The raw data was processed with MaxQuant version 1.5.0.25. The
protein and peptides intensities were normalized using the "quantile normalization"
procedure in R. The differential expression analysis of the proteins and peptide
modifications was performed by the means of mixed linear models R (nlme) and ANOVA.
The effect of treatment (SH vs EE) on protein expression was modelled as: intensity ~
treatment, with technical replicates nested within biological replicates as random factor.

Correction for multiple hypothesis testing was done by R (qvalue) at FDR < 0.05.
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Ca imaging

PV-cre x GCaMP mice were housed in EE or SH for 10 days. L4-L6 DRGs were
extracted and immediately suspended in HBBS without Ca?* (Thermofisher) with 10 mM
Hepes (Thermofisher) at 37°C, 5% CO,. The DRGs were then placed into a video-microscopy
chamber at 37°C and suspended in HBSS without Ca?* (Thermofisher), to avoid any calcium
influx from extracellular medium. Time-lapse recordings were taken with images acquired
every 1 second for 5 minutes. Imaging was done on a Nikon Eclipse TE2000 microscope
with a optiMOS scMOS camera using 20X magnification. After 30 seconds of baseline
recording, increasing concentrations (50 mM, 100 mM and 150mM) of KCL (Sigma) were
added to the DRG to elicit depolarisation and induce intracellular Ca?* release.
Quantification was done using the ImageJ plug-in 7ime series analyser, where the soma of
all PV neurons were analysed per DRG, 6 DRG's per mouse and 4 mice per condition. To
determine the fold-change in GCaMP intensity after KCL addition, the GCaMP intensity
ratio “F/Fo" was calculated by dividing the average fluorescence intensity after KCL addition

“F" with the average intensity of baseline fluorescence “Fo”.

Cytokine Assay

Sciatic L4-L6 DRGs (pool of 4 mice) and serum (pool of 2-4 mice) were collected in
3 biological replicates. 100 pl of serum (corresponding to 1.5 mg of proteins) was run on
a Mouse Cytokine Array Panel A (R&D System) and developed according to manufacturer’s
protocol to quantify cytokine levels. The resulting spots on the membrane were quantified

by densitometry and the signal intensity in the EE samples was referred to the SH control.

Neurotrophin ELISA

Levels of neurotrophins were analysed in homogenised L4-6 DRG samples and
blood serum. Blood serum was diluted 1:7 to avoid matrix interference, while DRGs were
lysed in RIPA buffer and diluted 1:6. 100 pl of serum (corresponding to 0.2 mg of proteins)
and 100 pl of lysate (corresponding to 80 mg of proteins) were analysed with the Multi-
Neurotrophin Rapid Screening ELISA kit (Biosensis), according to manufacturer's
instructions. The absorbance at 450 nm of the samples, obtained using GLoMax plate
reader (Promega), was interpolated against the standard curve to calculate the

neurotrophin concentration, and referred to mg of proteins.
Synthesis of carbon nanospheres of average size 350nm

5 g of D(+) glucose was dissolved in 50 mL of deionised water to form a clear

solution. The solution was placed in a 65 mL teflon lined sealed stainless steel autoclave
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and maintained at 180 °C for 12 hr. The products were centrifuged at 10000 rpm for 10
min and were washed with water and ethanol thrice each before being dried in the oven
at 60 °C for 4 hr. The final product is a brownish powder which had spheres with an

average size of 350 nm.

Synthesis of TTK21

To the Dichloromethane (DCM)solution of 2-Propoxy Benzoic Acid (3.3mmol) one
equivalent of thionyl chloride (3.66 mmol) and 4-5 drops of N, N-Dimethylformamide(DMF)
were added and the solution was refluxed for 4hr. Thionyl chloride was removed by
evaporating the solvent 3-4 times and to that DCM was added (Solution A). To the DCM
solution of 4-Chloro-3-(trifluoromethyl) amine (3.1 mmol) a few drops of triethylamine was
added at 0 °C and was stirred for 30 min (Solution B). The solution B was added drop-
wise to the solution A at 0 °C and after sometime the solution was heated to reflux for 4
hr. Then the solution was evaporated to dryness and was purified by column

chromatography. White crystalline solid was obtained.

Conjugation of TTK21 to CSP

CSP suspension in DCM was reacted with one equivalent of SOCI, and few drops
of DMF. The reaction mixture was refluxed at room temperature for 4hr. Thionyl chloride
was removed by evaporating the solvent 3-4 times and to that DCM was added to make
the suspension. To that suspension one equivalent TTK21 and few drops of triethylamine
were added. The reaction was refluxed for 4 hr. The suspension was filtered and the
precipitate was washed with DCM. The conjugated CSP-TTK21 was dried. The conjugation
of TTK21 to the nanosphere was analysed by Energy Dispersive X-ray Spectroscopy EDX.
The spectrum of CSP-TTK21 shows that wt % of Fluorineis 0.31 which belongs to TTK21
indicating the covalent conjugation of TTK21 to CSP.

CSP-TTK21 administration

Animals were randomised to treatment with the CBP/p300 activator bound to
carbon nanospheres (CSP-TTK21) or a control of just carbon nanospheres (CSP) (mice — 20
mg/kg, rats — 10 mg/kg injected IP once a week). Mice received the first IP injection 4
hours after SCI and tats received the first IP injection 6 hours after SCI to simulate a
clinically-feasible delay-to-treatment and then once a week thereafter. The optimal dose
and time-course for retention of the small molecule-bound nanospheres in the CNS had

been previously determined®®. CSP-TTK21 activates CBP 4 fold more potently than p300.
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No adverse effects were observed following IP administration of CSP-TTK21 and after

histological analysis no obvious cellular toxicity was observed.

AAV-DREADD experiments

Non-Cre dependent DREADD AAV vectors (AAV5-CaMKlla-EGFP, AAV-CaMKIla-HA-
hM3D(Gq)-IRES-mCitrine, AAV-CaMKIla-HA-hM4D(Gi)-IRES-mCitrine) were purchased
from UNC vector core. Viral titres were matched to 1x10'* GC/ml. 3ul of non-cre dependent
AAV vector was injected in to the sciatic nerve to transduce DRG neurons. 4 weeks later
the mice were placed in EE or SH for 10 days and given 0.05 mg/ml CNO with 5mM
sucrose in their drinking water each day, mice received approximately 5mg/kg CNO per
day.

To determine whether any observed increase in conduction across the lesion site
was contingent on regenerating axons. Cre-dependent AAV-DREADD vector (AAV-hSyn-
DIO-hM4D(Gi)-mCherry) was purchased from UNC vector core. Titre was 1x10* GC/ml. 3
weeks after a T9 dorsal hemisection 0.5ul of cre-dependent AAV5-DREADD-Gi vector was
injected in to the spinal cord at T7. 3 weeks later during terminal electrophysiological

experiments mice received an LP. injection of CNO (1.2 mg/kg body weight).

Statistical analysis

Results are expressed as mean values + SEM and n values represent number of
animals in all experiments. Statistical analysis was carried out using Graphpad Prism 7
(GraphPad, prism software) using two-tailed unpaired Student’s #tests, one-way ANOVA
for evaluation of experiments with more than two groups, and one- or two-way
repeated-measures ANOVA for functional assessments, when data were distributed
normally. Tukey's, Sidak’s or Fisher's LSD post-hoc tests were applied when appropriate.
Behavioral assays were replicated two or three times, depending on the experiment, and
averaged per animal. Statistics were then performed over the mean of animals. A
threshold level of significance a was set at P<0.05. Significance levels were defined as
follows: *p < 0.05; **p < 0.01; ***p < 0.001.

108






V. INTEGRATION & PERSPECTIVES

Functional impairments after SCI are the result of the physical interruption of
descending connections to spinal cord circuitries located below the level of the lesion. As
a consequence, these circuits become isolated from the brain and remain in an inactive
state insufficient to generate movement, despite being anatomically and functionally intact
(8). Without any interventional therapy, recovery of motor control remains absent. To date,
one of the most promising strategies to re-activate spinal circuits below a lesion includes
epidural electrical stimulation (EES). There is growing evidence that EES contributes to the
improvement of motor function and recovery after spinal cord injury (SCI), especially when
combined with physical activity such as locomotor training. Several studies in animal
models and human patients reported increased motor control and improved functional
recovery when EES was applied over lumbar segments (34,86).

Besides locomotor training enabled by EES, the exposure to enriched environment
(EE) represents another activity-based rehabilitation strategy that has been shown to
induce plasticity in the adult CNS of experimental animals. Nevertheless, the underlying
mechanisms accompanying plastic changes at the spinal and sensory afferent level in
response to EE are not well understood.

The two studies presented in this thesis provide direct and conclusive experimental
evidence for the mechanistic understanding of EES and EE and how they mediate functional
recovery after SCL. Our findings demonstrate the importance of large-diameter afferent
fibers in mediating functional recovery and will be important in establishing a framework

for the design of neuromodulation therapies after SCI in human patients.
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5.1 Refined strategies to modulate proprioceptive feedback after SCI

Our findings in chapter I demonstrate that EES robustly activates proprioceptive
neurons concentrated in DRGs through the recruitment of their large-diameter, myelinated
fibers. These findings point towards the importance of exploiting muscle spindle feedback
in the design of EES-based rehabilitative strategies after SCIL. For example, a more specific
modulation of proprioceptive feedback circuits during rehabilitation may enhance
functional outcomes after SCI. There are several possibilities to achieve a higher specificity
in recruiting proprioceptive feedback circuits when applying EES.

One possibility to specifically recruit proprioceptive neurons in DRG consists in
applying electrical currents within a defined range of stimulation frequencies (41,76). Based
on modeling experiments, spatiotemporal EES patterns applied with a frequency envelope
resembling the firing rates of Ia afferent fibers is ‘in-phase’ with the natural firing pattern
of proprioceptive afferent fibers during locomotion. In rodents, this ‘in-phase’ stimulation
approach has been shown to enhance the activity of proprioceptive feedback circuits.
Moreover, this stimulation paradigm led to improved motor and sensory outcomes in
human patients when combined with daily locomotor training over five months (41).

Another possibility to enhance the activity of proprioceptive feedback circuits after
SCI consists in the pharmacological modulation proprioceptive neurons located in DRGs.
Pharmacological receptors expressed on proprioceptive neurons may serve as a possible
target for pharmacological agents to modify the activity of proprioceptive pathways. As
demonstrated in this thesis, noradrenergic receptor subtypes could be a possible target to

achieve this goal.

5.2 The role of low-threshold mechanoreceptors in mediating the effects of EES

Besides proprioceptive afferents, we showed that low-threshold mechanoreceptors
(LTMRs) involved in the transmission of light touch information are also recruited by EES.
Compared to muscle spindle feedback, little is known about the effects of LTMRs on the
motor system and how their activation by EES affects motor outcomes. This lack of
knowledge may partly explain why many modeling studies, which examined the
mechanisms of EES, mainly focused on proprioception but barely on LTMR feedback.

To study the effects of LTMRs on motor outcomes in our computational model, we
integrated intraspinal LTMR connections based on the gained anatomical knowledge.
These simulations provide important insights about role of LTMRs involved in the
generation of locomotion under EES.

Indeed, the role and activation pattern of LTMR afferents is fundamentally different

compared to the one of proprioceptive afferents. In contrast to proprioceptive circuits,
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LTMRs are activated in a phase-dependent manner, meaning they are activated throughout
the entire stance phase of the leg whereas they are inactive during swing phase (25). Our
modeling experiments suggested that the continuous activation of LTMR feedback circuits
by continuous EES interferes with the natural activity of LTMR circuits and consequently
diminishes locomotor outcomes enabled by EES.

Indeed, down-regulating the excitability of LTMRs in combination with an up-
regulation of proprioceptive circuits during EES-enabled stepping immediately enhanced

locomotor outcomes in spinal rats and mice.

A similar sensory-specific modulation of proprioceptive and cutaneous afferents
pathways has recently been described in monkeys (29). During the execution of forearm
reaching movements, electrical stimulation was applied to nerves containing either
cutaneous or proprioceptive afferents. Whereas cutaneous inputs were suppressed
regardless of the type of movement, muscular inputs were specifically facilitated during
relevant movements. These outcomes imply that different streams of sensory information
are modulated in an individual manner.

In the intact state, this sensory-specific modulation may be directly controlled by
the brain. A recent study in monkeys demonstrated the existence of direct supraspinal
connections onto cutaneous interneurons within lamina III/IV (26). Supraspinal inputs were
found to be mediated by corticospinal tract (CST) fibers which controlled the activity of
lamina III/IV interneurons by direct and phase specific inhibition during movements.
Similarly, direct CST connections from the brain to cutaneous interneurons in the spinal
cord have been shown in mice (21). After SCI, when supraspinal and spinal centers are
isolated from each other, this brain-derived inhibition does not exist anymore. Here, by
inactivating lamina III/IV interneurons pharmacologically through the injection of the dual
alpha2c agonist/alpha2a antagonist, we mimicked brain-derived inactivation of these

interneurons which is usually provided in the intact state.

5.3 The problematic of noradrenergic receptor modulation

Historically, noradrenergic alpha2 receptors have been among the first ones
targeted to restore locomotion after SCL In cats with a complete transection of the spinal
cord, clonidine has been shown to reliably enhance stepping function after SCI (47,53,54).
In contrast, when delivering clonidine in human patients, a depression of locomotor states
was observed (48). A similar functional outcome was reported when clonidine was applied

in combination with EES in spinal rats (72). These conflicting functional outcomes among
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different species may explain why noradrenergic receptor stimulation only received
minimal attention as a means to pharmacologically modulate spinal circuits after SCL

Until now, there was no explanation for the observed interspecies differences in
functional outcome in response to clonidine. By using alpha2a® and alpha2c®™ transgenic
mouse lines, we found that these two receptor subtypes are expressed on proprioceptive
and LTMR feedback circuits. The inactivation of proprioceptive afferent pathways through
the activation of alpha2a receptors explains why this pharmacological agent abolished
locomotor outcomes enabled by EES. Similarly, the inactivation of proprioceptive afferents
as a consequence to the administration of clonidine may account for the diminished
stepping outcomes observed in human patients. These findings explain why clonidine
alone or in combination with EES failed to induce stepping after SCL

Nevertheless, it is still not clear why clonidine enabled locomotion in cats but not
in rats or humans. In order to induce stepping in cats, tail pinching was often applied after
the injection of clonidine. Tail pinching is primarily activating cutaneous afferent pathways
and is thus activating different afferent feedback circuits compared to EES. Another
explanation for the observed differences could be that cats display a different

noradrenergic receptor distribution compared to rats and humans.

Having the detailed knowledge about the expression pattern of alpha2a and
alpha2c receptor subtypes, together with the evidence that EES modulates proprioceptive
and LTMR afferents, we were able to tailor a targeted neuromodulation strategy to produce
stepping after SCI. As electrical and pharmacological stimulation both exert their effects
on the same neuronal structures, a direct interaction between the two interventions was
observed in functional testing. Electrical or pharmacological intervention alone did not
induce plantar and weight-bearing stepping. In contrast, when both interventions were
applied simultaneously, all tested rats displayed robust, weigh-bearing locomotor
movements. This is in contrast to serotonergic or dopaminergic receptor modulation. Even
though serotonergic agonists (5HT;, 5HT,s, 5HT;) have been shown to potentiate the
effects of EES, such a direct interaction as observed between EES and the dual alpha2a

antagonist/alpha2c agonist cannot be achieved.

5.4 Activity-dependent mechanisms mediated by enriched environment

Using mice placed in enriched environment (EE) or standard housing (SH), we
provided a more detailed insight into activity-dependent mechanisms at the spinal level.
We have shown that increased physical activity (in combination with more social

interaction) mediates long-term plasticity of proprioceptive afferent neurons in DRG.
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Consequently, rats and mice showed improved functional and sensory recovery after injury.
The finding that EE primarily engages muscle spindle feedback mechanisms involved in
the transmission of proprioceptive information is critically important. Several labs have
previously shown that mice lacking functional muscle spindles showed a defective
rearrangement of intraspinal pathways involved in the generation of locomotion, which
diminished recovery of stepping after SCI (12). Our findings provide a direct link between
muscle spindle feedback and neuronal activity to induce plasticity after injury. Overall, we
here demonstrate the importance of muscle spindle feedback underlying physical activity
and recovery of function after injury. Our findings suggest EE as a way to boost axonal

plasticity, i.e. to enhance functional recovery after SCIL

5.5 The detailed mechanistic understanding of the applied neuromodulation allows
the design of more precise clinical interventions

Despite lacking mechanistic understanding about how EES mediates its effects to
produce locomotion after SCI, functional improvements in patients with relatively simple
stimulation protocols have been reported in the past. Nevertheless, there is critical need
for the detailed understanding of the underlying mechanisms of the applied therapeutical
intervention (114). The mechanistic understanding of EES and EE presented here has the
potential to further optimise or combine current stimulation strategies with the goal to
enhance functional improvements after SCL

Furthermore, in patients with a more severe SCI, the effects of EES may need further
enhancement in order to induce meaningful functional outcomes. A specific
pharmacological intervention targeting large-diameter afferent fibers may help to achieve
this enhancement.

Altogether, the findings presented here may lead to more specific therapy
interventions in the future and establish a framework to design more efficient

neuromodulation strategies to reverse paralysis in humans one day.
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