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,Das Studium und allgemein das
Streben nach Wahrheit und Schénheit
ist ein Gebiet, auf dem wir das ganze
Leben lang Kinder bleiben diirfen.”
,Study and in general the pursuit of
truth and beauty is a sphere of activity
in which we are permitted to remain
children all our lives.”

Albert Einstein

"Alles, was man zum Leben braucht,
ist Unwissenheit und Selbstvertrauen,
dann ist der Erfolg sicher.”

"All you need in life is ignorance and
confidence, then success is sure."
Mark Twain






Table of Contents

Table of Contents

| List of Abbreviations

Il Abstract

Il Zusammenfassung

1.

Introduction

1.1. Epidemiology of Spinal Cord Injury

1.2. Pathophysiology of Spinal Cord Injury

1.3. Treatment of spinal cord injury

1.3.1.
1.3.2.

Acute treatment
Long term management and treatment — rehabilitation

1.4. Experimental spinal cord injury in research

1.4.1.
1411
1.4.1.2.

14.2.

Experimental Models
Animal models of spinal cord injury
Lesion Models

Therapeutic approaches

1.5. Intrinsic and extrinsic inhibition of axonal regeneration after SCI

1.6. Spontaneous remodeling and autonomous spinal cord mechanisms for recovery after SCI

1.6.1.
1.6.2.

Detour Circuit of the CST
Plasticity of the serotonergic system and the central pattern generator (CPG)

1.7. Rehabilitation

1.7.1.
1.7.2.

Differences between humans and Animals
Exercise and Rehabilitation in Animal Models of Spinal Cord Injury

1.8. Molecular cues involved in axon guidance and synapse formation

1.9. Semaphorin7a in axon outgrowth and guidance

1.10. FGF22: A regulator of synapse formation

ATMS OF The TRESIS ..ceeeeueiiiiiiiiitirreieerttteeereeeeeeteeanssseeeeeeeeennssssseeesseensssssssseeseensssssssssessssnsssssseessssnnsssssnseesnnnnns 25

Results..........

3.1. Voluntary exercise improves functional recovery and strengthens rewiring of supraspinal circuits

following spinal cord injury.

3.2 Semaphorin 7A controls the proper targeting of corticospinal and serotonergic fibers following spinal

cord injury

3.3. FGF22 signaling regulates synapse formation during post-injury remodeling of the spinal cord.

Discussion

4.1. The impact of voluntary rehabilitation on functional recovery following incomplete spinal cord injury in

mice



Table of Contents

4.2. Sema7A and its role in the proper targeting of corticospinal and serotonergic fibers following spinal cord
injury

4.3. FGF22 in recovery and synapse formation after injury

TR 0 T ol [ 1 o T N 142
LT =1 =T =Y 4 V=P 143
IV ACKNOWIEAZEMENT ... e e e e e e e e e e e e e e e e e eeeeeeeeeseeeeeessssessessesssssessssssnesssssssssnnssnnnnnnnnnnnnnn 151
V List Of PUBIICAtIONS ..ccoiiuiiiiiiiiiiiiiiiiiiiiiciiinciinncinie e csssss e ssss e s ssns s s s ssn e s sessnesssssnnesssnnne 153
VIl Eidesstattliche Versicherung/Affidavit ............iiiccirireeeiiiiieirrneeeeesecccrrsneeeeeesssesssnseeeeessssssssssssesssssssssssnnsnnens 154

VI AUTROT CONTFIBULIONS ....cceeeeeeiieeiieiiicc ettt ceeeeeeenneeeeeeeeeeanssseeeseseennnsssssssesesnnssssssssesesesnnnssssssesnsnnnsssnsnsnnes 155



List of Abbreviations

| List of Abbreviations

5HT, 5HTR
AAV
AC
ASIA
BBB
BDNF
(opy oy §
CA
cAMP
ChAT
cMmv
CNS

cp

CPG
CSPG
CST, dCST
DCC
DRG
EAE
EMG
FGF, FGFR
GFAP
GFP
GPCR
GPI
HET
hSyn
IGF
IGF1
IP3

KO

L L1
LOT
LPSN
MASCIS
mDA
MS
mTor
NG2
NMJ
NRO
OPN
PLC
PNS
PTEN
-RorR
ROM
SCI
Sema7A

serotonin/5-Hydroxytryptamin , serotonin receptor
adeno associated virus

adenylyl cyclase

American Spinal Injury Association

blood brain barrier

brain derived neurotrophic factor

cervical, cervical vertebrae 1

cornu ammonis

cyclic adenosine monophosphat

choline acetyltransferase

cytomegalovirus

central nervous system

cerebral palsy

central pattern generator

chondroitin sulfate proteoglycans
corticospinal tract, dorsal corticospinal tract
deleted in colorectal cancer

dorsal root ganglion

experimental autoimmune encephalomyelitis
electromyography

fibroblast growth factor, fibroblast growth factor receptor
glial fibrillary acidic protein

green fluorescent protein

G-protein coupled receptor
glycophosphatidylinositol

heterozygous

human synapsin promotor

insulin like growth factor

Insulin like growth factor 1

inositol trisphosphate

knock out

lumbar, lumbar vertebrae 1

lateral olfactory tract

long propriospinal neuron

Multicenter Animal Spinal Cord Injury Study
mesodiencephalic dopamine neurons
multiple sclerosis

mechanistic target of rapamycin
neuroglial2proteoglycan

neuromuscular junction

nucleus raphe obscurus

osteopontin

phospholipase C

peripheral nervous system

phosphatase and tensin homolog

receptor

range of motion

spinal cord injury

Semaphorin 7A



List of Abbreviations

SOCS3
SPSN
STAT3
SynCam
T,T1
TrkB
USA
VEGF
VLM
VTA
WT

suppressor of cytokine signaling 3
short propriospinal neuron

signal transducer and activator of transcription 3
synaptic cell adhesion molecule
thoracic, thoracic vertebrae 1
tropomyosin receptor kinase B
United States of America

vascular endothelial growth factor
ventral lateral medulla oblongata
ventral tegmental area

wild type



Abstract

Il Abstract

Spinal cord injury is a devastating disease with limited therapeutic options today. Affected individuals
loose sensory and motor function below the level of the injury and remain impaired throughout their
life, in particular in case of anatomically complete lesions. Incomplete lesions have a better prognosis
and it has been shown that in case of incomplete spinal cord injuries remodelling of cut axonal pathways
contributes significantly to functional recovery, by forming new connections to relay central information
from the brain to the right synaptic partners in the lumbar spinal cord. One well studied example is the
detour circuit between the corticospinal tract and long propriospinal relay neurons that re-connect the
severed central tract via interneurons to the lumbar motor neurons. This process has different stages
and prerequisites: (i) the severed axon has to initiate some form of growth, then (ii) it has to find a
suitable synaptic partner and (iii) a working synaptic contact has to be established. My thesis aimed at
understanding several aspects of this remodelling process as we believe that only combinatorial
therapies that target the different remodelling phases will trigger most significant functional recovery. |
focussed on the corticospinal and raphespinal pathways as central motor inputs onto hindlimb motor

neurons.

As the only therapy that is beneficial in clinical settings is rehabilitative training, | first asked myself
whether and how rehabilitation in the form of voluntary exercise can trigger functional recovery. During
this study | have demonstrated that voluntary exercise improves functional recovery and accelerates the
remodelling process of the corticospinal pathway. Moreover, it potentiates the correct targeting of
serotonergic and corticospinal fibers onto inter- and motorneurons thereby strengthening the newly

formed circuitry.

Secondly, | studied the role of Sema7A, a potential guidance cue, following spinal cord injury. Sema7A
can act as an attractive and repulsive signal on growing axons in development and is needed for the
correct outgrowth and targeting of central nervous system tracts. | discovered that loss of Sema7A
impairs functional motor recovery after spinal cord injury and leads to loss of targeting of two major
supraspinal pathways, the cortico- and the raphespinal tract. In addition, | showed that loss of Sema7A
signalling enhanced axonal growth of these axons without the formation of more needed synapses onto
target neurons, outlining the importance of correct axonal targeting and the role of Sema7A in

restricting patterning of supraspinal axonal tracts following injury.

Finally, we investigated the role of FGF22 and its receptors FGFR1 and R2 on adult de-novo synapse
formation after spinal cord injury. We found that deletion of FGF22 or its two receptors impairs axonal

remodelling as well as the de novo formation of new synapses in general and onto relevant relay
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neurons. Mice deficient for FGF22 signalling also show deficits in functional motor recovery after spinal
cord injury emphasizing the crucial importance of synapse formation in this remodelling process.

Studying the overexpression of FGF22 as a potential therapeutic target is currently underway.

In summary my thesis aims at better understanding various underlying mechanisms of successful
remodelling of supraspinal pathways following spinal cord injury. In particular we have now identified
factors involved in axonal guidance and synapse formation, two key mechanisms of successful axonal
remodelling. As we have also evidence that rehabilitation can help functional recovery following spinal
cord injury and therefore can potentially be combined to create synergistic effects on motor
improvements. Follow up work should now aim at synergistically enhancing synapse formation,
promoting correct axonal targeting with gene therapies and rehabilitative training. Therefore my thesis
paves the way to combinatorial treatments to promote axonal plasticity following central nervous

system trauma.
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Il Zusammenfassung

Bis heute ist eine Rickenmarksverletzung ein verheerendes Trauma fir Betroffene mit sehr
eingeschrdankten Therapiemdglichkeiten. Betroffene verlieren sensorische und motorische Fahigkeiten
Unterhalb des verletzten Riickenmarkssegments und sind lebenslang beeintrachtigt, vor allem wenn der
Rickenmarksquerschnitt vollstandig ist. Verletzungen in denen nur ein Teil des Riickenmarks geschadigt
ist haben eine bessere Prognose, da sich unverletzte und zerstorte Fasern reorganisieren kénnen und
signifikant zu einer Wiedererlangung von Funktionen beitragen kénnen. Dies geschieht durch neue
neuronale Verknipfungen, die die Signale des Gehirns wieder an die lumbal gelegenen Motorneuronen
weiterleiten. Die Neuentstehung einer solchen neuronalen Umgehung einer Riickenmarksverletzung
zwischen der kortikospinalen Bahn und langen propriospinalen Neuronen ist gut beschrieben. Hierbei
reorganisieren sich die beschadigten Fasern des Kortikospinaltrakts und kontaktieren rostral von der
Lasion Interneurone, Uber die dann das Signal wieder an die lumbalen Motorneurone weitergegeben
werden kann. Dieser Prozess verlauft ilber mehrere Stadien und unterliegt gewissen Voraussetzungen:
Erstens muss das unterbrochene Axon wieder auswachsen, zweitens muss es wieder einen adaquaten
synaptischen Partner finden und drittens muss es mit diesem Partner einen synaptischen Kontakt
bilden. Meine Dissertation zielt darauf ab, die verschiedenen Prozesse dieses axonalen
Umgehungskreislaufs besser zu verstehen, weil in meinen Augen nur die Kombination aus
verschiedenen Therapien, die alle diese Prozesse optimieren den gréRten Erfolg in der Behandlung von
Rickenmarksverletzungen haben kann. Mein Fokus lag auf dem kortikospinalen und dem raphespinalen

Trakt als zentrale neuronale Bahnen mit Projektionen auf Motorneurone im lumbalen Riickenmark.

In der Klinik der Riickenmarksverletzung ist bis heute nur eine Therapiemoglichkeit bekannt, die einen
Nutzen fir den Patienten hat: Rehabilitation und Physiotherapie. Auf dieser Grundlage stellte sich mir
die Frage ob und wie Rehabilitation in Form von freiwilligem Training zur Wiedergewinnung von
motorischen Fahigkeiten beitrdgt. In dieser Studie konnte ich zeigen, dass im Mausmodel freiwilliges
Training nach einer Riuckenmarksverletzung die motorischen Fahigkeiten verbessert und die
Reorganisation der kortikospinalen Kontakte beschleunigt. Dariiber hinaus konnte durch Training die
korrekte neu-Verknlipfung der raphe- und kortikospinalen Fasern auf Inter- und Motorneurone

verstarkt und damit die neue Verschaltung der Neuronen geférdert werden.

Als zweites widmete ich mich der Rolle von Sema7A im Maus Model einer Rickenmarksverletzung.
Sema7A ist ein Signalmolekiil, das in der embryonalen Entwicklung auf neu wachsende neuronale Fasern
entweder anziehend oder abstoRend wirken kann und fiir die korrekte topographische Etablierung und
das richtige Wachstum mehrerer zentraler Faserbahnen im Zentralnervensystem notwendig ist. In

meiner Arbeit konnte ich zeigen, dass sich in Abwesenheit von Sema7A die motorischen Fahigkeiten
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nach einer Rickenmarksverletzung schlechter erholen und dass zwei wichtige zentrale
Nervenbahnsysteme nicht mehr im richtigen Mal8 und an die korrekte Stelle wachsen, der raphe- und
der kortikospinale Trakt im Riickenmark. Darlber hinaus konnte ich zeigen, dass die Axone in Sema7A
defizienten Mausen verstarkt wachsen ohne mehr Kontakte mit den notwendigen Neuronen
einzugehen, um eine neue Verschaltung zu etablieren. Das unterstreicht die Wichtigkeit von begrenztem

axonalen Wachstum in die richtigen Areale im Rickenmark, um sinnvolle Verbindungen zu schaffen.

Zu Letzt beschéftigte ich mich noch mit der Rolle von FGF22 und den zwei passenden Rezeptoren FGFR1
und R2 in der de novo Entstehung von adulten Synapsen nach Rickenmarkstrauma. Fehlt einem
Organismus entweder FGF22 oder beide Rezeptoren, dann ist die Reorganisation von kortikospinalen
Verbindungen nach der Lasion gestort. Es werden auch generell weniger Synapsen gebildet und ins
Besondere weniger Kontakte auf lange propriospinale Neuronen, um die Umgehung der Lasion Uber
Interneurone zu bilden. Das Wiedererlangen von motorischen Fahigkeiten ist dadurch ebenfalls gestort
und Mause, die entweder kein FGF22 produzieren oder beide Rezeptoren nicht haben, kénnen nach
Rickenmarkstrauma motorische Aufgaben schlechter durchfiihren. Dieser Teil meiner Arbeit zeigt die
Unabdingbarkeit relevanten synaptischen Verbindungen fiir die Wiedererlangung der motorischen
Fahigkeiten. Eine zweite Studie, die FGF22 als potentielle virale Therapieoption beleuchten soll wird

gerade durchgefihrt.

Meine Dissertation zielt auf ein besseres Verstandnis der verschiedenen Schritte bei der Reorganisation
neuronaler Verbindungen zur Wiedergewinnung von motorischen Funktionen nach Verletzungen des
Rickenmarkes ab. Ich konnte im Zuge meiner Arbeit die anatomischen Grundlagen fiir verbesserte
motorische Fahigkeiten mit rehabilitativem Training zeigen und molekulare Faktoren identifizieren, die
wichtig fur das korrekte Wachstum, die Zielfindung und die Ausbildung neuer Synapsen sind. All dieses
Wissen kann kombiniert werden und zur Entwicklung von Therapien beitragen, die nicht nur einen Teil
des Prozesses adressieren, dass zu motorischen Verbesserungen fiihrt, sondern mehrere, um so die
maximale Wirkung fir den Patienten zu erzielen. Kombinationstherapien sind, in meinen Augen, die
Zukunft der Therapie des Rickenmarksquerschnitts. Die Arbeit in meiner Dissertation tragt durch den
Wissensgewinn zur Entwicklung von Kombinationstherapien bei und wird vielleicht einmal die

Grundlage einer effektiven Therapie flr Patienten sein.
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1. Introduction

1.1. Epidemiology of Spinal Cord Injury

According to the Christopher & Dana Reeve Foundation nearly 1,7% of the population of the United
States of America (USA) live with a form of paralysis, which is defined as a central nervous system (CNS)
disorder that results in disability or difficulty to move the upper or lower extremities. Leading causes of
paralysis are stroke (33,7%), spinal cord injury (SCl, 27,3%), Multiple Sclerosis (MS, 18,6%) and Cerebral
Palsy (CP, 8,3%, Figure 1).

Causes of Paralysis Causes of Spinal Cord Injuries

5,357,970 1,462,220

2038
90,254
54,807
166745~

Stroke @ Multiple Sclerosis @ Spinal Cord Injury @ Cerebral Palsy @ Other Cause Motor Vehicle Accident @ Doing Physical Labor @ Fall @ Sports Accident

@ Victim of Violence (shooting, assault) @ Don'tknow @ Other & Unknown/No Response

Figure 1: Causes of Paralysis and Spinal Cord Injuries in the USA (https://www.christopherreeve.org/)

While stroke occurs mostly in the elderly population (65+), individuals with SCI are mostly young adults

with an average age of 42 (www.nscisc.uab.edu, National Spinal Cord Injury Statistical Center) at

occurrence. SCl is almost always caused by trauma due to, for example, motor vehicle accident, accident
during physical labor or fall ((Armour et al., 2016), Figure 1). 25000 new cases are reported annually

worldwide (http://www.wingsforlife.com, Wings for Life), 17000 in the USA (www.nscisc.uab.edu,

National Spinal Cord Injury Statistical Center) and 1800 in Germany (www.dsg.de, Deutsche Stiftung
Querschnittslahmung). A total of 17031 people live with paralysis due to spinal cord injury in Germany,
amounting to 0.2% of all disabilities and an incidence rate of 10.7 per million

(https://www.destatis.de/DE/Publikationen/Thematisch/Gesundheit/BehinderteMenschen/SozialSchwe

rbehinderteKB5227101139004.pdf? blob=publicationFile; (Lee et al., 2014)). The survivors of a

traumatic SCI usually suffer from disabilities or impairments, which depend on the level and the severity
of the injury. This is evaluated and classified according to the ASIA score which assesses the level as well
as completeness of the injury (Figure 2). The level of the injury determines also the body-level with

impaired sensory and motor function. The ASIA score determines the lowest level of sensation following
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injury thereby defining the injured spinal segment. An injury to the levels C1 to T1 leaves the affected
individual tetraplegic meaning that both upper and lower body extremities are affected and
sensorimotor function is lost or impaired. If the damage is below the T1 level, the individual is classified

as paraplegic with upper body, hand and arm function but without sensation or movements in the legs.

Box 1| The ASIA Impairment Scale

Classification of spinal cord injury (SCI) severity using the American Spinal Injury
Association (ASIA) Impairment Scale. The main categories of the Impairment Scale are as

follows:
* A (complete): No motor or C4 Injury L_' Pationt DatelTime of Exam

sensory function s preserved  (Auadriplegia) Asfwmvﬂm‘sﬁm&ﬂ%mw ISC®S -

in the sacral segments 54-55. Cervical (ISNCSCI) 5 g b B

(neck)
« B(incomplete): Sensory but MOTOR SENSORY SCBORY MOTOR
wuscues _ REY SENSORY POWTS KEY SENSORY PONTS FT

not motor function is RIGHT - T ) i Pk PP ptTaen ) s pn) O WSRES LE

preserved below the i 3

neurological level and includes — é S

the sacral segments 54-55. Etbow fiexors C5 C5 ERow fiexors.

i : 6 njury ) UER Wt exensrs €6 A é C6 wistetensrs UEL
* C(incomplete): Motor tquarg:'r;leg‘a] [#] (pper Exomity Nght)  Epouy xtonsrs CT 07 Ebowerimsors  (Upper Extremity Lett)
~ ] e €8 Fingw fiers

functionis preserved below

the neurological level, and
more than a half of key
muscles below the
neurological level have a
muscle grade of <3.

+ D(incomplete): Motor

functionis preserved below T6 Injury )
the neurological level, and at (paraplegla) L
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Figure 2: The ASIA Impairment Scale (from (Thuret et al., 2006)) and ASIA Score Sheet (http://asia-spinalinjury.org/wp-
content/uploads/2016/02/International Stds Diagram Worksheet.pdf)

Another parameter assessed by the ASIA score is the completeness of the injury. Over 60% of all

recorded spinal cord injuries in the USA are incomplete (www.nscisc.uab.edu), meaning that only part of

the cord is transected with some extent of spared tissue. Whereas a complete transection of the spinal
cord leaves no potential for recovery or functional improvement, the prognosis of an incomplete injury
is sensibly superior. The ASIA scores for functional completeness, e.g. no sensory or motor function
below a certain body level has to be differentiated from anatomical completeness, e.g. a full anatomical
transection of the cord. One post mortem study reported 90% of SCls as anatomically incomplete
although they were functionally classified as complete leaving anatomically more recovery potential

than originally estimated (Bunge et al., 1993).

For most patients, spinal cord injury is a devastating and life changing condition. Dependence on a
wheelchair is common as well as a lifelong dependency on care, medical treatment and special
equipment in their daily lives. Varying with the level of the injury the life expectancy ranges between 4
to 45 years which has not improved since 1980 and secondary complications such as infections are very

common (www.nscisc.uab.edu). The Christopher & Dana Reeve Foundation estimates annual health

costs for spinal cord injury treatment at about 40,5 billion US dollars in the United States. Concrete
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numbers for Germany are not published, but health costs per patient in Germany are estimated to be
higher due to longer hospital stay after injury and coverage of rehabilitation and longtime care by the
German health insurance system (Becker, 2002). All this is driving the need for new therapies and a

better understanding of the pathophysiology of SCI.

1.2. Pathophysiology of Spinal Cord Injury

The pathophysiology of SCI consists of an acute, a subacute and a late stage after injury. The injury is
usually caused by compression or blunt trauma to the spinal column leading to the entrance of bones,
bone fragments or cartilage discs into the soft neural tissue of the cord thereby causing irreversible
primary damage to neuronal tissue and oligodendrocytes. The primary damage includes among other
complications hemorrhage with shortage in blood flow and perfusion, edema and cell death. If there is
intense swelling of the spinal cord secondary compression can worsen the primary trauma to the cord.
In the subacute phase the secondary damage occurs that is mainly a long term effect of the primary
damage to the neurons, the vasculature and the surrounding cells. Excitotoxicity and demyelination of
neuronal connections further impair connectivity and transmission. The subacute phase is characterized
by the entrance of immune cells to the spinal cord to clear tissue debris and induce inflammation which
is thought to be inhibitory to regeneration and decrease tissue sparing thereby increasing the lesion
((Thuret et al., 2006), Figure 3). Action potential propagation is inhibited in spared neurons and fibers by
a process called spinal shock due to the previous hypoperfusion of the neuronal tissue. In this phase the
injury may seem worse than it really is because spared fibers and neurons also fail to propagate signals,
which is why the first functional assessment is done after reflexes return (Atkinson and Atkinson, 1996).
The chronic phase lasts basically a lifetime and is characterized by astrocyte proliferation and glia scar
formation to encapsulate or fill the lesioned area. This barrier is known to be a major extrinsic factor
that hinders intrinsic neuronal regeneration across the lesion site (Dumont et al., 2001a, Dumont et al.,

2001b, Kakulas, 1999, McDonald and Sadowsky, 2002).
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Figure 3: Schematic of pathophysiology of spinal cord injury (Thuret et al., 2006).

1.3. Treatment of spinal cord injury

Treatment of SCI first aims to keep the patient alive as 9% of patients do not survive the first 24 hours
(Yeo et al., 1998). After the patient is stabilized the degree of injury is assessed by the ASIA score sheet
and the patient is then transferred to a rehabilitation facility to regain motor function and decrease

secondary complications.

1.3.1. Acute treatment

Immediately after the accident the patient’s spine is stabilized surgically to avoid more damage to the
cord due to an instable spinal column or fractured bone pieces. In case of swelling decompression
surgery might be needed in which a laminectomy is performed to avoid secondary damage by
compression (McDonald et al., 2002). For high cervical injuries above C3-C5 that de-innervate the
diaphragm a ventilator might be needed to breathe (Berlly and Shem, 2007). Steroid treatment with
methylprednisolone was standard of care for many years in order to reduce post injury inflammation,
but was found to be of no benefit to the patient and trigger potentially severe side effects such as

hospital-acquired pneumonia, urinary tract infections, abdominal bleeding and respiratory failure that

10
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could in some cases be fatal. This is therefore not a standard treatment today (Hurlbert, 2000). After the

patient leaves intensive care and the hospital he or she is usually admitted to a rehabilitation center.

1.3.2. Long term management and treatment — rehabilitation

The aim of rehabilitation is to reduce secondary medical issues which lead to re-admission to a hospital
and improve functional recovery in patients with spinal cord injury. Long term rehabilitation of spinal
cord injury is very tiring to the patient and the care takers and remains expensive, but is to date the only
intervention with benefit for the patient. With an estimated average cost of 68543S per patient and an
average of 47,7 days per year rehabilitation is one of the main cost factors after spinal cord injury
(DeVivo et al., 2011). After initial treatment of the primary injury, passive and active exercise is
recommended for the patient in order to prevent muscle atrophy, secondary complications such as
urinary and bowel problems as well as spasticity. In the hospital with flaccid paralysis range of motion
(ROM) rehabilitation is started. The individual is thereby passively moved in the hospital bed by a care
giver in order to mobilize joints and avoid severe muscle atrophy. After hospital discharge the patient is
transferred to a rehabilitation center to train further and improve functionality and some level of

recovery. Later follow up is then home-based mostly (McDonald et al., 2002, Nas et al., 2015).

In motor complete SCI subjects, passive stepping-like movements do not lead to motor recovery, but
reduce muscle spasm and improve cardiovascular functions. In these patients, ROM is continued to
avoid joint contractures, stiffness and pain. In complete and early in incomplete paraplegics one main
first goal is to strengthen upper extremities for e.g. bed or wheelchair transfer or the use of crutches.
The arm and shoulder muscles are trained with weight bearing or resistance exercise with elastic bands.
In complete paraplegics strengthening of upper limbs is combined with passive mobilization of lower
limbs. Balance exercises are also important to re-learn stable sitting and later wheelchair transfer.
Incomplete patients always have a theoretical potential to walk again and are trained to stand and step
between parallel bars with the assistance of a care giver and/or weight support if needed (Figure 4).
Basically, physiotherapy in these patients is gait training to an extent the patient can manage. More
modern techniques include robot assisted stepping and exoskeletons to allow for upright posture and
stepping (Miller et al., 2016, Wessels et al., 2010). Orthoses (external cast like fixations) to fix and
stabilize de-innervated joints and muscles can be useful for the beginning of stepping. For incomplete
thoracic injuries walking is usually re-learnt with walkers, crutches and orthosis until some patients
become able to self-train and self-ambulate. Self-ambulation and -management is one of the prime
goals of rehabilitation as it gives the individual the chance to participate independently in daily and

social life and to return to work (Nas et al., 2015). Most motor recovery occurs in the first 2 month after

11
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injury (Wirz et al., 2005) and a proportion of patients improve one grade on the ASIA impairment scale

within this time (Mehrholz et al., 2012).

Figure 4: Example picture for rehabilitation after spinal cord injury in humans (www.STEPSforRecovery.com).

One aim of rehabilitation is to first support gait like movements to initiate a new motor learning in the
CNS which then can be further trained to allow the individual to self-ambulate again (Harkema et al.,
2012, Hubli and Dietz, 2013). The basis for this motor learning is activity-dependent neuronal plasticity,
which means that in development as well as in CNS injury neuronal activity forms and strengthens new
connections (Bertrand and Cazalets, 2013, Overman and Carmichael, 2014, Sanes and Lichtman, 1999).
An exemplary study with tetra- and paraplegic patients reported improvements in quality of live,
depression, pain and motor function after training twice weekly over 9 month compared to controls
(Hicks et al., 2003). Another study found significant improvements in gait velocity, endurance and
performance after robotic assisted treadmill training (Wirz et al., 2005). Until today the exact
mechanisms of exercise induced plasticity and recovery of function after spinal cord injury remain
elusive. As there is no cure for spinal injury today, one needs to model the disease in animal research to

uncover underlying mechanisms and discover new treatment options for patients.
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1.4. Experimental spinal cord injury in research

1.4.1. Experimental Models

1.4.1.1 Animal models of spinal cord injury

Depending on the mechanism that one wants to study after spinal cord injury different model organisms
can be chosen. Early work was mostly done on cats which recover spontaneous stepping and walking on
a treadmill even with a complete thoracic spinal cord injury. This stepping occurs due to the activity of
the central pattern generator (CPG), intraspinal motor networks that are independent of central brain
input (Rossignol and Bouyer, 2004). The CPG will be described in detail in the next paragraph. Today the
most common model organisms to study spinal cord injury are mice and rats due to their broad
availability, possibility to use genetically modified animals and reflecting more closely the human
situation in comparison to cats. The almost independent central pattern generator (CPG) of cats is
present, but seems to be less pronounced in humans, which does not allow for central input
independent unassisted stepping (Sasada et al., 2014). Non-human primates are closest to humans
when it comes to SCI recovery, but their use for research remains controversial and limited (Abbott,
2014, Friedli et al., 2015). Nevertheless promising therapeutic approaches are usually validated in non-

human primates before transition to clinical studies (e.g. (Capogrosso et al., 2016)).

1.4.1.2. Lesion Models

Clinical lesions to the spinal cord are either due to dislocation, contusion, compression, transection or
stretching. To study all these different paradigms, different animal models were developed that mimic
the injury mechanism and allow for the study of underlying recovery mechanism and therapeutic

advances.

The most common used paradigm is the contusion injury, inflicted with a Multicenter Animal Spinal Cord
Injury Study (MASCIS) impactor (Gruner, 1992) because it mimics very well most human injuries. To
generate a controlled contusion injury a weight is dropped on the spinal cord after laminectomy with a
certain height, weight, duration and velocity. This causes a contusion or compression injury leaving the
dura mater intact, depending on the height of the drop causing mild injuries up to complete paralysis
and destruction of the cord (Gensel et al., 2006, Gruner, 1992). Occurring problems are ‘bouncing’ of the
rod on the spinal cord causing multiple injuries and more difficult reproducibility (Cheriyan et al., 2014).
The impactor was first developed and used on rats (Beattie et al., 1997), then on mice (Jakeman et al.,

2000, Kuhn and Wrathall, 1998) and marmosets (lwanami et al., 2005).
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Second most common are transection models. The spinal cord is cut with small scissors at different
levels and positions and to different extends after laminectomy, creating lesion models from very small
injuries to complete transections (Bareyre et al., 2004, Friedli et al., 2015, van den Brand et al., 2012).
Section or hemisection models are more controlled and allow for studying remodeling and regeneration
better than contusion injuries which cause more secondary complications (Cheriyan et al., 2014).
Furthermore hemisection injuries result in a smaller inflammatory response when compared to
contusion injuries (David and Kroner, 2011). The thoracic dorsal hemisection model interrupts the dorsal
corticospinal tract, one of the most important motor tracts in the mouse, causing hindlimb paralysis in
mice which recovers due to remodeling and is well suited for studying the recovery, regenerative and
remodeling processes of the dCST ((Bareyre et al., 2004, Lang et al., 2012) Figure 5). A full transection of
the spinal cord leaves the animal completely paralyzed, which is suited for neuromodulation
experiments (Wenger et al., 2014). Lateral hemisections abolish the tracts in the right or left half of the

spinal cord and can be used to study remodeling (van den Brand et al., 2012) or stem cell

transplantation (Lu et al., 2014).

Figure 5: Dorsal thoracic hemisection with fine scissors as a model for moderate spinal cord injury. Image of mouse surgery after
laminectomy (left)and fluorescence image of the transected spinal cord at T8 (right).

Less common models include forceps compression (Plemel et al.,, 2008), distraction and dislocation

(Choo et al., 2009).

1.4.2. Therapeutic approaches

Experimental treatments on the one hand aim at supporting and re-establishing walking in individuals
with body weight supported gait training with or without exoskeletons and functional electrical
stimulation. On the other hand, many studies were conducted investigating pharmacological
interventions with small molecules ((Thuret et al., 2006), Review). Body weight supported and

sometimes robotic assisted gait training remains controversial and does not considerably improve the
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patient’s outcome when compared to rehabilitative overground gait training (reviewed in (Wessels et
al., 2010)). Exoskeletons allow the individual to ambulate freely without additional support for a limited
amount of time, but remain expensive and do not yield functional improvements in walking without the

exoskeleton (reviewed in (Miller et al., 2016)).

1.5. Intrinsic and extrinsic inhibition of axonal regeneration

after SCI

A traumatic event in the CNS is always characterized by cell death. Unlike embryonic neurons or neurons
of the peripheral nervous system CNS neurons fail to regenerate. This is thought to be due to both
extrinsic and intrinsic factors, meaning factors that concern the environment of the neuron and the
neuronal growth response itself. Extrinsic factors that inhibit regeneration can be summarized under
physically or molecular barriers that prevent axonal regeneration. Physical barriers include the reactive
astrocytes and the glial scar that is formed and fluid-filled cavities that occur if the tissue loss is vast.
Molecular barriers include among others the myelin-associated inhibitors secreted by severed or dying
oligodendrocytes and chondroitin sulfate proteoglycans (CSPGs). Extrinsic factors were long thought to
be the point of application for new therapies to promote regeneration, but so far have not yielded great
results (Yiu and He, 2006). Newly born neurons of the CNS and all neurons of the PNS have an intrinsic
program for regeneration that seems to fail if a mature neuron is severed. This might be due to the
complex network architecture of the CNS and the prevention of harmful re-wiring of wrong connections.
Some central neurons show higher potential for intrinsic re-growth than others, the rubro- and
reticulospinal tract for example regenerate better after spinal cord injury than the CST. The dorsal root
ganglia (DRG) neurons are an exception concerning regenerative growth as they contain neurons of the
PNS and CNS alike. If the PNS neurons are lesioned before the CNS ones, the CNS neurons regenerate
remarkably better, indicating that this pre-conditioning lesion activates some growth promoting genetic

program in the whole DRG (Di Giovanni, 2009).

1.6. Spontaneous remodeling and autonomous spinal cord

mechanisms for recovery after SCI

1.6.1. Detour Circuit of the CST
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Figure 6: Detour circuit formation after spinal cord injury to re-relay the signal of the motor cortex to the lumbar motor neurons
(Jacobi and Bareyre, 2015).

Regrowth of severed axonal fibers e.g. across the lesion is defined as axonal regeneration. The neuron
thereby reconnects to its target by re-growing its axon back to the target area after the cut part died.
The potential for regenerative recovery in the CNS is limited after the end of development. Remodeling,
meaning the formation of new circuits using pre-existing and spared supra- and intraspinal neurons can
nevertheless greatly contribute to recovery. After dorsal thoracic hemisection the dorsal CST is
interrupted and the animal’s hindlimbs are paralyzed. After lesion a detour circuit forms by contacting
spinal interneurons cervically, which then re-relay the information from the interrupted tract to the
lumbar motor neurons ((Bareyre et al., 2004, Courtine et al., 2008) Figure 6). Preferentially contacts are
formed and maintained on long propriospinal neurons (LPSN) which are normally used for the
coordination of fore- and hindlimb in the animal (Alstermark et al., 1987). Specifically, the dorsal CST
sprouts rostral to the thoracic lesion into the grey matter within the first 10 days after lesion and then
contacts first short (SPSN) and long propriospinal neurons within the first 3 weeks. These contacts are
then refined and maintained between 3-4 and 12 weeks after injury creating a stable detour circuit
consisting of CST fibers and LPSN, connecting the motor cortex with the lumbar motor neuron once
again. This re-connection is accompanied by spontaneous functional motor recovery in mice after dorsal
thoracic hemisection (Lang et al., 2012). Remodeling and reconnecting of supraspinal pathways was also
shown in full, time and segment separated, lesion models (van den Brand et al., 2012), from the ventral
corticospinal tract (Weidner et al.,, 2001) and the reticulospinal tract (Zorner et al., 2014), indicating

axonal remodeling as a general concept of central nervous system recovery.
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1.6.2. Plasticity of the serotonergic system and the central pattern generator

CPG

The serotonergic system has many functions in the nervous system. It regulates digestion, sleep-wake
and arousal cycles and motor activity among others, but appears to be essential for none of these

functions, thus possessing a more enabling or facilitating effect (Jacobs and Azmitia, 1992).

In my thesis, | will focus on the role of 5HT and its receptors in the descending motor system of the
mouse as this will be a key topic of this thesis. The major descending serotonergic motor system arises

in the nucleus raphe obscurus (NRO), pallidus and magnus (to lesser extend) which are located in the

brainstem and the ventral lateral medulla oblongata (VLM Figure 7).

Figure 7: Fluorescence image of mice brainstem illustrating the localization of descending serotonergic tract cells in the
brainstem (red) with neuronal staining (blue, left). The white boxes outline the area of descending pathways that connect to the
lumbar motor centers (nucleus raphe obscurus (NRO) and ventral lateral medulla oblongata (VLM)). Serotonergic wiring (red)
around motor neurons (green) in the lumbar spinal cord (right).

The descending motor tracts run partially in the dorsal white matter (obscurus and pallidus) and
partially in the ventral white matter (magnus). Descending serotonergic brainstem projections
terminate in all grey matter parts and all levels of the spinal cord and most of the fibers are
concentrated around spinal motor neurons (Ballion et al., 2002). The raphe obscurus spinal tract then
contacts motor neurons and modulates their activity. In addition to that, spinal 5HT neurons are located
directly in the spinal cord, contact and modulate inter- and motor neurons (Cina and Hochman, 2000,
Guertin, 2009, Jacobs and Azmitia, 1992, Jacobs and Fornal, 1997). These neurons form the mammalian
CPG, which consists of an intraspinal neuronal network that is able to generate motor behavior, e.g.
rhythmic stepping, without central brain input (Hayes et al., 2009). After spinal cord injury the
reorganization of these spinal networks contributes to recovery of rhythmic stepping, but can also cause
system dysfunction up to paralysis (Ghosh and Pearse, 2014). This intraspinal network appears to consist
of few cells (Ballion et al., 2002, Cina and Hochman, 2000) and still remains a black box requiring further
studies (Guertin, 2009). The locomotor-like movements induced by 5HT are dependent on different 5HT

receptors (5SHTR). There are 14 known 5HTRs, 13 of which are G protein-coupled receptors (GPCRs) and
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one ligand gated ion channel (5HTR3) (Hannon and Hoyer, 2008). They are divided into 7 families as per
sequence similarities and the main receptors for locomotion in the spinal cord are from the 5HTR1,
5HTR2 or 5HTR7 family. All but the 5HTR3 modulate neuronal activity of the 3rd neuron by influencing
release probabilities of the 2" neuron. Depending on the signal of the 5SHTR and the type of the neuron
that carries the receptor 5HT signaling can be inhibitory as well as excitatory on the 3™ neuron. If a
second inhibitory neuron is inhibited or an excitatory neuron is facilitated the 3™ neuron would receive
and increased signal, whereas if the inhibitory neuron is facilitated or the excitatory inhibited the 3™
neuron would be inhibited ((Fink and Gothert, 2007) Figure 8). 5HT receptors classically signal via the
adenylyl cyclase (AC) and Cyclic adenosine monophosphate (cAMP) and then protein kinase A or the
phospholipase (PLC), that then produces inositol trisphosphate (IP3) activating protein kinase C. The

kinases then mediate the downstream effectors and inhibit or facilitate ((Ohno et al., 2015) Figure 8).
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Figure 8: Influence of serotonergic signaling on the 2" and the 3" neuron (left (Fink and Géthert, 2007)). 5HT receptor subtypes
and their mode of action (right, (Ohno et al., 2015))

After complete spinal cord transection 5HT in the cord drops to 5-10% followed by upregulation of
5HTR2 (Kong et al., 2010, Lee et al., 2007, Murray et al., 2010) and 5HTR1 (Landry et al., 2006, Otoshi et
al., 2009) on motor neurons most likely to compensate for the loss of input. Supraspinal independent

locomotion is furthermore initiated by 5SHTR7 signaling (Cabaj et al., 2017, Landry et al., 2006).

1.7. Rehabilitation

1.7.1. Differences between humans and Animals

Humans and animals recover slightly different from a spinal cord injury. Most animal models engage in
guadrupedal stepping whereas humans walk erect on two feet, therefore some of the rhythmic
connections between upper and lower extremities and fore and hind paws respectively are different.
Moreover corticospinal tract organization, fiber crossings, interneuron populations and in general
greater complexity in higher mammals compared to mice has to be taken into account. In the mouse the

spinal cord accounts for 30% of CNS volume in comparison to 3% in humans, which suggests a greater
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relative autonomous computing power in the spinal cord of rodents. Nevertheless the basic principles
of reflexes, stepping, CPG wiring and recovery from central nervous injuries are comparable between
mammals. Previous animal model findings in exercise dependent plasticity and rehabilitation paradigms
have successfully advanced rehabilitation in humans. Electromyographic (EMG) recordings and reflex
responses show comparable results after rehabilitative training in humans and animal models of SCI

(Coté et al., 2016).

1.7.2. Exercise and Rehabilitation in Animal Models of Spinal Cord Injury

Depending on the experimental spinal cord injury model and the capabilities of the studied animals,
different rehabilitation paradigms can by studied. The most commonly used rehabilitation method is
treadmill training, in which a mouse or rat is walking on a treadmill belt, with or without body-weight
support. These animals usually undergo an incomplete, complete or near complete transection of the
spinal cord (Dominici et al., 2012, Multon et al., 2003) and treadmill training also proved effective in
promoting recovery in cats (Martinez et al., 2013). Other rehabilitation paradigms commonly used in
rodents are wheel running or bicycle training for the hindlimbs and food pellet reaching and grasping for
forelimb use (Dupont-Versteegden et al., 2004, Girgis et al., 2007). Whereas treadmill and bicycle
training are forced training paradigms wheel running is a voluntary elective behavior in mice ((Meijer
and Robbers, 2014) Figure 9). Many different studies mimicking rehabilitation after SCI have been
published over the years with different findings and different outcomes. Most studies rely on forced
exercise, but after stroke and spinal cord injury voluntary exercise increases brain derived neurotrophic
factor (BDNF) levels more than forced training paradigms resulting in more plasticity in the brain and
spinal cord (Ke et al., 2011, Vaynman and Gomez-Pinilla, 2005). A previous study reported a negative
effect of wheel running in the recovery from a moderate contusion injury, but reported an improvement
in locomotor recover following the use of a flat surface wheel instead of a wheel with regular spaced
bars (Engesser-Cesar et al., 2005). The combination of forelimb and hindlimb use that is provided with
wheel running improves locomotor function and strengthens neuronal spinal cord wiring (Shah et al.,
2013). More recent studies aimed at combining exercise with pharmacological or other stimulatory
treatments. Combining for example chondroitinase treatment with different exercise paradigms
sometimes did improve functional outcomes, and sometimes it did not. The authors concluded that the
timing and form of exercise as well as the timing and duration of chondroitinase treatment determines
success or failure of these studies (Jakeman et al., 2011). Cell transplantation after spinal cord injury also
showed better functional outcomes and axonal regeneration when combined with exercise (Houle and
Cote, 2013). The clear mechanisms underlying the beneficial effect of rehabilitative training remain
unclear until today (Fouad and Tetzlaff, 2012). All these studies indicate that the timing, kind and

amount of exercise is crucial for the maximum benefit in recovery after spinal cord injury.

19



Introduction

-

L
'
\ s

Figure 9: Different types of wheels for mice. Left is an irregular or complex wheel, middle a regular wheel and on the right a
mouse training on the wheel.

1.8. Molecular cues involved in axon guidance and synapse

formation

As neurons grow out axons during development they are constantly searching for other neurons to form
meaningful connections for the organism to function. This process follows steps: 1) the axon growth and
migrates along a molecular gradient and is thereby attracted or repelled to grow in the right direction
until it stops in the vicinity of a potential synaptic partner and 2) the axon develops a presynaptic
specialization and the contacted cell forms a postsynaptic site thereby establishing a chemical synapse
that allows for information transmission (Figure 10). Throughout these steps different molecules have
been discovered to play a major role in the past decades. Synaptic guidance molecules are secreted by
the environment of the growing axon and depending on the receptor set of this axons it can either
‘read’ this molecular cue or not and if it can, it can be attracted or repelled by the gradient (Figure 10
top). Known signaling molecule/receptor pairs for axonal growth and guidance in development are
Netrin1/Unc6 or DCC (deleted in colorectal cancer), BDNF/TrkB (tropomyosin receptor kinase B),
Ephrins/EphrinR and Semaphorins/Plexins, to mention a few (Shen and Cowan, 2010). Besides the
growth promoting, more environmental, effects of these guidance molecules, some growth promoting
molecules are differentially expressed between the CNS and the PNS as response to injury. One of the
known molecules is signal transducer and activator of transcription 3 (STAT3) which is upregulated in
PNS axons after axotomy and initiates re-growth, which is not the case in the CNS (Bareyre et al., 2011).
Overexpression of STAT3 in the CNS leads to increased axonal growth also in this system after injury,
indicating a general growth promoting effect of STAT3 after injury in all neurons (Lang et al., 2013). In
accordance with this, deletion of SOCS3 (suppressor of cytokine signaling 3), a negative regulator of
STAT3 also promotes axonal growth (Sun et al., 2011). Another known player in axonal growth is the
mTor (mechanistic target of rapamycin) pathway that is inhibited by PTEN (phosphatase and tensin
homolog). If PTEN is deleted and mTOR thereby activated robust regeneration across CNS lesion sites

can be seen. Overexpression of growth promoting insulin like growth factor 1 (IGF1) and osteopontin
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(OPN) has the same effect (Liu et al., 2010). All these growth promoting and guidance molecules are
potential targets for therapeutic molecular approaches in spinal cord injury patients. Nevertheless
promoting only growth is not sufficient to establish a functional relevant connection between two
neurons and approaches that are only growth promoting do not always result in functional recovery in

the animal model (Geoffroy et al., 2015).

t postsynaptic organizer and presynaptic receptor ﬂ/

t presynaptic organizer and postsynaptic receptor

Figure 10: Schematic of axonal growth guidance and synapse formation. Depicted is first the attractive gradient that leads the
later presynaptic partner to his target region (top). Then secretion of pre- and postsynaptic organizers halts the growth of the
axon (middle) and a synapse is formed (bottom).

The formation of a meaningful synapse is a crucial step for connection or re-connection and function as
well as functional regeneration. Synapse formation and molecules involved were first studied at the
neuromuscular junction (NMJ). The first molecule to be identified, that triggers synapse formation was
laminin B2 at the basal lamina of the NMJ, which induces presynaptic differentiation in motor neurons in

close apposition to the motor endplate (Sanes and Hall, 1979). The molecule on the other side that is
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expressed in the motor neuron and induces postsynaptic differentiation in the muscle endplate was
discovered several years later and called agrin (Magill-Solc and McMahan, 1988). Over time several
molecules that establish synaptic connections in the CNS have been identified and they have been
divided in postsynaptic organizers (such as agrin) and presynaptic organizers (such as laminin B2). To
date the presynaptic organizers that have been identified are WNT-7a, Neuroligin, synaptic cell adhesion
molecule (SynCam) and members of the fibroblast growth factor (FGF) family. Postsynaptic organizers in
the CNS known to date are Narp, members of the Ephrin family and Neurexins ((Fox and Umemori,

2006), Fig 10 middle and bottom).

1.9. Semaphorin7a in axon outgrowth and guidance

Semaphorins have many different functions in many different systems during development and
maintenance of an organism, including the nervous system, the immune system and bone and heart
development. They are present in invertebrates and vertebrates and bind to specific receptors. Twenty-
seven different Semaphorins have been identified and studied so far, categorized in 8 classes.
Semaphorins typically consist of a signaling domain intracellularly, a membrane anchor and a Sema

domain. The Sema domain controls receptor binding and dimerization (Pasterkamp, 2012).

Sema7A is a member of this family mainly known for its role in vascularization, the immune system and
the nervous system. It acts via two known receptors: PlexinC1 and alf1 integrin ((Pasterkamp et al.,

2003, Zhou et al., 2008) Figure 11).
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Figure 11: Images and quantification of spinal cord interneurons and their Sema7A expression (left (Jacobi et al., 2014)) and the
downstream signaling pathway of the PlexinC1 and Integrina181 receptor ((Zhou et al., 2008)).

It is either GPI (glycophosphatidylinositol) anchored on the cell membrane or shed, making it a

secretable signaling molecule (Pasterkamp, 2012). Sema7A promotes tumor growth and has a pro-
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angiogenic effect via macrophage activation (Garcia-Areas et al., 2014). In the immune system Sema7A
is expressed on T-cells and stimulates cytokine production in monocytes and macrophages via its
receptor alPf1l integrin. This macrophage activation contributes to the inflammatory process and
induced experimental autoimmune encephalomyelitis (EAE) was reported to be less severe in KO mice
(Suzuki et al., 2007). Another study reported a negative effect of Sema7A on T-cell responses and a more
severe clinical course in EAE. The knock out (KO) of Sema7A led to hyperresponsiveness of T-cells

(Czopik et al., 2006).

In the nervous system Sema7A is expressed in the developing and mature glial scar and acts profibrotic.
Its expression seems to also be a marker for astrocyte activation after spinal cord injury (Kopp et al.,
2010). Furthermore Sema7A promotes axon outgrowth and is needed for proper formation of the
lateral olfactory tract (LOT), suggesting a role in axon guidance and neuronal migration in development
in the mouse. Sema7A/PlexinC1l signaling can also function as a repulsive axon guidance cue
(Pasterkamp and Kolodkin, 2003, Pasterkamp et al., 2003). It is expressed in the developing brain and
spinal cord alongside with one of its receptors PlexinC1 (Pasterkamp et al., 2007). Sema7A KO mice are
without gender preference during mating due to the malformation of the LOT (Schellino et al., 2016)
and abnormal gonadal development and reduced fertility, which is due to abnormal gonadotropin-
releasing hormone- 1 cell migration, neurons that mediate reproductive functions in mammals. This
results in smaller litters in KO breeding (Messina et al.,, 2011). A knockdown of Sema7A in the
cerebellum impairs climbing fiber synapse elimination which impairs synaptic refinement (Uesaka et al.,
2014). Sema7A is also needed for the proper formation of the barrel cortex, which represents the
whiskers in mice and is a somatosensory cortical circuit (Carcea et al., 2014). In the adult mouse Sema7A
is a key regulator of hippocampal neurogenesis through the alB1 integrin receptor (Jongbloets et al.,
2017). Sema7A was found to be expressed on excitatory interneurons that are preferentially contacted
by remodeling CST fibers after spinal cord injury ((Jacobi et al., 2014) Figure 11). In summary Sema7A
has various roles in circuit maturation and refinement, neurogenesis and axonal outgrowth throughout
the CNS. The genetic region spanning the SEMA7A gene in humans is affected by the chromosome
15924 microdeletion syndrome that leads to mental retardation, developmental delay and facial

abnormalities among other possible symptoms (Magoulas and El-Hattab, 2012).

1.10. FGF22: A regulator of synapse formation

A key step in neuronal development is the formation of a synapse, a chemical contact that links two
neurons and allows for the transmission of information. Some molecules that establish this critical
connection in the CNS have been identified so far, among them Wnt-7a, Neuroligin, SynCam and

members of the FGF family (Fox and Umemori, 2006). FGF22 is a member of the FGF subfamily 7 which
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also includes FGF3, 7 and 10 and binds to two out of four FGF receptors (FGFR), FGFR1 and FGFR2
(Zhang et al., 2006). FGF22 was identified as key presynaptic organizer for the establishment of new
synapses between mossy fibers and granule cells in the cerebellum. FGF22 acts as presynaptic signal and
interacts with FGFR2 on the postsynaptic cell to induce synapse formation (Umemori et al., 2004).
Moreover FGF22 induces excitatory synapse formation in the CA3 region of the hippocampus in contrast
to FGF7 which leads to the formation of an inhibitory synapse (Figure 12). FGF22 KO mice are thereby
rendered resistant to kindling and the development of epileptic seizures whereas FGF7 KO mice develop
earlier seizures due to an imbalance in inhibitory and excitatory synapses (Terauchi et al., 2010). These
alterations in the CA3 region of the hippocampus also lead to a depression like phenotype in the FGF22
KO mice without impairments in motor abilities and social interaction and without anxiety (Williams et
al., 2016). FGF22 signaling in the brain induces insulin like growth factor 2 (IGF2) which is required for
activity dependent synapse stabilization. Overexpression of IGF2 rescues the synapse formation
phenotype of the FGF22 deficiency (Terauchi et al., 2016). While the role of FGF22 in synapse formation
during development starts to be well understood (Terauchi et al., 2010), whether the molecule is
expressed throughout adulthood and its role following injury is currently unknown. It is therefore

interesting to study the role of FGF22 and its receptors further in spinal cord injury in adult mice.

Excitatory synapse

Inhibitory synapse

CA3 pyramidal neuron

Figure 12: Regulation of synapse formation by FGF7 and FGF22 (modified (Terauchi et al., 2010)).
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2. Aims of the Thesis

The aim of this thesis is to better understand the recovery mechanism after an incomplete lesion of the
spinal cord in mice. Therefore, | examined different interventions and molecular cues involved in axonal

growth, guidance and synapse formation in order to address the following aims.

Aim 1) Determine whether and how wheel running, a form of voluntary exercise, influences recovery
after spinal cord injury and understand the underlying anatomical mechanisms that could lead to

functional improvements after rehabilitative training.

To achieve this goal, mice were offered unlimited access to running wheels before and after SCI.
Exercise and rehabilitation are standard of care in patients after SCl nowadays and improvements in the
first two months are common (Wirz et al., 2005). However, the underlying mechanisms of this recovery
remain elusive. | wanted to present mice with a less stressful training model in which each animal could
choose the amount of training in accordance to its current stepping abilities. My mice were divided into
four groups: Mice without SCI with and without running wheels and mice with SCI with and without
running wheels. | then examined functional recovery using different behavioral tests to determine
hindlimb fine stepping capabilities and general locomotor ability in all groups. For this study | used a
complex training wheel to challenge fine stepping and motor control which are mostly related to
supraspinal descending motor tracts in particular the corticospinal tract (Metz and Whishaw, 2009) to
specifically challenge remodeling of this tract. | traced first order motor neurons from the cortex and
looked at CST sprouting in the cervical spinal cord rostral to the lesion and around the lesion. My aim
was to determine, among others, the effect of CST-specific training on detour circuit formation, for
which we back-traced LPSN and looked at contacts between the CST and the LPSN. To take into account
another supraspinal locomotor input, the raphespinal serotonergic tract and interneurons, |
furthermore investigated serotoninergic and choline acetyltransferase (ChAT) positive neurons to look
at supra-, but also intraspinal input on second order motor neurons in the lumbar spinal cord. Axonal
growth in the CNS is not only limited by the capacity of the neuron to grow, but also by the inhibitory
environment that is generated by the lesion. Therefore, | also took a closer look at the effect of exercise
on myelination, which was found in another model to be improved by exercise (Liebetanz and Merkler,

2006) and glial scar formation.

Aim 2) Determine whether Sema7A signaling is important to mediate functional recovery following
spinal cord injury and investigate how this influences the formation and maintenance of supraspinal and

spinal networks.
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Sema7A is a molecule that regulates many functions in health and development that are important in
recovery from SCl: Vascularization, immune response, astrocyte scaring and neuronal growth and
guidance (Lang et al., 2013, Li et al., 2017, Schwab et al., 2014). Using SEME7A KO mice, | aimed at
investigating whether Sema7A signaling affects functional recovery following SCI to then characterize
the underlying mechanisms linking Sema7A signaling to recovery of function. | investigated several
functions that could be affected by Semaphorin 7A signaling. In particular | focused on remodeling of
the vasculature, cell proliferation and correct motor neuron distribution in the cortex following the
lesion. | also focused on neuronal growth potential and rewiring of spinal and supraspinal pathways
after spinal cord injury by investigating the corticospinal tract, which is a central direct motor input and
the serotonergic raphe-spinal tract, which modulates autonomous and central motor activity in the
spinal cord. The dorsal thoracic hemisection model | used is highly suitable for studying adult central

neuronal growth and remodeling.

In addition, | thought to subject these mice to immunophenotyping early after SCI to see whether the
immunological state of them is altered in any way. Considering that | performed flow cytometry analysis

of the lesioned area in the spinal cord.

Aim 3) Determine whether FGF22 plays a role in adult synapse formation and whether it contributes to

detour circuit formation and recovery after SCI?

Previous research has shown that FGF22 and its receptors are important inducers of synapse formation
in different systems, like the cerebellum or the hippocampus, during development (Terauchi et al., 2010,
Umemori et al., 2004). The role of FGF22 in synaptogenesis during adulthood was little understood. As
detour circuit formation presents us with a model for adult synapse formation of the CST on LPSN
(Bareyre et al., 2004). We were interested whether FGF22 plays a role in this remodeling process, we
thus aimed at deleting FGF22 from the relay neurons in the spinal cord by a full knock out and to delete
the two receptors, FGFR1 and FGFR2, from the CST by viral Cre expression in floxed mice. We then
examined CST sprouting and detour circuit formation after injury, taking a closer look at boutons,
contacts and synaptic maturation. We also assessed functional motor recovery after injury to determine
the role of synapse maturation and formation in the establishment of the detour circuit and the thereby
caused motor recovery. Further work will then determine whether exogenous application of FGF22

could also be a therapeutic option to improve functional recovery following SCI.

The work of this thesis aims at unraveling different regulatory aspects of adult neuronal growth,

guidance and synapse formation after CNS injury to lay the groundwork for future combinatorial
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therapies. We first have to understand the regenerative failure after spinal cord injury and the different
aspects we can modulate, like axonal growth and guidance as well as synaptogenesis and then combine
these tools together with rehabilitative strategies to achieve the best possible outcome following CNS

injuries and in particular spinal cord injuries.
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3. Results

The work of this doctoral thesis has resulted in one already published peer-reviewed publication in the
EMBO Journal, one manuscript that is submitted for peer-reviewed publication to the Journal of
Neurotrauma and one manuscript that is in preparation for submission. They are included in this thesis

and constitute the results part.

1. LoyK, Schmalz A, Hoche T, Jacobi A, Kreutzfeld M, Merkler D, Bareyre FM. Voluntary exercise
improves functional recovery and strengthens rewiring of supraspinal circuits following spinal

cord injury. (submitted to J Neurotrauma)

2. Loy K, Meng N, Jacobi A, Locatelli G, Bareyre FM. Semaphorin 7A controls the proper targeting

of corticospinal and serotonergic fibers following spinal cord injury (to be submitted)
3. Jacobi A, Loy K, Schmalz AM, Hellsten M, Umemori H, Kerschensteiner M, Bareyre FM. FGF22

signaling regulates synapse formation during post-injury remodeling of the spinal cord. EMBO J.

2015 May 5;34(9):1231-43.
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3.1. Voluntary exercise improves functional recovery and
strengthens rewiring of supraspinal circuits following spinal

cord injury.
Loy K, Schmalz A, Hoche T, Jacobi A, Kreutzfeld M, Merkler D, Bareyre FM

The manuscript is currently submitted to the Journal of Neurotrauma for peer-review.
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Figure 13: Graphic summary of plastic changes in the spinal cord after spinal cord injury with voluntary wheel running.
Remodelling was prominent in the dorsal corticospinal tract and the descending serotonergic tract.

In this study we investigated the effect of voluntary exercise, in the form of wheel running, on recovery
after spinal cord injury in mice. We found that trained mice showed improved functional recovery,
which correlates with accelerated and partially improved remodelling of supraspinal circuitry. We found
transient changes in myelination, sprouting and glial scar formation at the lesion site, which only
explained the early steeper recovery, but not the long lasting one. Our focus was on detour circuit
formation of the hindlimb corticospinal tract onto long propriospinal neurons and the serotonergic
wiring onto lumbar motor neurons. We found that voluntary wheel running accelerates and increases
detour circuit formation and accelerates the remodelling of serotonergic input onto lumbar motor
neurons, leading to hard wired changes in neuronal circuitry which correlate with improved functional

recovery.
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Contributions: KL: designed experiments, wrote the manuscript, performed all surgical procedures if not
stated otherwise, collected and analysed all data if not stated otherwise; AS: collected and analysed all
data concerning the 5HT and ChAT experiments; TH: implemented and analyzed part of the behavioural
experiments; Al: performed part of the brain injections; MK and DM: implemented and helped analyse
the quantitative wheel running experiments; FB: designed experiments, wrote the paper, analysed the

GFAP and MBP dataset.
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ABSTRACT

Recent reports suggest that rehabilitation measures that increase physical activity of patients can
improve functional outcome following incomplete spinal cord injuries (iSCI). To investigate the
structural basis of exercise-induced recovery we examined local and remote consequences of
voluntary wheel training in spinal cord injured female mice. We offered free access to running
wheels and observed that voluntary exercise resulted in improved recovery of both overground
locomotion as well as skilled motor function following iSCI. Exercise-induced changes to the
neuronal and glial response at the lesion site were transient and while they might contribute to
earlier onset of recovery, they did not correlate with long-lasting functional improvements. In
contrast, voluntary exercise led to profound and sustained effects on axonal rewiring processes
remote from the lesion that resulted in strengthened supraspinal connections to the injured spinal
cord. Voluntary exercise can thus improve the efficiency of circuit rewiring processes that are
endogenously initiated after injury. This indicates that increasing physical activity soon after an

incomplete CNS insult leads to hard-wired changes of spinal circuitry.

KEYWORDS: Spinal cord injury, Axonal remodeling, Rehabilitation, Corticospinal tract,

Voluntary exercise
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INTRODUCTION

Despite intensive research efforts, there is still no effective therapy that efficiently promote
functional recovery following spinal cord injury.' The clinical translation of many experimental
approaches based on pharmacological interventions or cell replacement has so far often failed
due to side effects or lack of efficacy.” In contrast, non-invasive measures to promote physical
activity such as treadmill training, bicycling or swimming have all shown promises in improving
patient outcome following spinal cord injury. Such measures not only lower the risk of
secondary complications™ * but have also shown potential to improve walking ability in
particular in patients with incomplete injuries.” ¢ Likewise, experimental studies have reported

that training paradigms improve recovery of stepping movements in mice, rats and cats.”®

How such increased physical activity can lead to lasting improvements of neurological function
is only incompletely understood. Both local changes at the lesion site and remote effects on brain
and spinal connectivity are conceivable. Here, we therefore explored how voluntary exercise
influences the neuronal and glial response at the lesion site as well as the rewiring of supraspinal
tracts after incomplete midthoracic spinal cord injury (iSCI). We chose voluntary exercise
initiated by providing mice with free access to running wheels over “forced overuse” paradigms
as the latter, at least in some cases can lead to worsening of functional outcomes following spinal
cord injury.g’ ' Our results show that mice extensively use their running wheels not only before
but also after injury reaching their pre-lesion exercise levels within 5 days after injury. Running
affected both their overall as well as their skilled motor function after injury and exercising mice
started to recover earlier and reached better sustained performance levels. Such long-lasting
improvements in motor performance are unlikely to be related to local axonal and glial changes
at the lesion site that were only transiently affected by exercise. In contrast, we detected marked

and sustained improvements of the rewiring of supraspinal connections that resulted in a
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strengthening of both indirect and direct inputs to lumbar motoneurons. Lasting strengthening of

brain-spinal cord connectivity can thus be induced by increasing physical activity within days

after incomplete spinal cord injury.
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MATERIAL AND METHODS

Animals

Adult female C57Bl6j mice (Janvier, France; https://www.janvier-labs.com/rodent-research-
models-services/research-models/per-species/inbred-mice/product/c57bl6jrj.html) from 6 to 12
weeks of age were used in this study. Mice were separated into four groups: Mice without
thoracic dorsal hemisection with or without a running wheel and mice with thoracic dorsal
hemisection with or without a running wheel. Animals were housed in a 12-hour night day cycle
with food and water ad libitum. All animal procedures were performed according to institutional
guidelines and were approved by the local regulatory authorities (Regierung von Oberbayern 55-

2-1-54-2532-136-2015136-2015; Cantonal veterinary office Geneva GE/81/16).
Wheel Training

All animals with free access to running wheels were housed individually and introduced to a
wheel in their home cage 7 days prior to the first surgery. Animals were given a running wheel
with regular spacing (regular wheel) for the first 2 days. After this habituation period the regular
wheel was exchanged for one with irregular spaced bars (complex wheel). After each surgical
intervention mice were given a regular wheel for 2 days post-surgery which then was exchanged
for a complex wheel again. The rationale for using a complex wheel was the following: as
rhythmic locomotion is largely controlled at the level of the spinal central pattern generator
networks, supraspinal input might be more important for running in wheels with irregularly
spaced bars. Wheel running behavior was monitored regularly throughout the entire experiment.
Measurements of wheel running velocity, distance and frequency were obtained as previously
described.!” Animals that were provided with a wheel, but didn’t run in it during the habituation

period were excluded from the study.
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Surgical procedures

For all surgical procedures mice were anesthetized with an 1ip. injection of
midazolam/medetomidin/fentanyl (MMF; midazolam 5.0mg/kg, medetomidin 0.5mg/kg,
fentanyl 0.05mg/kg) on a heating pad (38°C). Mice were returned to the heating pad until fully
awake. For pain management meloxicam (Metacam®, Boeringer Ingelheim) was administered 6

hours after antagonization and every 12 hours for 72 hours.

Thoracic dorsal hemisection: The skin over the vertebral column was incised and the 8" thoracic
vertebra was carefully exposed. A laminectomy was performed, followed by a dorsal
hemisection of the spinal cord with fine iridectomy scissors as previously described.'*"'* This
lesion bilaterally transects the main dorsal and minor dorsolateral corticospinal tract (CST),

leaving the ventral white matter intact.

Stereotactic labeling of the hindlimb motor cortex: In order to label CST fibers we pressure
injected 1pl of 10% biotinylated dextran amin (BDA, in 0.1% phosphate buffer (PB), 10000
MW, Life Technologies) in the hindlimb motor cortex of each hemisphere. Stereotactical
injections were performed 14 days prior to sacrifice with a finely pulled glass micropipette at the
following coordinates: -1.3 mm rostro-caudal, 1 mm lateral from bregma and 0.6 mm depth. The

micropipette remained in place 3 min following the injection.

Labeling of long propriospinal neuron: Long propriospinal neurons were labeled by pressure
injection of 0.5ul of 2.5% dextran conjugated with Texas Red® (3,000 MW; Life Technologies
D-3328) in the first lumbar segment of the spinal cord 9 day prior to sacrifice. In brief the skin
was incised and the space between the last thoracic and first lumbar vertebra was exposed. The
dura was carefully removed and Texas Red® was injected bilaterally into the spinal cord
(coordinates from central vein £0.6 mm, 0.8 mm depth). The capillary was left in place for 3

minutes after injection.
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Tissue processing and histology

Mice were deeply anesthetized and perfused transcardially with 4% paraformaldehyde (PFA) in
0.1% PB. If not stated otherwise the tissue was post-fixed overnight in 4% PFA followed by the
dissection of brain and spinal cord and cryoprotection in 30% sucrose (Sigma) for at least 48

hours.

Visualization of CST collaterals: To reveal hindlimb CST collaterals and sprouting we cut 30
sections 50um thick of the cervical spinal cord (C3-C5) of mice, which had been stereotactically
injected with BDA. Sections were incubated in ABC complex (Vector Laboratories) over night
at 4°C, then washed and incubated for 30 minutes with tyramide (Biotin-XX, TSA Kit #21; Life
Technologies), washed again and stained with streptavidin conjugated to FITC, Alexa488 or
Alexa 594 (1:500, Life Technologies). For CST sprouting at the lesion site, longitudinal

consecutive sections from the lesion site were cut (40pm) and stained similarly.

Visualisation of synaptic contacts between CST collaterals and propriospinal relay neurons:
Synapsin staining was performed using a rabbit-a-synapsinl (1:500, Merck Millipore AB1543)
primary and goat-o-rabbit Abberior STAR 635P (1:200, Abberior) secondary antibody.
Collaterals were stained with Streptavidin Alexa594/488. Confocal Images were taken with a

63x Objective with the pinhole closed to 0.5 Airy unit in order to gain better resolution.

Detection of serotonergic fibers and motoneurons in the lumbar spinal cord: We performed
sequential staining of motoneurons and serotonergic neurons respectively by incubating sections
with goat-a-ChAT primary antibody (1:100, Merck Millipore AB144P; RRID: AB 2079751)
overnight. Secondary staining was done with donkey-a-goat Alexa488 (1:500, Thermo Fisher
Scientific) antibody before incubation with rabbit-a-SHT (1:10000, Immunostar 20080; RRID:

AB 2313880) over the second night. To better visualize serotinergic fibers, sections were then
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incubated with donkey-a-rabbit HRP primary antibody (1:100, Thermo Fisher Scientific) for 1

hour, then for 5 hours with Tyramide coupled to Alexa647 (1:500, Thermo Fisher Scientific).

Visualization of the glial response at the lesion site: For immunohistochemical analysis of
myelin basic protein and reactive astrocytes every second section of the lesion site was post-
fixed for 15 minutes in ice cold methanol, blocked in 10% goat serum (GS) in 0,5% Triton X-
100/PBS (TPBS), and incubated over night at 4°C with rabbit-a-human Myelin Basic Protein
(1:200, Dako A0623; RRID: AB 2650566) and rat-a-GFAP (1:500, Thermo Fisher Scientific
13-0300; RRID: AB 2532994) primary antibodies. Secondary antibodies were goat-a-rabbit

Alexa488 and goat-o-rat Alexa647 (1:500, Thermo Fisher Scientific).

Visualization of oligodendrocyte progenitors and cell proliferation: For Ki67 and NG2 staining
spinal cords were immediately dissected and postfixed for one hour before they were transferred
into 30% sucrose. Every third section of the lesion area was stained for oligodendrocyte
progenitors and cell proliferation. For this purpose, sections were first incubated for two nights
with rabbit-a-NG2 primary antibody (1:250, Merck Millipore AB5320; RRID: AB 91789), then
stained overnight with goat-a-rabbit Alexa594 secondary antibody and then washed thoroughly.
Afterwards sections were incubated over night with rabbit-a-Ki-67 primary antibody (1:100,
Thermo Fisher Scientific MA5-14520; RRID: AB 10979488) and stained with goat-a rabbit
Alexa488 secondary antibody (1:500, Thermo Fisher Scientific) for 6 hours, followed by a 5 min

DAPI (1:10000, Sigma) staining to visualize nuclei.
Imaging

All confocal images were acquired with a Leica TCS SP8 confocal (Leica Microsystems) with
20x, 40x or 63x oil immersion objectives and appropriate laser lines and filter sets (for details of

image acquisition see below).
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Quantifications

Quantification of hCST sprouting: To analyze exiting hindlimb CST fibers the cervical spinal
cord was stained as above. Confocal scans (50um, 20x, Z-step size: 1.042um) of 20 sections
were taken with a Leica TCS SP8. Images (20) were then processed in Fiji (http://Fiji.nih.gov/ij/)
to generate maximum intensity projections. Length tracing and counting of collaterals, exiting
collaterals, branchpoints and boutons were also done in Fiji by an investigator blinded to
treatment and injury status of the animal. For length quantification NeuronJ" was used. To
account for different CST labeling in different animals, all labeled fibers in the main white
matter corticospinal tract were counted and the length as well as the number of collaterals was
normalized to this value. A bouton was deemed as such and counted if a thick varicosity was
clearly visible along the CST collateral and boutons were normalized to total length and plotted

per um (as previously established).'>"* ¢

Quantification of contacts on long propriospinal neurons: To count contacts on LPSN we used a
fluorescent microscope (Olympus [X71) with a x40/0.65 air objective. CST collaterals were
visualized by tyramide amplification and FITC or Alexa488 labeling and LPSN were labeled
with Texas Red®. We counted the total number of contacts by CST collaterals on LPSN as
defined by close apposition between CST collaterals and LPSN at 40X magnification. We
normalized the number of contacts to the number of labeled CST fibers in the white matter tract
and the number of labeled LPSN. All quantitative analyses were performed by an investigator
blinded to treatment and injury status. We also determined the proportion of labeled
propriospinal neurons that were contacted by CST collaterals and normalized this value to the
number of labeled CST fibers in the white matter tract and expressed it as a relative value

compared to the proportion of contacted LPSN in untrained animals.
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Collateral sprouting at the lesion site: In order to quantify collateral sprouting at the lesion site,
all lesion sites were imaged with a Leica DM4 (Leica microsystems) fluorescence microscope
and the Stereo Investigator Software (MBF). All stacks were then projected and stitched in Fiji
and a 200um grid was placed on the stitched image, the 0 line representing the location of the
CST stump. The number of sprouts on longitudinal sections (average of 7 sections per animals)
crossing each line was counted and normalized to the number of CST fibers labeled in the white

matter and the number of sections counted.

Quantification of serotonergic fibers and contacts on motor neurons: We assessed serotonergic
rewiring onto motor neurons in coronal lumbar spinal cord sections (3 sections per animals).
Stacks (40um, 20x, Z-step size: 1.042um) were used to count the number of contacts between 5-
HT fibers and motor neurons in 3D reconstructions assembled using Imaris software (Bitplane).
Serotonergic innervation in the lumbar grey matter was quantified by using the integrated density

function in Fiji and normalizing it to the background intensity (n=6 sections each).

Quantification of Myelin, GFAP, NG2 and Ki-67 immunoreactivity at the lesion site: To assess
myelin preservation and astrocyte scaring, lesioned spinal cords were confocal imaged with a
20x objective (15 images in Z per 40um stack). For GFAP, the region of GFAP
immunoreactivity-increase was outlined. Differential integrated densities between the region
showing an increased immunoreactivity and the surrounding region corrected to a similar area
were calculated in Fiji. For MBP the region of MBP immunoreactivity-decrease was outlined.
Differential integrated densities between the region showing a decreased immunoreactivity and
the surrounding region was calculated in Fiji. Data were presented as normalized values to non-

trained animals (average of 5 sections per animals).

For NG2 and Ki67 quantification, three 40x stacks of each region of interest (lesion, lesion

border, outside lesion) were acquired with a Leica TCS SP8 confocal (step size 0.5um) by an
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investigator blinded to timepoints and training paradigms. For each animal three sections were
imaged. DAPI- and NG2-positive as well as the DAPI-, NG2- and Ki67-positive cells were
counted in the central 20pum part of the stacks (top and bottom 10um were excluded) and cell
density (per 10000um2) and percentages per area were calculated. A cell was deemed NG2" if
the DAPI" nucleus was encased with at least 2/3 of NG2 labeling. A Ki67 positive cell was
counted if the Ki67 staining entirely overlapped the DAPI staining of the nucleus. A double

positive cell was counted if both criteria were fulfilled.

Lesion Volume: For determination of lesion volume, every second consecutive section (average
of 10 sections per animal) was stained with a fluorescent Nissl dye (NT435; Life Technologies
N-21479, dilution 1:500). Sections were imaged using an Olympus IX71 microscopes, then
processed in Fiji and the lesion area (cavities and surrounding damaged tissue) was outlined and
measured. For volume calculation the area was multiplied by the thickness (80pum) between two

consecutive sections and the results were summed up.
Image processing

Maximum intensity projections and stitching were done in LasX (Leica microsystems) or in Fiji.
For final illustration images were processed in Adobe Photoshop using gamma adjustment to
enhance visibility if necessary. 3D-rendering of contacts on ChAT-positive neurons was done

using Imaris software (Bitplane).
Behavioral analysis

Mice were habituated on all behavioral tasks three times prior to first testing. One out of 14
wheel-trained animals could not perform the tests at day 2 post-injury due to its lesion and was

excluded from the analysis for this timepoint.
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Ladder rung: To assess hindlimb motor function and paw placement all mice were tested on the
ladder rung test (also called grid walk test) as described previously.'” Animals crossed a 1 m
long horizontal metal-rung runway three times with varying spacing (irregular walk) between the
rungs. Sessions were videotaped and footfalls were counted by an investigator blinded to the
timepoints and training status of the mice. A footfall was counted each time the hind paw of the
animal either completely missed the rung or slipped from it. Recordings were done 2 days prior
and 2, 7, 21 and 56 days after dorsal thoracic hemisection of the operated groups. Animals with
incomplete lesions or animals that performed poorly prior to the surgery were excluded from the

study.

Rotarod: To evaluate locomotor activity, we used a Rotarod test (Ugo Basile, Italy). In brief
mice were placed on the device for a maximum of 120 seconds at either a constant speed of 20
rounds per minute (constant Rotarod) or at accelerating speed from 2 to 40 rounds per minute
(accelerating Rotarod). The time and velocity was recorded at the point where the animal was
unable to hold on and dropped from the rod. Like the ladder rung, the Rotarod test was

performed at -2, 2, 7, 21 and 56 days.

Catwalk gait analysis: To perform gait analysis, the Catwalk XT™ (**; Noldus) was used. The
system was calibrated each day prior to acquisition and minimal requirements for a valid run
were duration between 0.5 and 4 seconds with a maximum speed variance of 60%. This ensures
that the animal crossed the walkway without stopping and at a normal speed. Three valid runs
were recorded for each animal and all parameters were calculated by the software. The regularity
index (RI) is calculated by multiplying the normal step sequence patterns (NSSP) with 4 for the

amount of paw placements and then dividing it by the number of paw placements (PP).
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Statistical evaluation

All results are given in mean+SEM. For statistical analysis we used GraphPad Prism 5.01 for
Windows (GraphPad Software, La Jolla, USA). We used one- and two-ways ANOVA with
Tukey and Bonferroni pot hoc test to analyze behavioral data. To compare two columns together,
we first tested for normality and used appropriate tests e.g. unpaired t-tests for data that
distributed normally and Mann-Whitney tests for data that did not distribute normally.

Significance levels are indicated as follows: *p < 0.05; **p < 0.01;***p <0.001.
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RESULTS

Mice rapidly recover the ability to exercise and improve their behavioural function

following iSCI.

To evaluate the role of voluntary exercise following incomplete spinal cord injury we used two
types of wheels in our experiments: a regular wheel with equally spaced bars that should in
particular train the intraspinal circuits that form the central patterns generator (CPG) known for
its importance for rhythmic locomotion and a complex wheel with irregularly spaced bars that
should in particular train supraspinal pathways such as the corticospinal tract that are required
for continuous step-length adaptation, bilateral coordination and skilled paw placement.'’ We
first pre-trained mice for 10 days on a regular wheel and then following spinal cord injury, mice
were again offered the regular wheel for 2 days before they were switched to the complex wheel
(Fig. 1A). Despite a thoracic hemisection that interrupts major descending motor and ascending
sensory tracts, mice started running again on the second day following the lesion although they
ran less and much slower than control mice at this time (Fig. 1B). However as early as 4 days
following the hemisection lesion, mice regained the capacity to run on the running wheels at the
same speed and for the same distance and comparable time as unlesioned mice and did so for the
remaining period of the study (Fig. 1B). We then examined how such voluntary exercise affected
the recovery of motor function after the injury. For this purpose, mice were habituated before
injury to perform on the ladder rung test, which assesses skilled walking and fine paw placement,
and on the rotarod (accelerated and constant speed), which assesses overall locomotion and
coordination. We tested motor performance following dorsal thoracic hemisection at 2 days as
well as 1, 3 and 8 weeks following lesion (Fig. 1C). While motor performance at early time
points after the lesion (2 days and 1 week) was not affected by exercise, mice which exercised on

the running wheels performed significantly better than untrained mice in all tasks from 3 weeks
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after lesion onward. Mice that exercised both started to recover quicker and had recovered more
completely at the end of the study period (Fig. 1D-F). No effects of voluntary exercise were

detected on the performance of unlesioned animals in these test paradigms (Fig. 1D-F).

Voluntary exercise promotes transient neuro-glial changes at the lesion site.

We next explored which structural changes to the nervous system underlie the observed
improvement of functional recovery. First, we measured the lesion volumes in our mice and
found no differences between exercise and control group. Furthermore, in our experiment
individual lesion volumes did not correlate with the performance of the respective animals in the
behavioral tasks (Fig. 2). We next examined the effect of voluntary exercise on reactive
astrogliosis and myelin integrity at the lesion site. Using GFAP immunoreactivity to determine
the extent of glial reactivity, we observed that voluntary exercise reduces astrogliosis at an early
timepoint (at 2 weeks) but not at a late timepoint (at 10 weeks) after spinal cord injury (Fig. 3A,
B). Similarly, we found that the decrease in MBP immunoreactivity that normally follows a
transection to the spinal cord is significantly attenuated by voluntary exercise at early but not at
later timepoints following lesion (Fig. 3A, C). To determine whether these early myelin changes
were due to myelin protection or generation of new myelinating cells, e.g. from oligodendrocyte
progenitors, we quantified the total number of NG2" oligodendrocyte progenitors as well as the
number of these cells that are proliferating at different timepoints after lesion. We did not detect
any significant increase in either the total number of NG2 positive cells or the number of
proliferating NG2 cells suggesting that the initial difference in MBP intensity following wheel
running is mostly due to myelin protection (Fig. 4). To assess whether the local neuronal
response shows similar kinetics, we next analyzed the regeneration of the corticospinal tract, a

major supraspinal motor tract that is transected by the dorsal hemisection, at different distances
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from the site of the lesion at an early (2 weeks) and late timepoint after injury (10 weeks; Fig.
3A, D). For this purpose, we anterogradely traced the hindlimb portion of the corticospinal tract,
identified the stump of the CST tract after the lesion and drew lines every 200pum from it. We
then evaluated the number of sprouts originating from the corticospinal tract that crossed those
lines. In line with our analysis of the glial response our results indicate that voluntary exercise
increased CST regeneration early on following the injury. However, this effect is lost at later
timepoints of the recovery process when CST sprouting in control animals reached the same

levels as the sprouting observed in exercising mice (Fig. 3D).

Voluntary exercise leads to improved serotonergic remodelling and sustained

strengthening of corticospinal rewiring following iSCI.

We next examined the response of monoaminergic fiber tracts containing serotonin (5-
hydroxytryptamine, 5-HT). We revealed serotonergic fibers in the lumbar part (L1 to L2) of the
spinal cord below the lesion site and found that while wheel running did not change the density
of serotonergic fibers in the spinal cord (17.5+1.1 10° vs 19.5+1.3 10° AU at 2wks and 17,1£1.9
10°vs 17.4+2.1 10° AU at 10wks control vs exercise), it did significantly increase the number of
serotonergic contacts onto ChAT positive motoneurons (Fig. 5A, B) at 2 weeks after injury. By
10 weeks after lesion the number of contacts were equally increased in non-exercising mice (Fig.
S5A, B). As the serotonergic system is known to regulate and affect the central pattern generator
important for rhythmic stepping (Grillner, 2006), we use the catwalk to evaluate several gait
parameters, among them rhythmic stepping. In line with the previous finding of the serotonergic
patterning, we found that rhythmic stepping was also re-established in both wheel running and

control mice at this late timepoint (Fig. 5B).

46



Results

In contrast to rhythmic stepping, skilled aspects of locomotion that require corticospinal input
recover slower and often incompletely. To assess whether the sustained improvement of skilled
locomotion induced by voluntary exercise results from enhanced rewiring of the corticospinal
tract, we analyzed the formation of corticospinal detour circuits that have been shown to mediate
functional recovery after spinal cord injury (Bareyre et al., 2004; Courtine et al., 2008). These
detour circuits are created via the emergence of new hindlimb CST collaterals into the cervical
grey matter where they contact long propriospinal neurons that provide a detour around the
thoracic lesion site and contact lumbar motoneurons. We therefore performed a bilateral dorsal
hemisection of the spinal cord at T8 in wheel running mice and age-matched non-running mice,
traced the hindlimb portion of the corticospinal tract and then analyzed the number and structure
of emerging CST collaterals as well as their contacts onto long propriospinal neurons at 2 and 10
weeks following the lesion (Fig. 5A). We found that exercise led to a marked increase in both
the total number and length of cervical CST collaterals (Fig. 5C) that resulted in a more than 3-
fold increase in the number of CST contacts onto long propriospinal neurons (Fig. 5D). Notably
and in contrast to the transient changes observed at the lesion sites, these exercise-induced
changes were sustained throughout the study period. Exercise-induced changes to CNS circuitry
appear to be specific for injured mice as wheel running did not alter the number of grey matter
CST collaterals, their length, the number of contacts onto propriospinal relay neurons or the

number of relay neurons contacted by CST collaterals in unlesioned animals (Fig. 6).
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DISCUSSION

To determine the role of voluntary exercise following incomplete spinal cord injury we made use
of the fact that running is an elective voluntary behavior in mice' and offered some of them free
access to a running wheel in the cage. Notably, mice which underwent an incomplete spinal cord
injury (iSCI) retained the motivation to run quickly following the injury and reached running
abilities similar to unlesioned mice few days following injury. In addition, mice that exercised
both started to recover quicker and had recovered more completely at the end of the study period.
It is interesting to note that improved recovery was seen both in tests of overground locomotion
such as the accelerated and constant speed rotarod that primarily rely on local spinal circuits® as
well as in the irregular ladder rung test that requires input from supraspinal tract systems.”’
Overall the sustained effects on different aspects of locomotor recovery we observed here
support the notion that voluntary exercise that enforces physiological movement patterns can be

initiated timely following injury and lead to lasting improvements of functional recovery.

We wanted to understand the mechanisms at play that can explain this early and sustained
recovery triggered by voluntary exercise. We thus first investigated local changes at the lesion
site as previous reports have suggested that increased physical activity can affect glial reactivity

. . . .o 2224
and increase axon sprouting at the site of injury.

As the local response of glial cells and in
particular of astrocytes and oligodendrocytes is a critical determinant of recovery from spinal
cord injury”, we examined the effect of voluntary exercise on reactive astrogliosis and myelin
integrity at the lesion site. In our study, we observe changes to the initial injury response of both
astrocytes and oligodendrocytes that are however not maintained over the entire recovery period.
These transient changes are paralleled by the local neuronal response as voluntary exercise

increased CST regenerative sprouting at the lesion site only at early timepoints following the

injury. Thus, exercise-induced local changes to either the neuronal or glial response at the lesion
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site can contribute to the earlier onset of functional recovery induced by wheel running.
However, they are unlikely to explain the sustained improvements that remained significantly
different from the non-exercising control group throughout the entire study period. We therefore
explored whether voluntary exercise induces more permanent changes in the central nervous
system remote from the lesion site. This line of investigation is supported by recent studies
highlighting the importance of supraspinal neuronal rewiring processes that often occur at a
distance from the original lesion site for both endogenous and therapeutically-supported recovery

- - L 12,26:28
of neuronal function after spinal cord injury. =

We focused our analysis on two axonal tract
systems, the serotonergic and corticospinal pathways that play a crucial role for rhythmic
stepping and skilled movements respectively. First we examined the response of the serotonergic
tract system that provides a tonic input from the brainstem, influence neuronal networks of the
central pattern generator responsible for rhythmic stepping and contribute to the reorganization

of lumbar motor networks following SCL.** % 30

Wheel running significantly increased the
rewiring of serotonergic fibers early following exercise training but again non-exercising mice
reached similar levels at later timepoints of the recovery process. As rhythmic stepping
(analyzed using the catwalk) was also re-established in both groups at this timepoint, this
indicates that rhythmic stepping can be regained without additional training at least in our
incomplete spinal cord injury paradigm. In contrast, our behavioral analysis indicates that skilled
movements such as the paw placement measured by the gridwalk task only recovered in
exercising mice. As skilled movements critically depend on supraspinal input provided by the
CST, we next assessed the effects of voluntary exercise on CST remodeling. We and other have
previously shown that the CST responds to a lesion by the spontaneous formation of intraspinal
detour circuits that re-establish corticospinal input to lumbar motor circuits after injury.'*"'* %27

These detour circuits are shaped by the formation of new CST collaterals that emerge from

transected hindlimb CST fibers and enter the gray matter of the cervical spinal cord where they
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contact long propriospinal neurons that in turn provide a detour around the thoracic lesion site
and contact lumbar motoneurons. We found that exercise led to a marked - more than 3-fold -
increase in the formation of these corticospinal detour circuits. Notably and in contrast to the
changes observed at the lesion sites, these exercise-induced detour circuits were detected at both
2 and 10 weeks and thus maintained throughout the critical time period during which novel
circuits are formed and refined.'> '* Interestingly, exercise-induced changes to CNS circuitry
were only found following injury indicating that stable circuits in uninjured animals are not

modified by exercise training.

Taken together our study provides evidence that voluntary exercise initiated within days after
incomplete injury leads to the sustained improvement of functional recovery that are encoded in
hard-wired changes to CNS circuitry and can thus be maintained long-term. Our study thus
argues for the timely introduction of rehabilitative measures in patients suffering incomplete

CNS injuries of traumatic, ischemic or other origin.
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Figure 1: Mice rapidly recover the ability to exercise and improve their behavioural
function following iSCI. (A) Timeline of the experiment to evaluate the performance of injured
mice on a running wheel. (B) Measurement of wheel running parameters: number of runs per
day (top panel), covered distance in the wheel (middle panel) and average velocity (bottom
panel); (n=8- 10). (C) Timeline of the experiments evaluating behavioral recovery following SCI
with and without voluntary exercise. (D) Image of a mouse performing the rotarod test (left) and
quantification of the “time at fall” at a constant speed of 20 rounds per minute (middle).
Quantification of the “time at fall” averaged at 7d, 21d and 56d post-injury (right); n=8-15 mice
per group; data analysed with a two-way ANOVA; *: indicate improvement compared to the 2d
timepoint. (E) Schematic representation of the time/velocity curve of the accelerating rotarod
(left) and quantification of the “time at fall” on the accelerating rotarod. Quantification of the
average “time at fall” averaged at 7d, 21d and 56d post-injury (right). n=8-15 mice per group;
data analysed with a two-way ANOVA; *: indicate significant improvement compared to the 2d
timepoint. (F) Scheme of the irregular rung spacing of the irregular ladder rung test (left) and
quantification of the number of footfalls in the irregular ladder rung test over 56 days post-injury
(middle panel). Quantification of the average number of mistakes made by the injured mice
averaged at 21 and 56d post-injury (right panel). n=8-15 mice per group; data analysed with a
two-way ANOVA and Bonferroni post-hoc test; *: indicate significant improvement compared

to the 2d timepoint.
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Figure 2: Low correlation between behavioural performance and lesion volume at 10 weeks
following iSCI. (A) Representative fluorescence image of a spinal lesion site 10 weeks after
injury stained with Neurotrace 435 and quantification of lesion volume in exercise and control
mice at 10 weeks after spinal cord injury (n=11-12 mice per group) Dashed lines indicate the
lesion area. (B) Correlation of the motor scores obtained 56d post-injury with lesion volume.
Motor performance does not (or only weakly) correlate with the irregular Ladder Rung (top), or
the constant (middle) or the accelerating (bottom) Rotarod (n=10-11; Pearson’s R?). Scale bar

represents 200pum in (A).
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Figure 3: Voluntary exercise promotes transient neuro-glial changes at the lesion site. (A)
Schematic timeline of the experiment aiming at evaluating corticospinal tract (CST) sprouting.
(B) Representative confocal images of glial fibrillary acidic protein (GFAP) at lesion sites of
control and exercise animals 2 weeks post midthoracic dorsal hemisection and quantification of
the increased GFAP intensity around the lesion site (normalized to the untrained group) at 2 and
10 weeks after midthoracic dorsal hemisection (n= 7 at 2wks, n=6-7 at 10 wks; unpaired t-test;
p=0,0404). (C) Representative confocal images of myelin basic protein (MBP) stainings at the
lesion sites of control and exercise animals 2 weeks post midthoracic dorsal hemisection and
quantification of the decreased MBP intensity at the lesion site (normalized to the untrained
group) at 2 and 10 weeks after midthoracic dorsal hemisection. (n= 7 at 2 wks and n=6-7 at
10wks; unpaired t-test; p=0,0264). (D) Confocal images of corticospinal tract 2 weeks after
spinal cord lesion (CST: green, NT435: blue). Dotted line indicates the level of retraction bulbs
and the 0 line. Arrowheads indicate sprouting collaterals in the grey matter below the lesion.
Higher magnification insets (2X) are outlined by a white dotted box. Quantification of the
normalized number of sprouts at different distances from the 0 line defined from the level of
retraction bulbs (left panel, p<0,001 two-way ANOVA followed by Bonferroni test) and the
cumulative normalized number of sprouts at 2 weeks (top panel, p=0,043; unpaired t-test;
p=0,0468) after lesion (n=5-6) and 10weeks (bottom panel) after lesion (n=6-8). Scale bar in (B,

C, D) represents 200um.
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Figure 4. Wheel running does not trigger proliferation of oligodendrocyte precursors (A)
Confocal images of lesion site (coronal sections) stained for NG2, Ki67 and DAPI in untrained
animals (top) and wheel trained animals (bottom). (B) Higher magnification image of NG2 and
Ki67 double positive cells boxed in (B). (C) Quantification of the number of NG2 glia in the
lesion area, lesion border and outside the lesion at 2 and 10 wks post-injury and quantification of
the percentage of Ki67+ NG2 glia 2 and 10wks post-injury (n= 7 at 2wks and n=3 at 10wks).

Scale bar equals 200pum in (A), and scale bar equals 20pum in (B).
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Figure 5: Voluntary exercise leads to improved serotonergic remodelling and sustained
strengthening of corticospinal rewiring following iSCI. (A) Timeline of the experiments
aiming at evaluating the rewiring of axonal tracts at 2 weeks (left) and 10 weeks (right)
following iSCI. (B) Confocal images of lumbar spinal cord sections stained for serotonin and
choline acetyl transferase (Left; ChAT+ motoneurons: green, Serotonergic fibers: red). 3D-
reconstructions (middle) and single confocal image planes (right) used to quantify contacts
between serotonergic fibers and ChAT+ motoneurons. Quantification of the total number of
contacts (top) and the number of contacts per motoneurons (bottom) at 2 and 10 weeks after
injury (n=7 mice per group, unpaired t-test, Peontacts=0,0236; Pcontacts per neuron=0,0208 at 2wks).
Quantification of the regularity index determined by gait analysis on the Catwalk system (n=6-10
mice per group, One-way ANOVA and Tukey post-hoc test). (C) Confocal images of cervical
spinal cord cross sections showing hindlimb CST collateral sprouting in control (left) and
exercise (right) animals at 2 (top) and 10 weeks (bottom) after spinal cord injury. Quantification
of the number and length of collaterals into the cervical spinal cord of lesioned mice 2 weeks
(top) and 10 weeks (bottom) after spinal cord injury (top). (n=7-9 mice per group, unpaired t-
test, Prength=0,0154, Peollatera=0,0185 for 2wks; n=13-14, Mann Whitney t-test, piengn=0,024,
Peollaterai=0,0143 for 10wks; Mean +SEM). (D) Confocal image of a synapsin-positive contact
(arrowhead) between a CST collateral and a long propriospinal neuron (higher magnification
shown in inserts below). Quantification of number of contacts on long propriospinal neurons 2
and 10 weeks after spinal cord injury and normalized number of LPSN neurons contacted by
CST collaterals (n=6-7, Mann-Whitney test pPeontacts2wks—=0,0152;  Peontactsiowks=0,0256;
Peontacted2wks=0,0152; Peontactediowks=0,0324; Mean =SEM). Scale bar represents 100um in (B, left

image) and (C), 10 um in (D). Scale bar represents 20um in (B, right images).
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Figure 6: Wheel training does not affect mature corticospinal circuits in unlesioned mice.
(A) Quantification of the number of CST collaterals, collateral length, contacts on LPSN and
number of LPSN contacted in uninjured mice 2 weeks after injury (n=4-6 mice per group). (B)
Quantification of the number of CST collaterals, collateral length, contacts on LPSN and number

of LPSN contacted in uninjured mice 10 weeks after injury (n=5-9).
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3.2. Semaphorin 7A controls the proper targeting of
corticospinal and serotonergic fibers following spinal cord
injury

Loy K, Meng N, Jacobi A, Locatelli G, Bareyre FM.

The manuscript is in preparation to be submitted for peer-review.

This study focussed on the contribution of Sema7A signalling in the recovery from incomplete spinal
cord injury. We found that mice lacking Sema7A showed impaired functional recovery after SCl in tests
that addressed fine paw placement as well as in others that test for rhythmic, regular locomotion.
Anatomically we found an increase in the number, length and complexity of corticospinal collaterals in
the cervical spinal cord that was not accompanied by an increase in boutons or contacts on LPSN in the
deficient animals. We next focused on the lumbar spinal cord and the serotonergic projections that are
thought to be part of the central pattern generator. We found no difference in brainstem serotonergic
neurons, but a robust increase in fiber density in the KO. Our data indicates a release of tight patterning

of the corticospinal and serotonergic connections in absence of Semaphorin7A signalling.

Contributions: KL: designed experiments, wrote the manuscript, performed all surgical procedures if not
stated otherwise, collected and analysed all data if not stated otherwise; NM: collected and analysed all
data concerning the 5HT and ChAT experiments; Al: performed part of the brain injections; GL:

implemented and analysed the FACS experiment; FB: designed experiments, wrote the paper
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Abstract

While basic rhythmic locomotion is controlled by intraspinal circuits, supraspinal
pathways are also necessary for gait adaptations and precise control of complex movements.
An efficient wiring of these axonal tracts is therefore paramount to the appropriate control or
rhythmic and complex motion. Several molecules have been shown to control a tight and
targeted wiring during development. Among those, Semaphorin7A was recently shown to be
important for axonal growth, axon guidance and synapse refinement. Here we ask whether
Semaphorin7A, which also plays an important role in immune response, cell proliferation and
revascularization, is important for the rewiring of supraspinal tracts following spinal cord injury.
We therefore performed a Th8 hemisection in Sema7A-competent and Sema7A-deficient mice
and evaluated rhythmic and complex functional recovery, immune response, revascularization,
cell proliferation and the rewiring of two supraspinal axonal pathways, the corticospinal and
serotonergic tracts. We found that mice in which Semaphorin7A signaling was deleted showed
exacerbated functional deficits following the injury and a poorer recovery compared to control
mice. While no difference in cell proliferation, revascularization, immune response or lesion
volume could explain these functional data, we found that the rewiring of the corticospinal tract
and of serotonergic tracts were profoundly affected in Sema7A-deficient mice. When we
mapped axon pathfinding of CST and 5-HT profiles, we found that the lack of Semaphorin7A
signaling released the patterning of the corticospinal and serotonergic pathways that sprouted
more ectopically following injury. In particular 5-HT profiles were strongly present in the
intermediate horn in Sema7A-deficient mice and upper laminae of the dorsal horn while
normally absent following spinal cord injury. Similarly the CST profiles showed increase
innervation in the cervical spinal cord without increasing the potential for detour circuit
pathways. Our data shed light on possible targeting defects of supraspinal axonal pathways in

Sema7A-deficient mice following spinal cord injury.
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Introduction

In order to control locomotion, the maturation of supraspinal and intraspinal networks
need to be tightly regulated. During development, several molecules tighten and precisely
control the organization, the growth and navigation of axons along what will become their final
path. Such molecules are for example the pair Netrin1/Unc6 or DCC (deleted in colorectal
cancer), BDNF/TrkB  (tropomyosin receptor kinase B), Ephrins/EphrinR, and
Semaphorins/Plexins (Shen and Cowan, 2010). Among those molecules Semaphorins play a
particular role in health and development. They are a class of membrane bound or secreted
molecules with many different functions in various processes in the development and
maintenance of the nervous system, the immune system, bones and heart (Pasterkamp, 2012).
Semaphorin 7A (John Milton Hagen Blood Group antigen, Sema7A), is particularly involved in
vascularization, glial scar formation, the immune and nervous system. Sema7A is GPIl-anchored
to the plasma membrane and can be shed thereby also acting as a secreted molecule on its two
known receptors, plexinC1 (PLXNC1) and a1f1 integrin (very late antigen-1; VLA-1)
(Pasterkamp et al., 2003; Zhou et al., 2008; Pasterkamp, 2012), depending of its role either on
axonal growth or axonal pathfinding and targeting. In the nervous system Sema7A plays a
crucial role during development and was first identified to promote axon outgrowth in the lateral
olfactory tract (LOT) (Pasterkamp et al., 2003). Loss of Sema7A in mice also results in aberrant
architecture of the barrel cortex (Carcea et al., 2014) and impaired climbing fiber elimination in
the cerebellum resulting in impaired synaptic refinement (Uesaka et al., 2014). In the adult
mouse Sema7A is a key regulator of hippocampal neurogenesis through VLA-1 (Jongbloets et
al.,, 2017). Sema7A and PLXNC1 are expressed in the developing brain and spinal cord
suggesting more involvement in axonal growth, guidance and targeting there (Pasterkamp et
al., 2007). In contrast to SEMA3A, which was already studied in spinal cord injury (Kaneko et
al., 2006), the role of Sema7A in the recovery process following spinal cord injury is, to date,
unknown. Due to the various roles of Sema7A in circuit maturation and refinement,

neurogenesis and axonal outgrowth throughout the CNS, the molecule is a multifaceted target
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in neuronal remodeling and regrowth after spinal cord injury. As spinal cord trauma challenges
many systems throughout the organism in the acute and sub-acute phases that follow (Schwab
et al., 2014; Li et al., 2017), we therefore studied the influence of Sema7A on functional
recovery, supraspinal axonal remodeling, immune response and vascularization following

incomplete spinal cord injury.

Incomplete spinal cord lesions, have a substantial potential for recovery due to
reorganization of injured and spared fiber tracts. Recent studies have demonstrated th
reorganization of, not only, supraspinal tracts (Weidner et al., 2001; Bareyre et al., 2004; van
den Brand et al., 2012; Zorner et al., 2014) but also intraspinal circuitry/ networks (Cina and
Hochman, 2000; Guertin, 2009; Ghosh and Pearse, 2014) and have shown their contribution to
post-injury functional recovery. Remodeling of intraspinal circuits is largely attributed to the
central pattern generator (CPG) which consists of few serotonergic fibers and other
interneurons that wire motor neurons to generate rhythmic movement without central input
(Cina and Hochman, 2000). After spinal cord injury the reorganization of these spinal networks
contributes to recovery of rhythmic stepping, but can also cause system dysfunction such as
spasticity and up to paralysis (Ghosh and Pearse, 2014). Supraspinal reorganization also plays
a crucial role for the recovery of gross and fine motor behavior after partial spinal cord injury in
mice (Bareyre et al., 2004; Lang et al., 2012). In this paper, we demonstrate that Sema7A
deficient mice show strongly impaired functional recovery after spinal cord injury in both gross
rhythmic stepping as well as fine paw placement. We then wanted to determine the underlying
reasons of this impaired recovery, and found that Sema7A deficient mice did not show changes
in lesion volume, immune response or increased cell proliferation but rather that the targeting of
supraspinal networks was strongly altered. In clear our data indicated that following spinal cord
injury, the lack of Sema7A expression triggered aberrant and profuse sprouting of corticospinal
and serotonergic fibers. This indicates that in competent mice Sema7A restricts the patterning

of rewiring axonal pathways following spinal cord injury.
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Materials and Methods

Animals

Adult female and male Sema7A knock-out mice (Sema7A”, The Jackson Laboratory
Sema7A™"%/J #005128, (Pasterkamp et al., 2003) from 6 to 12 weeks of age at onset of
experiment were used in this study. All animals were housed in a 12 hour night day cycle and
received food and water ad libitum. All animal procedures were performed according to
institutional guidelines and were approved by the local authority (Regierung von Oberbayern

#55-2-1-54-2532-140-2013).

Surgical procedures

For all surgical procedures mice were anesthetized using an intraperitoneal injection of a
midazolam/medetomidine/fentanyl mix (MMF; midazolam 5.0mg/kg, medetomidine 0.5mg/kg,
fentanyl 0.05mg/kg) and kept on a 38°C heating pad until fully asleep. After surgery, all mice
were returned to the heating pad and kept there until fully awake. For pain management
meloxicam (Metacam®, Boehringer Ingelheim) was administered before and every 12 hours

after surgery.

Dorsal thoracic hemisection: Dorsal thoracic hemisection was done as previously described
(Bareyre et al., 2004; Lang et al., 2013; Jacobi et al., 2015). In brief, the skin above the gt
thoracic vertebrae was incised and the bone was carefully exposed. A laminectomy was
performed, followed by a dorsal hemisection with small iridectomy scissors, thereby transecting
the main dorsal and minor dorsolateral part of the corticospinal tract (CST) while leaving the

ventral grey and white matter intact.

Stereotactic labelling of the hindlimb motor cortex: In brief, the skin above the scull was incised

and a hole was drilled at the right coordinates. 1ul of 10% biotinylated dextran amine (BDA, in
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0.1% phosphate buffer (PB), 10000 MW, Thermo Fisher Scientific) was pressure injected in
both hindlimb motor cortices 14 days prior to sacrifice with a finely pulled glass micropipette.
Coordinates were -1.3mm rostro-caudal, 1.1mm lateral from bregma and 0.6mm depth. The

micropipette remained in place for 3 min following the injection.

Labelling of long propriospinal neurons: Long propriospinal neurons (LPSN) were labelled using
0,5ul of 2.5% dextran tracer conjugated with TexasRed® (3000MW, Thermo Fisher ScientificD-
3328) in both sides of the cord between the last thoracic and the first lumbar vertebrae. First the
skin was opened and the gap between the two vertebrae was exposed. The dura was carefully
removed and the TexasRed® pressure injected with a fine glass micropipette (lateral from the
central vein: £0.6mm, 0.8mm depth) which was kept in place 3 min after the injection. Animals

were sacrificed 9 days after surgery.

Backtracing of the hindlimb motor neurons in the cortex: Hindlimb motor cortex neurons were
backtraced from the 8" segment of the spinal cord using 2.5% TexasRed®. After a dorsal
hemisection as described above a finely pulled glass micropipette was inserted rostral to the
lesion and +0.2mm lateral from the central vein and at 0.2-0.3mm depth, thereby labelling the
cut dorsal CST. The micropipette remained in place 3 min after the end of injection. Animals

were sacrificed 10 days after injection.

Behavioural evaluation of hindlimb stepping and coordination

All animals were habituated three times to all the behaviour equipment prior to beginning of the
study. Animal with incomplete lesions or poor performance prior to dorsal hemisection were
excluded from the study. All behaviour testing was performed 2 days prior to surgery (baseline)

and 2, 7, 21 and 56 days after surgery.

Ladder rung test: For assessment of regular walking and fine paw placement the ladder rung

test (aslo called gridwalk test) was used (Metz and Whishaw, 2009). Therefore, the animals had
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to cross a 1m horizontal grid ladder and footfalls were counted in three consecutive crossings
by videotaping by an investigator blinded to genotype and timepoint. We evaluated regular and
rather rhythmic paw placements in the regular walk with evenly distributed spacing between the
rungs and irregular spacing of the rungs aiming at judging the animal’s ability for fine

coordinated paw placements.

Rotarod test: To evaluate motor ability, we used the RotaRod test (Ugo Basile, Italy). Mice were
placed on the apparatus that either kept a constant speed 20 rounds per minute (constant
RotaRod) or accelerated from 2 to 40 rounds per minute (accelerated Rotarod). Maximum score
was 120 seconds,the device automatically recorded the time and velocity at fall from the rod

when the animal was unable to hold on any longer.

Tissue processing and histology

Mice were deeply anesthetized and perfused transcardially with PBS/Heparin (Braun) followed
by 4% paraformaldehyde (PFA) in 0.1%PB. The tissue was postfixed overnight in 4% PFA
followed by dissection of brain and spinal cord and cryoprotection in 30% sucrose (Sigma) for at

least 48 hours.

Visualization of CST collaterals and contacts on LPSN: To stain hindlimb CST collaterals and
sprouting we cut 30 50um sections of the cervical spinal cord (C3-C5) of mice that had a dorsal
thoracic hemisection, LPSN labelling and BDA injected in the motor cortex. All sections were
first incubated in ABC complex (Vector Laboratories) over night at 4°C, then washed and
incubated with tyramide (Biotin-XX, TSA kit #21, Thermo Fisher Scientific) for 30 minutes,
washed again and incubated with Streptavidin-FITC or -Alexa488 (1:500, Thermo Fisher

Scientific).

Visualization of first order motor neurons and cortical layering: Brains with backtraced motor
neurons were sectioned consecutively at 40um and stained with mouse-a-NeuN (1:500,

neuronal nuclei antibody, Merck Millipore MAB377). For antibody detection goat-a-mouse
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Alexa488 (1:500, Thermo Fisher Scientific) was used and nuclei were counterstained with

Neurotrace 435 (1:500, NT435, Thermo Fisher Scientific).

Lesion site staining: To visualize the lesion site 40um sections approximately from T6-L2 were

stained with NT435.

Visualization of cell proliferation and vascularization: To reveal proliferating cells and
vascularization, lesion sites were cut in 50um coronal sections and incubated free floating with
rabbit-a-Ki67 (1:100, Thermo Fisher Scientific MA5-14520) and rat-a-CD31 (1:50, BD
Biosciences 550274), a marker of endothelial cells that line the vasculature. For secondary
staining sections were incubated in goat-a-rabbit Alexa488 (1:500) and goat-a-rat Alexa594
(1:200, both Thermo Fisher Scientific) for 2 hours at room temperature. Nuclei were

counterstained with NT435.

Visualization of cholin acetyltransferase™ (ChAT") motorneurons, serotonergic fibers and cells
(5HT) and serotonin receptors (5HTR): Staining for motorneurons and serotonergic fibers was
done sequentially. First 40um sections were incubated with goat-a-ChAT (1:100, Merck
Millipore AB144P) primary antibody and secondary staining with donkey-a-goat Alexa488
(1:500, Thermo Fisher Scientific). Consecutively sections were stained with rabbit-a-5HT
(1:10000, Immunostar 20080) followed by incubation with donkey-a-rabbit HRP (1:100, Thermo
Fisher Scientific) for 1 hour and then for 5 hours with tyramide coupled to Alexa594 (1:100,
Thermo Fisher Scientific Tyramide kit #15). For 5HTR staining sections were incubated with
either rabbit-a-5HTR1a (1:500, Immunostar 24504), rabbit-a-5HTR2a (1:333, Immunostar
24288) or rabbit-a-5HTR7 (1:500, Immunostar 24439) for 2 nights at 4°C followed by tyramide
amplification exactly like described for the 5HT antibody. For the 5HTR1a and SHTR?7 no triton

was used in accordance with the manufacturers suggestions.
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Imaging

All confocal images were acquired with a Leica TCS SP8 confocal (Leica Microsystems) with
20x, 40x or 63x oil immersion objectives and appropriate laser lines and filter sets and no zoom

if not otherwise stated.

Quantifications

All quantifications were done by an investigator blind to genotype of the animal.

Quantification of CST sprouting: To analyse sprouting in the cervical spinal cord, fibers were
stained as described above and confocal scans (50um, Z-step size 1.042um) of 20 sections
were acquired. All images were then processed in Fiji (https:/fiji.sc/) to generate maximum
intensity projections. Length tracing, counting of total collaterals and exiting collaterals,
branchpoints and boutons were also done in Fiji and the Neurond plugin (Meijering 2004) was
used for length quantification of the total CST grey matter collaterals. To account for differences
in CST labelling between the animals all fibers in the tract were counted in the dorsal funiculus
and the length as well as the number of collaterals was normalized to this number. A bouton
was counted if a thick varicosity was clearly visible along an axon. All boutons were normalized
to the total length of each animal and plotted per um (as previously established in (Bareyre et

al., 2004; Lang et al., 2012; Lang et al., 2013; Jacobi et al., 2015).

Quantification of contacts on LPSN: Contacts on between the CST and LPSN were counted
using a fluorescent microscope (Olympus 1X71) with a 40x/0.65 air objective. We counted the
total number of contacts and the total number of LPSN contacted by labelled CST collaterals. A
contact was defined as a close apposition between a CST bouton and a LPSN. All numbers
were normalized to the number of TexasRed® labelled neurons and the number of labelled CST

fibers in the white matter tract.

Quantification of the number of traced motor neurons in the brain and brain layering: For

quantification of TexasRed®" motor neurons in the brain we counted all labelled cells in every
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second section of the brain from the first section to the last section with labelling on an Olympus

IX70 with a 10x air objective. All results are plotted as mean per section counted.

Quantification of lesion volume: For lesion volume every second section of the lesion area
stained with NT435 was imaged with an Olympus IX71 with a 4x objective. The lesion was
outlined and measured in Fiji and values were multiplied by 80um and summed up to calculate

the total lesion volume.

Quantification of proliferating cells and vascularization: To quantify Ki67" cells and CD31"
vessels lesion site sections were imaged using a Leica DM4 fluorescent microscope with a 10x
air objective and an 2um Z-step size with the Stereo Investigator software (SI, MBF). All images
were stitched and Z-projected in Fiji and the lesion area was outlined. For Ki67 an automated
approach was used. First the background was removed using the rolling background function in
Fiji with a setting of 10, then all Images were thresholded using the triangle method creating a
mostly black and white picture of nuclei and background. Then the analyse particle function of
Fiji was used to count all particles of at least 25um size and a circularity between 0.3 and 1.0 to
ensure only nuclei were counted. This procedure was done for the lesion area and the area
outside of the lesion. We analysed 6 sections where the lesion was clearly visible.
Vascularization was traced and measured using the Neurond plugin in Fiji and branchpoints

were counted with the cell counter. All values are displayed as average per section.

Quantification of serotonergic fibers, cells and contacts on motor neurons: For quantification of
5HT intensity around the lesion site we used the integrated density function in Fiji and
normalized to a clearly negative region of the cord. To generate heat maps of the L1/2, L3/4 and
L5/6 area in Fiji a custom written script was used. In brief, we maximum projected all confocal
scans taken with identical scan settings and aligned them to the central canal for all animals of
one genotype (3 sections per animal, 2-3 animals per genotype and timepoint). Then an
average intensity projection was done and a heatmap was generated by averaging the intensity

within 200 squares over the images. The intensity was normalized to the intensity within the

78



Results

dorsal funiculus that does not contain 5HT" fibers. To quantify the number of serotonergic cells
that project to the spinal cord we imaged S5HT stained brainstems at -6.36mm, -6.96mm, -
7.48mm and -8.00mm from bregma with a Leica DM4 and the Sl software (1 plane in Z).
Images were then stitched and cells in the raphe obscurus nucleus (Rob) and ventrolateral
medulla (VLM) that project to the spinal cord ventral horn and intermediate grey matter
respectively were counted. To quantify contacts of 5HT fibers on ChAT" cells in the lumbar
spinal cord we used 3D reconstruction in Imaris (Bitplane) on confocal scans (40um, 20x, Z-

step size: 1.042um).

Image processing

All images were stitched and maximum projected either in LasX (Leica microsystems) or Fiji.
For illustration images were processed in Adobe Photoshop using gamma adjustment to

enhance visibility if necessary.

Flow cytometry (FACS)

For analysis of cell populations around the lesion site, mice were sacrificed, spinal cord from
approximately T6-L2 isolated and transferred to ice-cold PBS (Sigma-Aldrich). Tissue was cut in
small pieces and digested in RPMI containing 2% fetal calf serum (Sigma-Aldrich), 25mM
HEPES (Sigma-Aldrich), DNase | (10ng/ml, StemCell Technologies) and Collagenase D
(0.8mg/ml, Roche) for 30" at 37°C. Reaction was stopped by adding 1:100 dilution of a 0.5M
EDTA (Sigma-Aldrich) solution. Suspension was filtered through 70um cell strainers (Falcon)
and re-suspended in a 30% solution of Percoll (Sigma-Aldrich). After 30" of gradient
centrifugation at 10.800 r.p.m., the top (myelin) and lower (red cells) layers were removed and
the remaining solution was filtered through 70um cell strainers (Falcon). For analysis of cell

populations in lymph nodes, mice were sacrificed and the inguinal and axillary lymph nodes

79



Results

isolated and mechanically dissociated in ice-cold PBS (Sigma-Aldrich) using glass slides. The
suspension was filtered through 70um cell strainers (Falcon). Stainings were performed in ice-
cold PBS after Fc-receptor blockade (CD16/32, 1ul/million cells, clone 2.4G2, BD Biosciences)
using LIVE/DEAD staining (Invitrogen) and the following antibodies: CD45 (clone 30-F11,
BioLegend), CD11b (clone M1/70, BD Biosciences), Ly6C (clone AL21, BD Biosciences), Ly6G
(clone 1A8, Biolegend). Samples were acquired on a LSR-Fortessa cytometer (BD Biosciences)

and results analyzed by FlowJo software.

Statistical evaluation

All results are given in mean+SEM. For statistical evaluation, we used GraphPad Prism 5.01
(GraphPad, USA). We used one- and two-ways ANOVA with Tukey and Bonferroni post-hoc to
test for significance in the behaviour data. For two column comparison between the genotypes
we fist tested for normality and then used the appropriate t-Test, e.g. unpaired for normal
distribution and Mann-Whitney for data that did not distribute normally. Significance levels are

indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001.
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Results

Loss of Semaphorin7A signalling limits recovery of function after spinal cord injury.

First, we tried to understand whether the loss of Semaphorin7A signalling would influence the
functional recovery of the mice following an incomplete spinal cord injury (Bareyre et al., 2004;
Jacobi et al., 2015). To assess this, we performed thoracic dorsal bilateral hemisections of the
spinal cord and followed the recovery of CST function using behavioural testing paradigms such
as the ‘ladder rung test’ (Metz and Whishaw, 2009), the rotarod test (Whishaw et al., 2008) and
the ‘catwalk analysis’ (Hamers et al., 2006) in Semaphorin7A-deficient mice and Semaphorin7A
-competent control mice. While neither of these genetic manipulations altered the size of the
thoracic lesions (Fig.2; n = 13-15 mice per group), deletion of Semaphorin7A decreased
functional recovery after injury. We followed the mice over 56d following the injury and observed
that more pronounced deficits remained in mice with impaired Semaphorin7A signaling for at
least 8 weeks after injury in both the constant and accelerated rotarod test that evaluates
locomotion and rhythmic behavior (Fig. 1A, B) as in the ladder rung test ‘regular walk’ that also
evaluates rhythmic stepping and the ladder rung ‘irregular walk’ paradigm that is more reflective
of a CST dependent rhythmic behaviour (Fig. 1C,D). Interestingly, the motor performance of
uninjured Semaphorin7A deficient mice was not different from the motor performance of
Semaphorin7A competent mice (Supplementary Fig. 2). Taken together, our results of the
behavioral analysis indicate that intact Semaphorin7A signaling is required for the timely

recovery of motor function after spinal cord injury.

Semaphorin 7A does not affect lesion size, immune response, cell proliferation or

vascular resealing following spinal cord injury.

As early functional deficit and recovery are likely to be dependant of the lesion extent which

itself might be influences by the development of inflammation, vascular resealing and cell
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proliferation we examined first all those parameters. We performed lesion volume at the end of
the behavioural experiment and found that lesion volume was not significantly different between
the Semaphorin7A deficient animals and the wild type control mice (Fig.2A). Likewise, when we
analysed inflammation at the lesion site at acute and sub-acute timepoints, we found that
neither leucocytes, macrophages and granulocytes were changed during the post-injury
inflammatory response between the deficient and competent mice in the spinal cord (Fig. 2B).
We next focussed on vascular resealing and cell proliferation and found, also there, no
differences between the Semaphorin7A deficient and competent mice (Fig. 2C, D). As none of
these parameters showed any differences we concluded that they were unlikely to explain the
behavioural differences seen in Semaphorin7A deficient mice. Therefore we focussed on the

remodelling of supraspinal tract following injury.

Semaphorin7A signaling restricts the growth of corticospinal connections during circuit

remodelling following spinal cord injury.

To determine whether Semaphorin7A signaling regulates sprouting of corticospinal connections
following spinal cord injury, we performed a bilateral dorsal hemisection of the spinal cord at T8
in Sema7A-deficient mice (Pasterkamp et al., 2003) and age-matched Sema7A-competent wild-
type mice and traced the hindlimb portion of the corticospinal tract by stereotactic injection of
the anterograde tracer biotinylated dextran amine (BDA). Sema7A-deficient mice showed a
normal density and distribution of cortical layer V neurons of the hindlimb CST (Supplementary
Fig.2). At 3 weeks after spinal cord injury, however, Sema7A deficiency increased the number
of newly formed CST collaterals that enter the gray matter of the cervical spinal cord as part of
the detour circuit formation process (Fig. 3A,B) as well as the length of these collaterals (Fig.
3B). Along this line, the complexity of the collaterals evaluated as the number of branches
originating from the main collaterals was also significantly increased (Fig. 3C, D). However,

when we evaluated the number of boutons per length on exiting collaterals we could find no
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differences (Fig. 3E, F) indicating that Sema7A deficiency primarily affect the number, length
and complexity of newly generated corticospinal collaterals participating to the process of
axonal remodelling following spinal cord injury. We then investigated whether the increased
number of collaterals and their overall increased length and complexity could play a modulatory
role during targeting onto cervical relay neurons. We thus investigated the proportion of long
propriospinal relay neurons in the cervical spinal cord that are contacted by these CST
collaterals and found that despite the increased number of collaterals the number of contacts
onto long propriospinal neurons was not significantly changed (Fig. 4A-C). These data indicate
that Semaphorin 7A signaling is not involved in correct corticospinal targeting onto cervical relay

neurons following spinal cord injury.

Semaphorin 7A signalling restricts patterning of serotoninergic fibers following spinal

cord injury.

We then turned our attention to another supraspinal tract that contributes to locomotion by its
output onto spinal networks, the serotonergic system. We mapped out the innervation of the
serotonergic system at the lumbar level L1 acutely following the injury (2d) and sub-acutely (7d
and 21d). We generated heatmaps representing the innervation and intensity of the lumbar
spinal cord before and after injury. We mapped regional intensities of 5-HT profiles by creating
heatmaps and found that acutely following the injury the innervation of the spinal cord was very
segregated in three main regions in Semaphorin competent and deficient mice (Fig.5A-B).
When we compared the expression pattern of Semaphorin7A-competent mice against that of
Semaphorin7A-deficient mice we observed that the intensity was significantly lower in deficient
animals in the three regions observed (Fig.5C). However the regions showing the distribution of
S5HT fibers was similar at this point between the two groups of mice and we could not see
changes in patterning of 5-HT profiles. When we performed the same analysis in the sub-acute

phase we observed a post-injury adaptation of 5HT fibers (Fig.6). Indeed both at 7 and 21d the
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intensity of SHT fibers increased significantly more in Sema7A deficient mice compared to
Sema7A competent mice (Fig. 6A-D). Not only intensity was increased in Sema7A deficient
mice but also the localisation of 5HT fibers was different in those mice with central regions of
the lumbar cord significantly more innervated in those mice compared to control mice (Fig. 6E).
In particular specific areas of the intermediate spinal cord showed ectopic sprouting with 5-HT
profiles (Fig. 6E) These data indicated a bi-phasic response of the serotonergic tract to spinal
cord injury in Sema7A deficient mice with an early phase of intensity decrease and a later
phase of over innervation of the regions normally innervated but also non-innervated regions

(Fig. 6B, D).
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DISCUSSION

The proper wiring of supraspinal pathways is critical to efficient locomotion. Similarly, following
incomplete spinal cord injury the correct and targeted re-wiring of those circuits is critical to a
possible recovery of some motor or sensory function. In this paper we show that global deletion
of Semaphorin7A not only significantly worsen the acute functional outcome following spinal
cord injury but also delays or impairs functional recovery of rhythmic and complex locomotion.
could the acute worsening of locomotion in Sema7A —deficient animals could be due to several
factors, e.g. default of revascularization, modified immune response following injury or default in
glial scar formation (Kopp et al., 2010; Schwab et al., 2014; Silver et al., 2014; Li et al., 2017).
Indeed, following SCI the neuronal tissue must be re-vascularized to ensure proper sustenance
of the regenerating tissue, with grey matter vascularization being especially susceptible to
damage (Figley et al., 2013). The absence of Sema7A signalling could there be key as a
growing knowledge suggests the involvement of Sema7A in tumour progression through its pro-
angiogenic mode of action (Pasterkamp et al., 2007; Garcia-Areas et al., 2013; Garcia-Areas et
al., 2014; Li et al., 2017). We investigated re-vascularization and cell proliferation after spinal
cord injury in Sema7A-competent and deficient mice and found no differences in the number of
vessels, the branchpoints of those vessels - a measure of vascular network complexity - or
length of the vasculature after SCI. Similarly we found no differences in proliferating cells,
measured by the number of KI67 positive cells. In this post-injury model, Sema7A does not
seem to play a role in vascular remodelling and tissue re-perfusion, which is also in accordance
with identical lesion volumes in both groups. This is not completely surprising as the pro-
angiogenic activity has thus far only be reported in cancer progression but not in development
(Ghanem et al., 2011; Saito et al., 2015). In the vascular system, developmental programs
seem to be re-activated following injury (Jeansson et al., 2011) and therefore our data showing
an absence of difference in vascular regeneration are in line with the role of Sema7A in

angiogenesis during development.
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Recovery from spinal cord injury also triggers a complex cascade of immune responses whose
beneficial or detrimental role for recovery remains controversial (Schwab 2014). Sema7A was
reported to be expressed on T-cells, thereby stimulating and activating monocytes and
macrophages via al1p1 Integrin leading to a more severe immune response. In the absence of
Sema7A, and thereby the absence of this activation, a less severe disease course in
experimental autoimmune encephalomyelitis (EAE) was reported (Suzuki et al., 2007).
Conflicting evidence showed impairment of T-cell response in the absence of Sema7A and
more severe EAE (Czopik et al., 2006). We did not see any difference in the invasion of
lymphocytes, macrophages or CD4+-T cells into the spinal cord of Sema7A-deficient and
competent mice. In comparison to the immune response in EAE, an autoimmune disease, the
activation and recruitment of immune cells in the injured spinal cord is considered much lower.
Sema7A deletion might therefore trigger differences that are minor and could not be observed

by flow cytometry.

We then focussed on the wiring and re-wiring of supraspinal pathways following incomplete
spinal cord injury. As gross rhythmic motor function and balance (investigated using the rotarod
and the regular ladder rung) and more complex movements and fine stepping, (investigated
with the irregular ladder rung) are impaired in Sema7A-deficient mice, we focussed our attention
on two specific supraspinal tracts, the CST known for its control of fine paw placement and the
serotonergic system whose input on spinally generated networks (Marder and Bucher, 2001) is
important for rhythmic locomotion. Interestingly we found that the re-wiring of both tracts was
altered in Sema7A-deficient mice. The corticospinal tract sprouted more and longer collaterals
that were significantly more complex and innervated significant larger portion of the cervical
spinal cord. Similarly the targeting of the serotonergic system was altered in Sema7A-deficient
mice. There we observed a significantly lower innervation of the lumbar cord acutely following
the injury and a significantly increased re-wiring in the sub-acute phase as more fibers started to
emerge and ectopically innervate regions of the intermediate spinal grey matter that previously

showed no innervation. There is currently no knowledge of the role of Sema7A following injury.
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However this molecule has been already implicated in neuronal outgrowth, guidance and
repulsion during development (Pasterkamp et al., 2003; Chabrat et al., 2017). Recent studies
have demonstrated that Sema7A has growth promoting properties and is involved in repulsive
and attractive axon guidance in the lateral olfactory tract and the brain dopaminergic system
(Pasterkamp and Kolodkin, 2003; Pasterkamp et al., 2003; Chabrat et al., 2017). Our data on
the CST and 5-HT tract systems argues for a role of Sema7A as a repulsive cue during circuit
re-wiring following spinal cord injury. Indeed the CST fibers appear more complex and
numerous and as for the 5-HT pathways innervate ectopic areas in Sema7A-deficient mice.
Because of the over abundant innervation of the spinal cord by the CST, we investigated the
formation of detour pathways e.g targeting onto and contacts with long propriospinal relay
neurons that have been involved in the functional recovery following spinal cord injury (Bareyre
et al., 2004; Lang et al., 2012; Jacobi and Bareyre, 2015). The fact that detour circuit did not
increase and that proportionally lower units of collaterals were engaged into contacts with relay
neurons argues that Sema7A does not play an important role in the CST-LPSN targeting.
Conversely our data speak for a role of Sema7A signaling in precise targeting and accurate
topographic organization of supraspinal tracts. Those finding are supporting recent conclusions
that reported a Sema7A/PlexinC1 interaction crucial for the correct targeting of the
mesodiencephalic dopaminergic tracts (mDA) of the brain. This repulsive interaction was
responsible for the correct outgrowth and tight organization of mDA neurons. If Sema7A is
absent, the mDA neurons are no longer repelled from the ventral tegmental area (VTA) and
overgrow their target area into the striatum (Chabrat et al., 2017). Similarly, our data argue for a
similar repellent effect of Sema7A during re-wiring of the CST and 5-HT pathways following
spinal cord injury. As deficits and recovery in gross locomotor performance and fine movement
tuning following incomplete spinal cord injury are primarily dependent on the proper and efficient
re-wiring of supraspinal input, it is therefore likely that the perturbation and lack of repulsive

interaction via Sema7A is paramount to those deficits.
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FIGURE LEGENDS

Figure 1: Genetic disruption of Sema7A signaling impedes functional recovery following
spinal cord injury. (A) Quantification of the functional recovery in the rotarod test (constant
speed) in Sema7A-deficient (pink lines, n=15), and Sema7A-competent control mice (blue lines;
n=14) before (-2d) and 2 days, 7 days, 21days and 56 days following spinal cord injury. *P <
0.05. (B) Quantification of the functional recovery in the rotarod test (accelerated speed) in
Sema7A-deficient (pink lines; n=15), and Sema7A-competent control mice (blue lines; n=14)
before (-2d) and 2 days, 7 days, 21days and 56 days following spinal cord injury. *P < 0.05. (C)
Quantification of the functional recovery in the ladder rung test (regular walk) in Sema7A-
deficient (pink lines; n=15), Sema7A-competent control mice (blue lines; n=14) before (-2) and 2
days, 7 days, 21days and 56 days following spinal cord injury. *P < 0.05. (D) Quantification of
the functional recovery in the ladder rung test (irregular walk) in Sema7A-deficient (pink lines;
n=15), Sema7A-competent control mice (blue lines; n=14) before (-2) and 2 days, 7 days,

21days and 56 days following spinal cord injury. *P < 0.05.
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Figure 2. Genetic disruption of Sema7A signaling does not result in increased lesion
volume, changes in inflammation, revascularization or cell proliferation following spinal
cord injury. (A) Fluorescence image of a longitudinal image of a spinal cord lesion (dashed
lines outline the lesion border) and quantification of lesion volume between Sema7A-deficient
(pink bars; n=15) and Sema7A-competent mice (blue bars; n=13). (B) Characterization of the
immune response following spinal cord injury between sema7-deficient (pink bars) and
Sema7A-competent (blue bars) showing no differences for leucocytes (left panel), granulocytes
(middle panel) and macrophages (right panel) (n=3 both groups). (C) Confocal pictures of re-
vascularization using the CD31 marker in Sema7A deficient (right; n=3) and Sema7A-
competent (left; n=2) mice and quantification of the length of vessels and mean number of
vessels. (D) Confocal pictures of cell proliferation using the KI67 marker in Sema7A deficient
(right, n=3) and Sema7A-competent (left; n=2) mice and quantification of the mean number of

proliferative cells outside of the lesion and inside the lesion. All scale bars represent 100um.
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Figure 3. Deletion of Sema7A triggers a loss of patterning of corticospinal growth
following spinal cord injury. (A) Confocal images of hindlimb CST collaterals from the main
CST tract in the cervical spinal cord (arrowheads) 3 weeks following T8 dorsal bilateral
hemisection in Sema7A-competent (left panel) and Sema7A-deficient (right panel) mice. Scale
bar equals 100 um. (B) Quantification of the number of exiting hindlimb CST collaterals (left
panel), collateral length (middle panel) and length/exiting collaterals(right panel) at 3 weeks
following T8 dorsal bilateral hemisection in Sema7A-deficient and competent mice (n=10
animals per group). Mean = SEM. *P < 0.05; ***P < 0.001 (ANOVA followed by Tukey tests for
Sema7A-competent versus Sema7A-deficient mice). (C) Confocal images of representative
branches (arrows) of hindlimb CST collaterals from the main CST tract in the cervical spinal
cord 3 weeks following T8 dorsal bilateral hemisection in Sema7A- competent (left panel) and
Sema7A-deficient (right panel) mice. Scale bar equals 100 um. (D) Quantification of the number
of branchpoints on hindlimb CST collaterals at 3 weeks following T8 dorsal bilateral hemisection
in Sema7A-deficient and competent mice (n=10 animals per group). Mean = SEM. *P < 0.05;
***P < 0.001 (ANOVA followed by Tukey tests for Sema7A-competent versus Sema7A-deficient
mice). (E) Representative confocal images showing putative synaptic boutons (asterisks) on
newly formed cervical hindlimb CST collaterals at 3 weeks following spinal cord injury in
Sema7A-competent (left panel), Sema7A-deficient (right panel). Scale bar equals 10 um. (F)
Quantification of the bouton density on newly formed cervical hindlimb CST collaterals in
Sema7A-competent and Sema7A-deficient mice (n=10 animals per group). Mean + SEM. *P <
0.05, **P < 0.01 (ANOVA followed by Tukey tests in case of multiple group comparisons, e.g.
Sema7A-competent versus Sema7A-deficient mice). **P = 0.0028 (unpaired two-tailed t-tests

for comparisons of Sema7A-competent versus Sema7A-deficient mice).
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Figure 4. Deletion of Sema7A decreases the contact formation rate onto relay neurons

(A) Confocal images of putative contacts between CST collaterals in the cervical spinal cord
and long propriospinal neurons in Sema7A-competent mice. (B). Confocal images of putative
contacts between CST collaterals in the cervical spinal cord and long propriospinal neurons in
Sema7A-deficient mice. Scale bars represent 100um. (C) Quantification of the number of
contact per CST length (left panel), number of contacts onto LPSN (middle panel) and number
of contacts per LPSN (right panel) in Sema7A-competent and Sema7A-deficient mice (n = 6
animals per group). *P < 0.01 (unpaired two-tailed t-tests for comparisons Sema7A-competent
and Sema7A-deficient mice). No significant differences were found between Sema7A-

competent and Sema7A-deficient mice (ANOVA followed by Tukey tests).

Figure 5. Deletion of Sema7A triggers a loss of serotonergic expression acutely following

spinal cord injury.

(A) Representative confocal images of serotonergic staining in the segment L1 of the spinal
cord 2 days following spinal cord injury in Sema7A-competent (left) and Sema7A-deficient mice.
Scale bar equals 100um (B) Heatmaps of 5HT fibers intensity in the different regions of the
lumbar cord at L1 in Sema7A-competent (left) and Sema7A-deficient mice. Heatmaps go from
dark blue (very low fiber intensity) to bright white (very high fiber intensity). Boxed areas
represent the 3 regions of the spinal cord chosen for quantifications. (C) Quantification of
relative 5-HT intensity in the different areas boxed in (A) at 2 days post-injury. Blue bars:

Sema7A-competent mice; n=3. Pink bars: Sema7A-deficient mice; n=2.
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Figure 6. Deletion of Sema7A changes the patterning of serotonergic fiber growth sub-

acutely following spinal cord injury.

(A) Representative confocal images (top) of serotonergic staining in the segment L1 of the
spinal cord 7 days following spinal cord injury in Sema7A-competent (left) and Sema7A-
deficient mice and heatmaps (bottom) of 5-HT fibers intensity in the different regions of the
lumbar cord at L1 in Sema7A-competent ( left) and Sema7A-deficient mice. Heatmaps go from
dark blue (very low fiber intensity) to bright white (very high fiber intensity). Boxed areas
represent the 3 regions of the spinal cord chosen for quantifications. (B) Quantification of
relative 5-HT intensity at 7 days post-injury in the different areas boxed in (A) at 7 days post-
injury. Blue bars: Sema7A-competent mice. Pink bars: Sema7A-deficient mice (n=3 animals per
group). (C) Representative confocal images (top) of serotonergic staining in the segment L1 of
the spinal cord 21 days following spinal cord injury in Sema7A-competent (left) and Sema7A-
deficient mice and heatmaps (bottom) of 5-HT fibers intensity at 21 days post-injury in the
different regions of the lumbar cord at L1 in Sema7A-competent (left) and Sema7A-deficient
mice. Heatmaps go from dark blue (very low fiber intensity) to bright white (very high fiber
intensity). Boxed areas represent the 3 regions of the spinal cord chosen for quantifications. (D)
Quantification of relative 5-HT intensity at 7 days post-injury in the different areas boxed in (A)
at 21 days post-injury. Blue bars: Sema7A-competent mice. Pink bars: Sema7A-deficient mice
(n=3 animals per group). (E) Confocal image of 5-HT profiles in a spinal cord at L1 to indicate
the site of ectopic sprouting (boxed area, left image). Confocal images of the boxed in Sema7A-
competent (middle) and Sema7A-deficient (right) mice 7days following injury. Quantification of

the ectopic sprouting in area boxed in (E; left panel).
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Supplemental Figure 1. Sema7A heterozygote mice perform similar to sema7A-

competent mice in motor test following spinal cord injury.

(A) Quantification of the functional recovery in the rotarod test (constant speed) in Sema7A-
competent (blue lines, n=14), and Sema7A-heterozygote mice (green lines; n=10) before (-2d)
and 2 days, 7 days, 21days and 56 days following spinal cord injury. (B) Quantification of the
functional recovery in the rotarod test (accelerated speed) in Sema7A-competent (blue lines,
n=14), and Sema7A-heterozygote mice (green lines; n=10) before (-2d) and 2 days, 7 days,
21days and 56 days following spinal cord injury. (C) Quantification of the functional recovery in
the ladder rung test (regular walk) in Sema7A-competent (blue lines, n=14), and Sema7A-
heterozygote mice (green lines; n=10) before (-2) and 2 days, 7 days, 21days and 56 days
following spinal cord injury. (D) Quantification of the functional recovery in the ladder rung test
(irregular walk) in Sema7A-competent (blue lines, n=14), and Sema7A-heterozygote mice
(green lines; n=10)before (-2) and 2 days, 7 days, 21days and 56 days following spinal cord

injury. Data analyzed using repeated-measure ANOVA followed by Bonferroni tests.

Supplemental Figure 2. The density and distribution of hindlimb cortical layer V neurons

is unaltered in Sema7A deficient mice.

(A) The distribution of layer V neurons of the hindlimb CST relative to bregma is unaltered in
Sema7A-deficient mice. Blue lines: Sema7A-competent mice; n=5. Pink lines: Sema7A-deficient
mice; n=4. (B) Representative confocal scans of the brain of Sema7A-deficient and -competent
mice. Red: TexasRed positive backtraced first order motor neurons; green: NeuN staining.
Scale bar represents 200um. (C) Quantification of the average number of TexasRed" motor

neuron per section. Sema7A-competent mice; n=5. Pink bars: Sema7A-deficient mice; n=4.
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3.3. FGF22 signaling regulates synapse formation during post-

injury remodeling of the spinal cord.
Jacobi A, Loy K, Schmalz AM, Hellsten M, Umemori H, Kerschensteiner M, Bareyre FM.

The study is published in the EMBO Journal (2015 May 5;34(9):1231-43).

This study focussed on the role of FGF22 and its receptors FGFR1 and R2 in remodelling after spinal cord
injury in the adult mouse. We found that deletion of FGF22 or its two receptors together lead to no
reduction in corticospinal sprouting, but to a significant reduction in boutons along these newly formed
collaterals and contacts onto LPSN. Deletion of only one of the receptors leads to increased corticospinal
sprouting without impaired bouton and detour circuit formation arguing for a compensatory
mechanism. Absence of FGF22 signalling also impaired synapse maturation, reflected in a significant
reduction in synapsin and bassoon positivity of these newly formed boutons. FGF22 deficient animals
also show a significant reduction in functional recovery after spinal cord injury further confirming the
reduced and most likely insufficient detour circuit formation.

Contributions: AJ: wrote the manuscript, performed all surgical procedures, collected and analysed data;
KL: performed anatomical and immunohistochemical analysis, performed and analysed part of the
behaviour; AS: performed anatomical and immunohistochemical analysis, performed and analysed
single cell PCR and in-situ data; MH: performed anatomical and immunohistochemical analysis; HU:
characterized mouse strains, designed experiments; MK: designed experiments, wrote the paper; FB:
designed experiments, wrote the paper.
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during post-injury remodeling of the spinal cord
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Abstract

The remodeling of axonal circuits after injury requires the forma-
tion of new synaptic contacts to enable functional recovery. Which
molecular signals initiate such axonal and synaptic reorganisation
in the adult central nervous system is currently unknown. Here, we
identify FGF22 as a key regulator of circuit remodeling in the
injured spinal cord. We show that FGF22 is produced by spinal relay
neurons, while its main receptors FGFR1 and FGFR2 are expressed
by cortical projection neurons. FGF22 deficiency or the targeted
deletion of FGFR1 and FGFR2 in the hindlimb motor cortex limits
the formation of new synapses between corticospinal collaterals
and relay neurons, delays their molecular maturation, and impedes
functional recovery in a mouse model of spinal cord injury. These
results establish FGF22 as a synaptogenic mediator in the adult
nervous system and a crucial regulator of synapse formation and
maturation during post-injury remodeling in the spinal cord.

Keywords axonal remodeling; fibroblast growth factor; functional recovery;
spinal cord injury; synapse formation

Subject Categories Neuroscience
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Introduction

Incomplete lesions of the spinal cord can be followed by substantial
functional recovery in both human patients and rodent models. This
recovery is mediated by the remodeling of spinal and supraspinal
axonal circuits (Weidner et al, 2001; Bareyre et al, 2004; Girgis et al,
2007; Courtine et al, 2008; van den Brand et al, 2012; Shah et al,
2013; Zorner et al, 2014). The hindlimb corticospinal tract (CST), for
example, responds to a thoracic transection with the de novo forma-
tion of intraspinal detour circuits that circumvent the lesion site and
re-establish a functional connection between the motor cortex and
the lumbar spinal cord (Bareyre et al, 2004; Lang et al, 2012). A key
step in the formation of these detour circuits is the establishment of

synaptic contacts between newly formed CST collaterals that enter
the cervical gray matter and long propriospinal neurons (LPSN) that
are located in the cervical spinal cord and act as relays to lumbar
motor circuits. Although the functional importance of this and simi-
lar detour circuits has been well established over the recent years
(Bareyre et al, 2004; Courtine et al, 2008; van den Brand et al,
2012), it is currently unclear how the formation of these circuits
is regulated and which molecular signals initiate the establishment
of new synaptic contacts in the injured adult central nervous system
(CNS).

In the developing nervous system, a number of molecules that
can promote synapse formation have been identified (Sanes &
Lichtman, 2001; Williams et al, 2010; Siddiqui & Craig, 2011). Among
these, the family of the fibroblast growth factors and their receptors
has emerged as important regulators of presynaptic differentiation
(Umemori et al, 2004; Stevens et al, 2010; Terauchi et al, 2010).
One member in particular, FGF22—a target-derived secreted factor
that can act as a presynaptic organizer—is crucial for the establish-
ment of excitatory synapses as shown for CA3 pyramidal cells in the
developing hippocampus (Terauchi et al, 2010). Whether such
developmental signaling pathways remain operational in adulthood
is currently not fully understood.

Here, we now show that FGF22 and its receptors FGFR1 and
FGFR2 are constitutively expressed in the adult CNS. Genetic inter-
ference with FGF22 signaling either on the level of the ligand or its
receptors limits the formation and maturation of new synapses in
the injured spinal cord and results in deficient detour circuit forma-
tion and attenuated functional recovery. These findings establish
FGF22 as an important endogenous regulator of synaptic plasticity
and circuit remodeling in the adult nervous system.

Results

Impaired post-injury synapse formation and circuit remodeling in
FGF22-deficient mice

To investigate whether FGF22 signaling can regulate synapse
formation during axonal remodeling after spinal cord injury, we
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Figure 1.

FGF22 is expressed by interneurons in the healthy and injured adult spinal cord.

A In situ hybridization of FGF22 mRNA in the spinal cord of FGF22-competent (left panel) and FGF22-deficient (right panel) mice (DH: dorsal horn; VH: ventral horn).

Scale bar equals 200 pm (10 pm in inset).

B In situ hybridization of a section of the cervical spinal cord at level C4/C5 showing presence of FGF22 mRNA in a long propriospinal neuron (LPSN) retrogradely traced
from T12 (LPSN: green; FGF22 mRNA: red; NeuroTrace 435/455: blue). Scale bar equals 20 pum.

C Quantification of the percentage of LPSN showing a FGF22 in situ signal in unlesioned mice (‘Ctrl’) and in mice at 3 (3w’) and 12 (12w’) weeks after spinal cord injury
(n > 30 LPSN from 2 to 3 animals per group). Mean £ SEM. No significant differences between the groups were detected (ANOVA followed by Tukey tests).

D Images of LPSN (red) before (left panel) and after (right panel) laser microdissection of a single neuron (arrow, asterisk and dotted line in right panel indicate previous

location of the microdissected neuron). Scale bar equals 40 um.

E Quantification of the single-cell PCR analysis of FGF22 mRNA expression in LPSN dissected from unlesioned mice (‘Ctrl) and from mice at 3 (3w’) and 12 (12w’) weeks
after spinal cord injury (n = 7-8 LPSN per group). Mean + SEM. No significant differences between the groups were detected (ANOVA followed by Tukey tests).

first assessed whether and where FGF22 is expressed in the spinal
cord of adult mice using in situ hybridization and single-cell laser
microdissection followed by quantitative PCR analysis. Our results
showed that FGF22 mRNA is present in spinal interneurons includ-
ing in a large proportion of long propriospinal neurons both consti-
tutively and at different timepoints after a mid-thoracic spinal cord
injury (Fig 1A-E). To investigate the role of spinal FGF22 expres-
sion during post-injury remodeling (Fig 2A), we performed a bilat-
eral dorsal hemisection of the spinal cord at T8 in FGF22-deficient
mice (Terauchi et al, 2010) and age-matched FGF22-competent
wild-type mice and traced the hindlimb portion of the corticospinal
tract by stereotactic injection of the anterograde tracer biotinylated
dextran amine (BDA). Unlesioned FGF22-deficient mice showed a
normal density of cortical layer V neurons and an unaltered
lumbar and cervical projection pattern of the hindlimb CST
(Supplementary Fig S1). At 3 weeks after spinal cord injury,
however, FGF22 deficiency diminished the density of boutons on
newly formed CST collaterals that enter the gray matter of the
cervical spinal cord as part of the detour circuit formation process
(Fig 2D and E). As a result, the proportion of long propriospinal
relay neurons in the cervical spinal cord that are contacted by
these CST collaterals was significantly reduced (Fig 2F and G). In
contrast, neither the overall number of CST collaterals that exited
the main CST in the cervical spinal cord nor the length of these

The EMBO Journal Vol 34 | No 9| 2015

collaterals was altered in FGF22-deficient mice (Fig 2B and C and
Supplementary Fig S2).

FGFR1 and FGFR2 mediate the effects of FGF22 on synapse
formation in the injured spinal cord

To better understand which receptors communicate FGF22 signal-
ing to CST collaterals, we first established that the two main recep-
tors of FGF22, FGFR1 and FGFR2 (Singh et al, 2012; Umemori
et al, 2004; Zhang et al, 2006), were expressed by cortical projec-
tion neurons in adult mice (Fig 3A and B). For this purpose, we
performed in situ hybridization for FGFR1 and FGFR2 mRNA and
retrogradely traced the cortical neurons projecting to the thoracic
spinal cord (Fig 3C). Our results showed that more than half of
these cortical projection neurons express mRNA for FGFR1 and
FGFR2 (Fig 3D). We then conditionally deleted expression of the
FGF22 receptors in the forebrain by crossing floxed FGFR1 and
FGFR2 mouse strains (Umemori et al, 2004; Terauchi et al, 2010)
to EMX1-Cre mice (Gorski et al, 2002; Bareyre et al, 2005). Dele-
tion of either receptor did not affect mRNA expression of the other
(Fig 3E). Furthermore, forebrain deletion of FGFR1 or FGFR2 did
not alter the density of layer V neurons in the cortex or the devel-
opment of a mature hindlimb CST projection pattern in unlesioned
mice (Supplementary Figs S3 and S4). However, when we

© 2015 The Authors
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Figure 2. FGF22 deficiency impairs bouton formation and circuit remodeling after spinal cord injury.

A Schematic representation of CST detour circuit formation following a mid-thoracic dorsal bilateral hemisection of the spinal cord.

B Confocal images of hindlimb CST collaterals exiting the main CST tract (arrows) in the cervical spinal cord 3 weeks following a T8 dorsal bilateral hemisection in
FGF22-competent (left panel) and FGF22-deficient (right panel) mice. Scale bar equals 40 pm.

C Quantification of the number of exiting hindlimb CST collaterals per labeled hindlimb CST fiber at 3 weeks following T8 dorsal bilateral hemisection in FGF22-competent
and FGF22-deficient mice (n = 8 animals per group). Mean + SEM. No significant differences between the groups were detected (unpaired two-tailed t-test).

D Confocal images showing putative synaptic boutons (arrows) on newly formed cervical hindlimb CST collaterals at 3 weeks following spinal cord injury in FGF22-
competent (left panel) and FGF22-deficient (right panel) mice. Scale bar equals 20 pm.

E Quantification of bouton density on newly formed cervical hindlimb CST collaterals in FGF22-competent and FGF22-deficient mice (n = 8 animals per group) at

3 weeks after injury. Mean + SEM. *P = 0.0244 (unpaired two-tailed t-test).

F 3D Rendering of a confocal image stack that illustrates putative synaptic contacts between CST collaterals (green) and LPSN (red) counterstained with NeuroTrace

435/455 (blue). Scale bar equals 30 pum.

G Quantification of the percentage of LPSN contacted by cervical hindlimb CST collaterals in FGF22-competent and FGF22-deficient mice at 3 weeks after injury (n = 8

animals per group). Mean £ SEM. ***P = 0.0001 (unpaired two-tailed t-test).

performed a thoracic dorsal bilateral hemisection of the spinal cord
in these mice, we observed that the deletion of either FGFR1 or
FGFR2 reduced the density of boutons on newly formed CST
collaterals in the cervical spinal cord at 3 weeks after injury
(Fig 4D and E). A similar reduction of CST bouton density in the
cervical spinal cord was observed in double-floxed mice, in which
both FGFR1 and FGFR2 were depleted in the hindlimb motor
cortex by stereotactic injection of a recombinant adeno-associated
virus expressing the Cre recombinase (rAAV-GFP-Ires-Cre, Fig 4D
and E). Notably, while the length of individual cervical CST collat-
erals was similar in all groups (Supplementary Fig S2), reduced
synapse formation after injury was compensated by sprouting of
additional CST collaterals, if either FGFR1 or FGFR2 alone was
depleted but not if both receptors were missing (Fig 4A-C). As a
result, only mice, in which both FGFR1 and FGFR2 were co-
deleted, showed an impaired formation of intraspinal detour
circuits (Fig 4F), similar to the one observed in FGF22-deficient
mice (Fig 2G).

© 2015 The Authors

Genetic disruption of FGF22 signaling delays molecular
maturation of synapses after spinal cord injury

To determine whether FGF22 signaling regulates not only the
number of new boutons that can be formed but also their molecu-
lar composition, we studied the expression of an active zone
protein—bassoon—and a synaptic vesicle-associated protein—
synapsin—as indicators of synapse maturation (Zhai et al, 2001;
Shapira et al, 2003; Micheva et al, 2010; Lang et al, 2012). For this
purpose, we used confocal microscopy to determine the proportion
of boutons on newly formed cervical CST collaterals that were
immunoreactive for synapsin and bassoon at different timepoints
after a thoracic dorsal bilateral hemisection of the spinal cord. Our
results showed that forebrain deletion of either FGFR1 or FGFR2
alone led to a moderate delay in synapse maturation that was
most obvious at 3 weeks after injury and primarily altered the
presence of synapsin (Fig 5A-D). Furthermore, complete interrup-
tion of FGF22 signaling either by conditional deletion of both

The EMBO Journal Vol 34| No 9 |2015
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Figure 3. FGFR1 and FGFR2 are expressed in adult cortical projection neurons.
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A In situ hybridization of FGFR1 (top) and FGFR2 (bottom) mRNA in FGFR-competent mice. Scale bar equals 200 pm.

B In situ hybridization of FGFR1 (top) and FGFR2 (bottom) mRNA in forebrain FGFR1 (top)- and FGFR2 (bottom)-deficient mice. Scale bar equals 200 pm.

C Retrograde labeling of CST projection neurons with dextran conjugated with Texas Red® (green) shows that many of these neurons express FGFR1 (red, top) and
FGFR2 mRNA (red, bottom; insets in top and bottom panels are twofold magnification of boxed areas). Scale bar equals 2100 pm (20 pum in insets).

D Quantification of the percentage of CST projection neurons in layer V of the cortex expressing FGFR1 (white bar) and FGFR2 mRNA (gray bar; n = 5 animals per

group). Mean + SEM.

E Quantification of the intensity of the in situ signal for FGFR1 mRNA in FGFR2-deficient mice (green bar) and FGFR2 mRNA in FGFR1-deficient mice (blue bar)
normalized to the signal intensity measured in the respective FGFR-competent control group (white bars; n = 3 animals per group). Mean + SEM. No significant

differences between the groups were detected (unpaired two-tailed t-tests).

receptors in the hindlimb motor cortex or by constitutive FGF22
deficiency induced protracted synapse maturation defects that
affected the recruitment of both active zone and synaptic vesicle-
associated proteins and persisted for at least 12 weeks after injury
(Fig 5A-D).

Disturbed FGF22 signaling limits recovery of function after spinal
cord injury

Finally, we wanted to understand whether the impaired forma-
tion and maturation of new synapses would interfere with the
spontaneous recovery of CST function that follows an incomplete
spinal cord injury (Bareyre et al, 2004). To assess this, we
performed thoracic dorsal bilateral hemisections of the spinal cord
and followed the recovery of CST function using behavioral testing
paradigms such as the ‘ladder rung test’ (Metz & Whishaw, 2002)
and the ‘catwalk analysis’ (Hamers et al, 2006) in FGF22-deficient
mice and in mice in which FGFR1 and FGFR2 were conditionally
deleted in the hindlimb motor cortex as well as in the respective
FGF- and FGFR-competent control mice. While neither of these
genetic manipulations altered the size of the thoracic lesions
(0.37 £0.047 mm® in FGF22-deficient versus 0.37 + 0.055 mm?® in
FGF22-competent control mice and 0.35 + 0.03 mm?® in hindlimb
motor cortex FGFR1/FGFR2-deficient mice versus 0.32 £ 0.054 mm?®
in the FGFR-competent controls; n = 5-7 mice per group), both
deletion of FGF22 or co-deletion of FGFR1 and FGFR2 in the hind-
limb motor cortex impeded functional recovery after injury. More

The EMBO Journal Vol 34 | No 9| 2015

pronounced deficits remained in mice with impaired FGF22 signal-
ing for at least 3 weeks after injury in both the ‘regular walk’ and
‘irregular walk’ paradigms of the ladder rung test as well as measured
by the ‘paw angle body axis’ parameter in the catwalk analysis
(Fig 6A-D). In contrast, deletion of either FGFR1 or FGFR2 alone did
not alter functional recovery likely due to the compensatory increase
in CST sprouting that prevented deficits in detour circuit formation
under these conditions (Supplementary Fig S5). Taken together, the
results of our behavioral analysis indicate that intact FGF22 signal-
ing is required for the timely recovery of motor function after spinal
cord injury.

Discussion

Our study identifies FGF22 as an important contributor to circuit
remodeling in the injured adult spinal cord. We show that FGF22
is constitutively expressed by a large proportion of spinal
interneurons including those that can function as relays to lumbar
motor circuits. FGF22 that is locally released in the spinal gray
matter can then come into contact with growing axon collaterals,
for example, those emerging from the transected corticospinal
tract. The corresponding projection neurons located in layer V of
the motor cortex express the mRNA for the main receptors of
FGF22, FGFR1 and FGFR2, and the receptor proteins appear to be
present along the CST axons as well as in the CST boutons (as we
can show for FGFR2, Supplementary Fig S6). Presence of both of

© 2015 The Authors
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Figure 4. Deletion of forebrain FGFR1 and FGFR2 expression impairs bouton formation and circuit remodeling after spinal cord injury.

A Confocal images of hindlimb CST collaterals exiting the main CST tract (arrows) in the cervical spinal cord 3 weeks following T8 dorsal bilateral
hemisection in FGFR-competent (left panel), forebrain FGFR1-deficient (middle panel), and forebrain FGFR2-deficient (right panel) mice. Scale bar equals

40 pm.

B Confocal images of hindlimb CST collaterals exiting the main CST tract (arrows) in the cervical spinal cord 3 weeks following T8 dorsal bilateral hemisection in FGFR-
competent (left panel) and hindlimb motor cortex FGFR1/FGFR2 double-deficient (right panel) mice. Scale bar equals 40 pum.

C Quantification of the number of exiting hindlimb CST collaterals at 3 weeks following T8 dorsal bilateral hemisection in forebrain FGFR single-deficient mice,
hindlimb motor cortex FGFR1/FGFR2 double-deficient mice, and the corresponding FGFR-competent control mice (n = 6-15 animals per group). Mean £ SEM.
*P < 0.05; ***P < 0.001 (ANOVA followed by Tukey tests for FGFR-competent versus FGFR single-deficient mice). No significant differences were found between FGFR-

competent and FGFR1/FGFR2 double-deficient mice (unpaired two-tailed t-tests).

D Confocal images showing putative synaptic boutons (arrows) on newly formed cervical hindlimb CST collaterals at 3 weeks following spinal cord injury in FGFR-
competent (left panel), forebrain FGFR1-deficient (second panel from left), forebrain FGFR2-deficient (second panel from right), and hindlimb motor cortex FGFR1/

FGFR2 double-deficient (right panel) mice. Scale bar equals 20 pm.

E Quantification of the bouton density on newly formed cervical hindlimb CST collaterals in FGFR-competent, forebrain single FGFR-deficient, and hindlimb motor
cortex FGFR1/FGFR2 double-deficient mice (n = 6-16 animals per group). Mean + SEM. *P < 0.05, **P < 0.01 (ANOVA followed by Tukey tests in case of multiple
group comparisons, e.g. FGFR-competent versus FGFR single-deficient mice). **P = 0.0028 (unpaired two-tailed t-tests for comparisons of FGFR-competent versus

FGFR1/FGFR2 double-deficient mice).

F Quantification of the percentage of LPSN contacted by hindlimb CST collaterals in FGFR-competent, forebrain single FGFR-deficient, and hindlimb motor
cortex FGFR1/FGFR2 double-deficient mice (n = 6-16 animals per group). ***P < 0.0001 (unpaired two-tailed t-tests for comparisons of controls versus FGFR1/
FGFR2 double-deficient mice). No significant differences were found between FGFR-competent and FGFR single-deficient mice (ANOVA followed by Tukey

tests).

these receptors appears to be required for intact FGF22 signaling
to cortical projection neurons as deletion of either one of them
results in a decreased density of new CST synapses. However, the
alterations induced by the loss of one receptor are mostly tempo-
rary and deficits of detour circuit formation and functional recov-
ery can be prevented by compensatory CST sprouting. In contrast,
the deletion of both receptors leads to a protracted impairment of
synapse formation and maturation after injury that is not compen-
sated by CST sprouting and results in deficient circuit remodeling
and attenuated recovery of function. The finding that compensa-
tory sprouting is only observed if either one of the FGF receptors
is still present might indicate that FGF22 by itself can promote the
formation of additional CST collaterals through either FGFR1 or
FGFR2. Alternatively, it is also possible that the induction of this
compensatory response requires the presence of at least some
mature synapses that are mainly present on the corresponding CST
collaterals in the single receptor-deficient mice but not on collater-
als that lack both receptors or emerge in FGF22-deficient mice.
Taken together, our observations after spinal cord injury indicate
that while both FGFR1 and FGFR2 are required for normal FGF22
signaling, loss of one receptor can at least be partially compen-
sated by the presence of its remaining partner. Finally, the find-
ing that FGF22 deficiency and co-deletion of FGFR1 and FGFR2
result in essentially similar changes of synapse formation, circuit
remodeling, and functional recovery supports the view that
these are indeed the major receptors and ligands involved in this
interaction.

It is interesting to note that genetic disruption of FGF22 signal-
ing not only reduces the number of new synapses that can be
formed in the injured spinal cord but also alters the molecular
composition of those synapses that are formed. These findings are
consistent with previous reports that analyzed the role of FGF22
signaling in the developing nervous system. For example, it was
shown that genetic inactivation of FGFR2 or FGF22 inhibited
presynaptic differentiation in the granule layer of the developing
cerebellum as indicated by the reduced immunoreactivity for the
vesicle-associated proteins, synapsin and synaptophysin, and the
active zone protein, bassoon (Umemori et al, 2004). Likewise,

The EMBO Journal Vol 34 | No 9| 2015

the clustering of synaptic vesicles is significantly decreased in the
developing hippocampus of FGF22-deficient mice (Terauchi et al,
2010). Similar deficits of developmental synapse formation have
also been described as the result of impaired FGF22 signaling in
the dorsal lateral geniculate nucleus (Singh et al, 2012) and at the
neuromuscular junction (Fox et al, 2007). It is interesting to note
that in contrast to these studies, we did not detect abnormalities of
CST development in our analysis. This might indicate that the
developmental effects of deficient FGF22 signaling are cell type-
specific and thus not observed in CST projection neurons or that
initial developmental alterations of CST projections are compen-
sated over time and thus no longer apparent in adult mice that we
investigate here. The latter seems to be the more plausible explana-
tion as FGF22 signaling can clearly affect CST projection neurons
in the injured adult nervous system as we show here, and our
analysis of synapse maturation further suggests that FGF22-related
synaptic defects can at least partially recover over time. Finally, it
is of course possible that more subtle defects, for example, in the
number of vesicles per synapse (Terauchi et al, 2010) still persist
but are not captured by our morphological analysis of the CST
projection pattern.

While the role of FGF22-FGFR signaling has thus been well
characterized in the developing nervous system, we now show
that neuronal expression of FGF22 and its receptors FGFR1 and
FGFR2 persists into adulthood. This constitutive expression of
FGF22 and its receptors in the adult CNS is in line with the find-
ings of a recent more systematic analysis that shows that many
developmental signals that regulate axon guidance and synapse
formation are still present in the mature brain and spinal cord
(Jacobi et al, 2014). Indeed, important roles in the injured adult
nervous system are emerging for a number of these molecules.
For example, molecules such as EphA4, Sema3A, and Sema6A
have all been shown to limit axonal regeneration following adult
spinal cord injury (Kaneko et al, 2006; Goldshmit et al, 2011;
Shim et al, 2012), while Sema3A and Sema3F influence remyeli-
nation (Piaton et al, 2011). Taken together, the persistence of
these developmental signaling pathways suggests that the molecu-
lar machinery that allows the initial formation of neuronal circuits
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Figure 5. Deletion of FGF22 or its receptors delays synapse maturation following spinal cord injury.

A Confocal image of synaptic contacts (arrows) between a CST collateral (green) and a LPSN (blue) that show bassoon immunoreactivity (red). Right images are
magnification (two and a half-fold) of the area boxed on the left. Scale bar equals 25 pm.

B Quantification of the percentage of boutons on cervical hindlimb CST collaterals that are immunoreactive for bassoon at 3 weeks (left) and 12 weeks (right) after
spinal cord injury in FGF22-deficient, forebrain FGFR1-deficient, forebrain FGFR2-deficient and hindlimb motor cortex FGFR1/FGFR2 double-deficient mice compared
to the respective FGF22- and FGFR-competent control mice. A minimum of 100 boutons per mouse were evaluated for 3 mice per group. ***P < 0.0001 FGFR-
competent versus FGFR1/FGFR2 double-deficient mice at 3 weeks (unpaired two-tailed t-tests), **P = 0.002 FGF-competent versus FGF22 deficient at 3 weeks
(unpaired two-tailed t-tests), *P < 0.05 FGFR-competent versus FGFR2 single-deficient mice at 12 weeks (one-way ANOVA followed by Tukey tests), ***P = 0.001
FGFR-competent versus FGFR1/FGFR2 double-deficient mice at 12 weeks (unpaired two-tailed t-tests).

C Confocal image of synaptic contacts (arrows) between a CST collateral (green) and a LPSN (blue) that show synapsin | immunoreactivity (red). Right images are
magnification (two and a half-fold) of the area boxed on the left. Scale bar equals 25 pum.

D Quantification of the percentage of boutons on cervical hindlimb CST collaterals that are immunoreactive for synapsin | at 3 weeks (left) and 12 weeks (right) after
spinal cord injury in FGF22-deficient, forebrain FGFR1-deficient, forebrain FGFR2-deficient and hindlimb motor cortex FGFR1/FGFR2 double-deficient mice compared
to the respective FGF22 and FGFR-competent control mice. A minimum of 100 boutons per mouse were evaluated for 3 mice per group. ***P < 0.001 FGFR-
competent versus FGFR1 and FGFR2 single-deficient mice at 3 weeks (one-way ANOVA followed by Tukey tests). ***P = 0.0001 FGFR-competent mice versus FGFR1/
FGFR2 double-deficient mice at 3 weeks (unpaired two-tailed t-tests), P = 0.00004 FGF-competent mice versus FGF22-deficient mice at 3 weeks (unpaired two-tailed
t-tests). ***P < 0.001 FGFR-competent versus FGFR2 single-deficient mice (one-way ANOVA followed by Tukey tests). ***P = 0.0006 FGFR-competent mice versus
FGFR1/FGFR2 double-deficient mice at 12 weeks (unpaired two-tailed t-tests), *P = 0.027 FGF-competent mice versus FGF22-deficient mice at 12 weeks (unpaired
two-tailed t-tests).

stays in place in the adult nervous system and provides the blue- (Garcia-Alias et al, 2009; Lindau et al, 2014), and stimulate activ-
print for ongoing nervous system plasticity. Indeed, it is increas- ity-based rehabilitation (van den Brand et al, 2012; Shah et al,
ingly appreciated that axonal remodeling processes both at the 2013). An improved understanding of the endogenous signaling
lesion site but also involving distant spinal and supraspinal networks that enable the reorganization of axonal connections is

circuits take place in the injured adult CNS, where they enable a key requirement both for the informed advancement of such
functional recovery (Weidner et al, 2001; Bareyre et al, 2004; therapeutic strategies and for the identification of novel targets
Girgis et al, 2007; Courtine et al, 2008; van den Brand et al, and approaches. Here, we uncover an integral component of these
2012; Zorner et al, 2014). While such circuit remodeling can be signaling networks and identify FGF22 as a synaptogenic mediator
initiated spontaneously, its therapeutic success can be enhanced in the adult nervous system that is required for de novo synapse
by manipulations that foster neuronal growth initiation (Lang formation and timely synapse maturation during post-injury

et al, 2013; Yip et al, 2010), neutralize plasticity restrictions remodeling of the CNS.
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Figure 6. Genetic disruption of FGF22 signaling impedes functional recovery following spinal cord injury.

A Image of a spinal cord injured mouse performing the irregular ladder rung test that assesses recovery of CST function. Scale bar equals 1 cm.

B Quantification of the functional recovery in the ladder rung test (regular walk, left panels; irregular walk, right panels) in FGF22-deficient (top panels, red bars), and
hindlimb motor cortex FGFR1/FGFR2 double-deficient (bottom panels, blue bars) mice and the respective FGF22- and FGFR-competent control mice (white bars)
before (‘Pre’) and 2 (‘2 wks’) and 3 ('3 wks’) weeks after a spinal cord injury (n = 7-10 animals per group). *P < 0.05, **P < 0.01 (repeated-measure ANOVA followed by

Bonferroni tests).

C Image of a spinal cord injured mouse walking on the catwalk that assesses locomotor recovery. lllumination of the paws from below allows to determine the paw
angle body axis by relating the axis of the paw (line shown magnified in the right panel) to the axis of the body (line shown in left panel).

D Quantification of the paw angle body axis of the hindpaws in FGF22-deficient (top panel, red bars) and hindlimb motor cortex FGFR1/FGFR2 double-deficient (bottom
panel, blue bars) mice and respective FGF22- and FGFR-competent control mice (white bars) before (‘Pre’) and 2 (2 wks’) and 3 ('3 wks’) weeks after a spinal cord
injury. Between 13 and 40 steps were analyzed per group and timepoint (n = 10-15 animals per group). **P < 0.01, ***P < 0.001 (two-way ANOVA followed by

Bonferroni tests).

Materials and Methods
Animals

Adult mice from 6 to 12 weeks of age were used in the study. To
investigate the role of FGF22 during detour circuit formation
after injury, we used FGF22 knockout mice (Terauchi et al, 2010).
Age-matched wild-type C57Bl6j mice (Janvier, France) were
used as FGF22-competent controls. To obtain forebrain FGFR1- or

The EMBO Journal Vol 34 | No 9| 2015

FGFR2-deficient mice, we crossed FGFR1™" or FGFR2™!" mice (Pir-
vola et al, 2002; Yu et al, 2003), in which the FGFR1 or FGFR2 gene
is flanked by loxP sites, to EMX1-Cre mice (Gorski et al, 2002;
Bareyre et al, 2005), which express the Cre recombinase in the fore-
brain starting on embryonic day 10. Cre-negative littermates were
used as FGFR-competent controls. For co-deletion of FGFR1 and
FGFR2 in cortical projections, we injected a recombinant adeno-
associated virus expressing the Cre recombinase (rAAV-GFP-Ires-Cre)
in the hindlimb motor cortex of double-floxed FGFR1""/FGFR2™1

© 2015 The Authors
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mice. Littermates injected in the same anatomical location with a
rAAV-Ires-GFP served as FGFR-competent controls. All animal
procedures were performed according to institutional guidelines and
were approved by the local regulatory authorities.

In situ hybridization

Spinal cord tissue (cervical region C3-C5) and brain tissue
(bregma —1.06 till —1.70) were sectioned coronally (20 pm thick
for the spinal cord, 30 um thick for the brain) using a cryostat
(Leica CM1850) and processed as described previously (Jacobi
et al, 2014). Briefly, all steps were carried out with DEPC-treated
solutions to prevent degradation of target RNAs. Sections were
washed in 2x SSC (from 20x stock solution containing 3 M NaCl
and 0.3 M Na citrate), and before the pre-hybridization step, the
sections were incubated in a 1:1 mixture of 2x SSC and hybridiza-
tion buffer (50% formamide, 5x SSC, 5x Denhardt’s solution,
250 pg/ml yeast tRNA, 500 pg/ml salmon sperm DNA) for
15 min at RT. Sections were then incubated for 1 h in hybridiza-
tion buffer at the appropriate (pre-) hybridization temperature
(65°C). For hybridization, the probe (200-400 ng/ml in hybridiza-
tion buffer) was heated for 10 min at 80°C, applied to the tissue,
and incubated overnight in an oven at 65°C. Sections were then
rinsed at RT in 2x SSC and washed in decreasing concentration
of SSC (2x to 0.1x SSC at hybridization temperature) before
applying an alkaline-phosphatase-conjugated sheep anti-digoxigenin
antibody, Fab fragments (1:2,000; Roche Diagnostics), in blocking
buffer overnight at 4°C. Alkaline phosphatase activity was
detected using nitroblue tetrazolium chloride (337.5 mg/ml) and
5-bromo-4-chloro-3-indolyl phosphate (175 mg/ml). The sections
were washed in ddH,O after the staining procedure. The fluores-
cent Nissl stain NeuroTrace 435/455 (Life Technologies) was
applied for 2 h at RT, and the sections were washed and mounted
with Gel Mount (Sigma-Aldrich).

Laser microdissection and single-cell qPCR

Laser microdissection and single-cell qPCR was performed as follows
(Hofbauer et al, 2003): Total RNA was isolated from LPSN derived
from unlesioned animals and from lesioned animals at 3 weeks and
12 weeks post-injury. For this purpose, 20-um-thick fresh frozen
coronal sections of the cervical spinal cord (C3-C5) were collected
on Membrane Slides 1.0 PET (Zeiss). Sections were covered with
n-propanol to prevent drying and inhibit RNase activity, and trans-
ferred to a PALM Microbeam-Z microscope (Zeiss Axiovert 200 M).
LPSN retrogradely labeled with dextran TexasRed® and located in
the spinal laminae 6-9 at spinal level C4 were marked electronically.
After evaporation of the n-propanol, neurons were laser (Crylas
FTSS 355-50)-microdissected and pressure-catapulted into a reaction
tube (AdhesiveCap 200 clear PCR tubes; Zeiss) and directly trans-
ferred on dry ice. For single-cell qPCR, we used the Single cell-to-CT
kit (Life Technologies). Primers were as follows: FGF22 forward
primer 5-ACT TTT TCC TGC GTG TGG AC-3’, FGF22 reverse primer
5-TCA TGG CCA CAT AGA AGC CT-3’; GAPDH forward primer
5'-TCA ACG ACC CCT TCA TTG-3', GAPDH reverse primer 5-ATG
CAG GGA TGA TGT TCT G-3'. Amplification reaction was
performed as follows: 95°C for 3 min, 95°C for 10 s, 56°C for 10 s
(39 repeats), and a melting curve with 65-95°C increments.

© 2015 The Authors
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Generation and production of AAV vectors

PAAV-CMV-GFP-Ires2-Cre (rAAV-GFP-Ires-Cre) was created by
inserting an Ires sequence from plres2-DsRed2 (BD Bioscience) at
the Hincll site of pAAV-CMV-MCS. The coding sequence for the Cre
recombinase was excised from PBS185 (kind gift of Thomas
Hughes, Montana State University) and inserted upstream of the Ires
sequence. Green fluorescent protein (GFP) was excised from pEGFP-
N1 and inserted downstream of the Ires sequence. The control
PAAV-CMV-GFP (rAAV- GFP) used was a kind gift of Hildegard
Biining (University of Cologne). Recombinant AAV chimeric virions
containing a 1:1 ratio of AAV1 and AAV2 capsid proteins and the
foreign gene were generated as previously described (Grimm et al,
2003; Klugmann et al, 2005). Genomic titers were as follows: rAAV-
GFP-Ires-Cre, 1.2 x 10'? genome copies/ml; TAAV-GFP, 2.4 x 10'*
genome copies/ml.

Surgical procedures

Mid-thoracic dorsal hemisection

Mice were anesthetized with i.p. injections of ketamine/xylazine
(ketamine 100 mg/kg, xylazine 13 mg/kg). After a laminectomy
to expose the dorsal spinal cord at thoracic level 8 (T8), a thor-
acic dorsal hemisection, which results in a bilateral transection
of the main dorsal and minor dorsolateral CST component but
leaves the ventral white matter intact, was performed with fine
iridectomy scissors as previously described (Bareyre et al, 2004;
Lang et al, 2013). Prior to and after surgery, animals were kept
on a heating pad (38°C) until fully awake and treated with
meloxicam (Metacam; Boehringer Ingelheim) twice per day for
48 h.

Stereotactic injection of rAAV into the hindlimb motor cortex

To study the effects of FGFR1 and FGFR2 deletion in cortical
projection neurons, we pressure injected 0.7 pl of rAAV-GFP-Ires-
Cre or control rAAV-GFP (concentration matched to 0.6 x 10'2
genome copies/ml) 4 days prior to the spinal cord injury into the
hindlimb motor cortex of double-floxed FGFR1"/FGFR2™M mice
using a finely pulled glass micropipette (coordinates from bregma:
—1.3 mm, + 1.0 mm lateral, 0.6 mm depth). The micropipette
remained in place for 3 min following the injection. In order to
verify that the virus remained confined to the hindlimb motor
cortex and did not spread to the forelimb area, we amplified the
GFP signal with an anti-GFP antibody (rabbit polyclonal anti-GFP;
Life Technologies A11122), cut consecutive 50-um-thick sections
of the entire brain of all mice, and assessed the presence of GFP-
labeled cells in layer V of the hindlimb and forelimb motor cortex
(Supplementary Fig S7). Mice in which GFP-labeled cells were
present in the forelimb motor cortex (coordinate from bregma
starting at +0.14 mm) were excluded from further analysis. To
control for possible differences related to genetic or viral deletion
of FGFRs, we deleted FGFR2 in the hindlimb cortex by injecting
0.7 pl of AAV-GFP-Ires-Cre at the following coordinates (bregma:
—1.3 mm caudal, £+ 1.0 mm lateral, 0.6 mm depth) in single-
floxed FGFR2™" mice. This deletion strategy induced similar
changes of CST collateral and bouton formation (Supplementary
Fig S8) as the genetic deletion of FGFR2 induced by crossing
FGFR2" mice to EMX1-Cre mice (Fig 4A-F).
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Labeling of the hindlimb CST (hCST) fibers

The hindlimb CST of forebrain FGFR1- or FGFR2-deficient mice was
traced by pressure injecting 1.5 pl of a 10% (in 0.1 M PB) solution
of biotinylated dextran amine (BDA, 10,000 MW; Life Technologies)
into the hindlimb motor cortex using a finely pulled glass micro-
pipette 2 weeks prior to sacrifice (coordinates: —1.3 mm to bregma,
1 mm lateral to bregma, 0.6 mm depth). The micropipette remained
in place 3 min following the injection.

Labeling of long propriospinal neurons

Long propriospinal neurons were retrogradely labeled by pressure
injections of 0.5 pl of 2.5% dextran conjugated with Texas Red®
(3,000 MW; Life Technologies D-3328). Briefly, a laminectomy was
performed at thoracic level 12 as previously described (Lang et al,
2013) and 0.5 pl of 2.5% dextran conjugated with Texas Red® was
injected into each side of the spinal cord using a thin glass capillary
(coordinates from central vein: + 0.6 mm, depth: 0.9 mm). The
capillary was maintained in place for 3 min following the injection.
The number of labeled long propriospinal neurons in the cervical
spinal cord (spinal level C4) did not differ significantly between
lesioned and unlesioned mice, indicating that the thoracic dorsal
bilateral hemisection did not transect the propriospinal projections
that run in the ventral white matter (118.6 + 8.41 labeled propri-
ospinal neurons in lesioned mice versus 111.3 + 3.8 labeled propri-
ospinal neurons in unlesioned mice; n = 20 sections per mouse, 3
mice per group analyzed).

Labeling of cortical projection neurons

Co-localization of the in situ hybridization (ISH) signal with the
cortical projection neurons of the transected CST was assessed after
retrogradely labeling these neurons as shown previously (Lang et al,
2013; Jacobi et al, 2014). Briefly, 7 days before sacrifice, a laminec-
tomy at thoracic level 8 of the spinal cord was performed and 0.5 pl
of dextran conjugated with Texas Red® (5% in 0.1 M PB; Life Tech-
nologies) was stereotactically injected rostral to the lesion with a
glass capillary into each side of the spinal cord (+ 0.2 mm lateral
from spinal midline, depth 0.3 mm). The micropipette remained in
place for 3 min after completing the injection to avoid backflow.
After retrograde labeling, mice were kept on a heating pad (38°C)
until fully awake and treated with meloxicam (Metacam; Boehringer
Ingelheim) for two more days.

Tissue processing and histological analysis

Mice were deeply anesthetized with isoflurane and perfused trans-
cardially with 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). Brains and spinal cords were dissected and post-fixed
overnight in 4% PFA. The tissue was then cryoprotected in 30%
sucrose (Sigma) for at least 3 days. Coronal sections (50 pm thick)
were cut on a cryostat. To visualize CST collaterals, BDA detection
was performed as follows: Sections were incubated in ABC complex
(Vector Laboratories) overnight at 4°C. After a 20-min tyramide
amplification (Biotin-XX, TSA Kit #21; Life Technologies), sections
were incubated overnight with streptavidin conjugated to FITC
(1:500; Life Technologies). To visualize CST collaterals in rAAV-
injected mice, an anti-GFP (rabbit polyclonal anti-GFP; Life Technol-
ogies A11122) staining was performed to amplify the GFP signal. For
this purpose, an anti-GFP antibody (Life Technologies) diluted 1:500
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in PBS containing 0.1% Triton X-100 and 2.5% goat serum (Life
Technologies) was applied and incubated overnight at 4°C. On day
2, the corresponding secondary antibody was applied for at least 4 h
(goat anti-rabbit conjugated with Alexa 488).

For immunohistochemical analysis of synapse maturation, 20-
pum-thick sections were cut and blocked for 1 h with 5% goat serum
and 0.3% Triton X-100 diluted in 1x PBS. Sections were incubated
with ABC (Vector Laboratories) and a rabbit polyclonal antibody
reactive against synapsin I (Millipore AB1543; dilution 1:500) or a
mouse monoclonal antibody reactive against bassoon (ENZO Life
Science SAP7F407, dilution 1:200) in 0.1 M Tris buffer containing
2% horse serum overnight at 4°C. The following day, after a 20-min
tyramide amplification (Biotin-XX, TSA Kit #21; Life Technologies)
to detect BDA, sections were then incubated together with
streptavidin—FITC (1:500; Life Technologies) and the appropriate
secondary antibodies for the synaptic markers (donkey anti-rabbit
conjugated with Alexa Fluor 647 or goat anti-rabbit conjugated with
Alexa Fluor 635) overnight at 4°C. For the analysis of rAAV-injected
animals, the sections were first incubated with an anti-GFP antibody
(see above) to amplify the GFP signal together with the primary
antibodies against synapsin I or bassoon (concentrations as above)
in 2.5% goat serum and 0.1% Triton X-100 in 1x PBS overnight at
4°C. On the next day, the appropriate secondary antibodies for the
anti-GFP (goat anti-rabbit conjugated with Alexa Flour 488) and
anti-synapsin I and anti-bassoon primary antibodies (donkey anti-
rabbit conjugated with Alexa Fluor 647 or goat anti-rabbit conju-
gated with Alexa Fluor 635) were applied overnight at 4°C. For
FGFR2 immunohistochemistry, the above-described protocol was
used, but sections were pre-treated with trypsin for 10 min at 37°C
for antigen retrieval. Then, sections were incubated with an anti-
body reactive against FGFR2 (1:500, ABCAM ab10648) and a goat
anti-rabbit Alexa 488 secondary antibody (1:500). The counterstain-
ing was performed with NeuroTrace 435/455, and sections were
mounted in Vectashield (Vector Laboratories).

Quantifications

Quantification of exiting hindlimb CST fibers

To evaluate axonal remodeling following a mid-thoracic dorsal bilat-
eral hemisection of the spinal cord, CST collaterals entering the gray
matter at cervical levels C4 were counted on 30 consecutive coronal
sections per animal using a light microscope (Olympus 1X471) with
a x40/0.65 air objective. To correct for differences in inter-animal
tracing efficiency, the number of collaterals was divided by the
number of labeled fibers in the main CST tract and expressed as the
ratio of exiting collaterals per main CST fiber (Bareyre et al, 2004).
All quantifications were performed by an observer blinded with
respect to injury status and genotype/treatment.

Quantification of contacts onto LPSN

For quantifying the proportion of contacts of LSPN contacted by
CST collaterals, a total amount of 30 sections of the cervical spinal
cord (level C3-C5) were evaluated using a fluorescent microscope
(Olympus IX471) with a x40/0.65 air objective. Collaterals were
visualized as mentioned above (tyramide amplification or GFP
amplification); the number of LPSN contacted by CST collaterals
and the total number of LPSN labeled were counted. The proportion
of LPSN contacted by CST collaterals was then calculated as the
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ratio of all LPSN contacted by collaterals over the total number of
LPSN. Values were further normalized according to the number of
labeled fibers in the main CST tract. All quantifications were
performed by an observer blinded with respect to injury status and
genotype/treatment.

Quantification of the length of the collaterals and density of boutons
To determine the length of the collaterals and the number of bouton
per um collateral, 10 sections spanning the C3 to C5 area of the
cervical spinal cord (50 pm thickness, sections randomly taken)
were acquired with an Olympus FV1000 confocal microscope
equipped with standard filter sets and a x60/1.45 oil immersion
objective. Image stacks obtained with confocal microscopy were
processed using ImageJ software to generate maximum intensity
projections. The lengths of all individual collaterals in those sections
were measured with the help of the measurement tool of ImageJ
and averaged to obtain the average collateral length per section.
This value was then further averaged across all (10) sections
evaluated for a given animal. All boutons on CST collaterals in the
cervical cord were counted in 30 sections under a fluorescent micro-
scope. A bouton was defined as a thick varicosity along a compara-
bly thin CST collateral in the cervical spinal cord. The total number
of boutons per animal was divided by the total length in microme-
ters of collaterals per animal to calculate the density in boutons/pm.
All quantifications were performed by an observer blinded with
respect to injury status and genotype/treatment.

Quantification of synaptic marker expression

To determine the proportion of boutons that express the active zone
protein, bassoon, and the synaptic vesicle-associated protein, synap-
sin I, about 20 sections spanning the C3 to C5 area of the cervical
spinal cord (20 pm thickness, with every 5" section taken) were
stained with anti-bassoon and anti-synapsin I antibodies as
described above. Image stacks of CST collaterals (labeled as
described above) were then acquired with an Olympus FV1000
confocal microscope equipped with standard filter sets and a x60/
1.45 oil immersion objective and processed using ImageJ software.
Image stacks were used for analysis, and maximum intensity projec-
tions were generated for figure representation. The percentages of
synapsin I- or bassoon-positive boutons were determined in confo-
cal image stacks (all single planes from the image stacks were
analyzed) upon the following criteria: A bouton was defined as a
thick varicosity along a comparably thin CST collateral in the cervi-
cal spinal cord. Such a bouton was considered synapsin I or bassoon
positive when the respective synapsin I or bassoon immunosignal
covered the contour of the bouton but did not extend beyond it. The
number of boutons positive for synapsin I or bassoon was expressed
as a percentage of all CST boutons evaluated in the cervical spinal
cord. A minimum of 300 boutons per group was counted. All quanti-
fications were performed by an observer blinded with respect to
injury status and genotype/treatment.

Cortical neuronal density

To determine whether genetic deletion of FGFR1 or FGFR2 at
embryonic day 10 or constitutive FGF22 deficiency alters cortical
lamination and cortical neuronal density, we cut 50-um brain
sections and performed NeuN immunohistochemistry (using an anti-
NeuN antibody, Millipore, dilution 1:500, stained at 4°C overnight).
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Counterstaining was performed with NeuroTrace 500/525. The
density of cells in layer V of the motor cortex and somatosensory
cortex was quantified by counting the number of NeuN-
positive cells in a defined box of 37.5 mm? that was positioned on
layer V on a total of 5 sections spanning the cortex at the following
coordinates from bregma 1.5, 0.5, —0.22, —1.06, —1.3. Data were
expressed as a number of neurons per 37.5 mm?. All quantifications
were performed by an observer blinded with respect to injury status
and genotype.

Quantification of retrogradely labeled CST neurons co-labeled with ISH
The co-labeling of retrogradely labeled cortical projection neurons
with an ISH signal was assessed under the fluorescent microscope
(Olympus IX71) by alternating between fluorescence and bright field
illumination. To determine the proportion of cortical projection
neurons that express FGFR1 or FGFR2, we counted all retrogradely
labeled neurons on every third section of the cortex (n = 3 mice).
Sections were assessed from anterior to posterior starting with the
first section in which retrogradely labeled CST neurons appeared.
Results were expressed as a ratio of the number of double-labeled
neurons divided by the total number of retrogradely labeled
neurons. All counts were performed by an observer blinded with
respect to injury status and genotype/treatment.

Lesion volume

We assessed the extent of the spinal cord lesion in FGF22-deficient
and hindlimb motor cortex FGFR1/FGFR2 double-deficient mice as
well as the respective FGF22- and FGFR-competent control animals
by measuring the lesion volume on longitudinal 50-pm-thick
sections of the thoracic spinal cord that spanned the entire lesion
extent. Following staining with a fluorescent Nissl dye (NT435; Life
Technologies N-21479, dilution 1:500), the sections were imaged
using an Olympus IX71 microscope. Images were then processed
with ImageJ and the lesion area, including both the cavity and
surrounding damaged tissue, was outlined. To calculate the total
lesion volume, the measured lesion area of each section was multi-
plied by the section thickness (50 um) and the results of all consec-
utive sections spanning the entire lesion extension were summed up
for each animal.

Behavioral analysis

The following behavioral tests were used to assess locomotor recov-
ery after spinal cord injury.

Ladder rung test

For assessment of the CST function following spinal cord injury, we
used the ladder rung test (also called grid walk test) as previously
described (Metz & Whishaw, 2002). Briefly, mice were scored for
their ability to cross a 1-m-long horizontal metal-rung runway
with either regular gaps of 1 cm (regular walk) or varying gaps of
1-2 cm (irregular walk) between the rungs. All mice underwent a
couple of familiarization sessions with the task prior to preoperative
baseline testing. Following familiarization, sessions were videotaped
and scored to determine baseline performance. Preoperative scores
as well as postoperative performance at 2 and 3 weeks post-injury
were assessed. A hindlimb foot error was defined as a complete
miss or slip from the rung at the moment of the placement of the

The EMBO Journal Vol 34| No 9 |2015

1241



1242

The EMBO Journal

paw onto the rung. Baseline and postoperative testing sessions
consisted of 3 runway crossings. The total number of errors of the
hindlimbs in each session was counted.

Catwalk analysis

To further evaluate unforced locomotion and gait patterns in
FGF22-deficient as well as hindlimb motor cortex FGFR1/FGFR2
double-deficient mice, the Catwalk XT™ (Hamers et al, 2006;
Noldus) was used. For data collection, all animals were familiar-
ized with the system at least 3 times prior to preoperative base-
line acquisition and the system was calibrated each day prior to
acquisition. Three valid runs for each timepoint (—2 days,
2 weeks, 3 weeks) and each animal were recorded. A run was
considered valid if it fulfilled the requirements pre-set in the
system, a minimum run duration of 0.5 s, a maximum run dura-
tion of 4.0 s, and a maximum speed variation of 60% to ensure
that the animal constantly walks on the runway without pausing.
The body axis and paw angle was calculated by the software and
the paw angle body axis was calculated as the deviation (in °) of
the paw angle from the body axis.

Image processing

Image stacks obtained with confocal microscopy were processed
using ImageJ software to generate maximum intensity projections.
To obtain final images, these maximum intensity projections were
processed in Adobe Photoshop using gamma adjustments to
enhance visibility of intermediate gray values and median filtering
to suppress noise when necessary. For the 3D rendering of contacts
between CST collaterals and LPSN (Fig 2F), Imaris software (Bit-
plane) was used. For visualizing the co-localization of the FGF22
in situ signal with long propriospinal neurons (LPSN) labeling
(Fig 1B), the ISH signal was inverted and pseudocolored (red)
before being overlaid with the fluorescent LPSN label. For imaging
retrogradely labeled CST neurons (Fig 3C), we first imaged the fluo-
rescence signals using a confocal microscope (FV1000; Olympus)
using standard filter settings before we unmounted the sections,
performed ISH, and re-imaged the sections as previously described
(Jacobi et al, 2014). Again, the ISH signal was inverted and pseudo-
colored (red) before being overlaid with the retrogradely labeled
CST neurons.

Statistical evaluation

Results are given as mean + SEM. GraphPad Prism 5.01 for
Windows (GraphPad Software) was used to perform statistical
analysis. Student’s t-tests were used for comparisons between two
groups. For multiple comparisons, a one-way ANOVA followed by a
Tukey test was performed. For behavioral analysis over time, a
repeated one-way ANOVA followed by a Bonferroni post hoc test
was used for the ladder rung test. A two-way ANOVA followed by
Bonferroni tests was used for analyzing the catwalk data (as the
number of suitable steps for analysis differs for each timepoint).
Significance levels are indicated as follows: *P < 0.05; **P < 0.01;
#**P < 0.001.

Supplementary information for this article is available online:
http://emboj.embopress.org
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Supplementary Figure Legends

Figure S1. Hindlimb CST maturation is not altered in FGF22 deficient mice.

A

Confocal images of the cortex of an adult FGF22 competent mouse. Scale bar equals 100
pm.

Confocal images of the cortex of an adult FGF22 deficient mouse. Scale bar equals 100
pm.

Quantification of the number of neurons in an area of 37.5mm” of layer V of the motor
and somatosensory cortex in adult FGF22 competent and FGF22 deficient mice (n=3
animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

Quantification of the number of boutons per um hindlimb CST collateral in the cervical
and lumbar spinal cord of adult FGF22 competent and deficient mice (n=6 animals per
group). Mean+SEM. No significant differences between the groups were detected
(unpaired two-tailed t-test).

Quantification of the number of branchpoints per um hindlimb CST collateral in the

cervical and lumbar spinal cord of adult FGF22 competent and deficient mice (n=6
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animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

F Quantification of the number of exiting hindlimb CST collaterals in the cervical and
lumbar spinal cord of adult FGF22 competent and deficient mice (n=6 animals per group).
Mean+SEM. No significant differences between the groups were detected (unpaired two-

tailed t-test).

Figure S2. Quantification of the average length of the collaterals in control, FGF22
deficient and FGFR deficient mice.

A Quantification of average collateral length in FGF competent (white bar) and FGF22
deficient (red bar) mice.

B Quantification of average collateral length in FGF competent (white bar) and FGFRI1
forebrain deficient (dark blue bar) and forebrain FGFR2 deficient (dark green bar) mice.

C Quantification of average collateral length in FGF competent (white bar) and FGFR1R2

hindlimb motor cortex co-deficient (light blue bar) mice.

Figure S3. Hindlimb CST maturation is not altered in forebrain FGFR1 deficient mice.

A Confocal images of the cortex of an adult FGFR competent mouse. Scale bar equals 100
pm.
B Confocal images of the cortex of an adult, forebrain FGFR1 deficient mouse. Scale bar

equals 100 pm.



Quantification of the number of neurons in an area of 37.5mm” of layer V of the motor
and somatosensory cortex in adult FGFR competent and FGFR1 deficient mice (n=3
animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

Quantification of the number of boutons per um hindlimb CST collateral in the cervical
and lumbar spinal cord of adult FGFR competent and FGFR1 deficient mice (n=4 animals
per group). Mean+SEM. No significant differences between the groups were detected
(unpaired two-tailed t-test).

Quantification of the number of branchpoints per um hindlimb CST collateral in the
cervical and lumbar spinal cord of adult FGFR competent and FGFR1 deficient mice (n=4
animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

Quantification of the number of exiting hindlimb CST collaterals in the cervical and
lumbar spinal cord of adult FGFR competent and FGFR1 deficient mice (n=4 animals per
group). Mean+SEM. No significant differences between the groups were detected

(unpaired two-tailed t-test).

Figure S4. Hindlimb CST maturation is not altered in forebrain FGFR2 deficient mice.

A

Confocal images of the cortex of an adult FGFR competent mouse. Scale bar equals 100
pm.
Confocal images of the cortex of an adult, forebrain FGFR2 deficient mouse. Scale bar

equals 100 pm.



Quantification of the number of neurons in an area of 37.5mm” of layer V of the motor
and somatosensory cortex in adult FGFR competent and FGFR2 deficient mice (n=3
animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

Quantification of the number of boutons per um hindlimb CST collateral in the cervical
and lumbar spinal cord of adult FGFR competent and FGFR2 deficient mice (n=7-8
animals per group). Mean+SEM. No significant differences between the groups were
detected (unpaired two-tailed t-test).

Quantification of the number of branchpoints per um hindlimb CST collateral in the
cervical and lumbar spinal cord of adult FGFR competent and FGFR2 deficient mice
(n=7-8 animals per group). Mean+SEM. No significant differences between the groups
were detected (unpaired two-tailed t-test).

Quantification of the number of exiting hindlimb CST collaterals in the cervical and
lumbar spinal cord of adult FGFR competent and FGFR2 deficient mice (n=7-8 animals
per group). Mean+SEM. No significant differences between the groups were detected

(unpaired two-tailed t-test).

Figure S5. Deletion of either FGFR1 or FGFR2 alone does not affect functional recovery

after spinal cord injury.

A

Quantification of functional recovery in the ladder rung test (irregular walk) in control
(white bars) and forebrain FGFR1 (blue bars) or FGFR2 (green bars) deficient mice (n=8-
14 mice per group). MeantSEM. No significant differences between the groups were

detected (repeated-measure ANOVA followed by Bonferroni tests).
4



Quantification of functional recovery in the ladder rung test (regular walk) in control
(white bars) and forebrain FGFR1 (blue bars) or FGFR2 (green bars) deficient mice (n=8-
14 mice per group). MeantSEM. No significant differences between the groups were

detected (repeated-measure ANOVA followed by Bonferroni tests).

Figure S6. FGFR2 is located in CST collaterals and in particular in CST boutons.

A

Confocal image of FGFR2 immunoreactivity in the cortex of an FGFR competent (left
panel) and an FGFR2 deficient mouse (right panel). The inset on the left panel is a

magnification of the boxed area. Scale bar equals 100pm in A and 10um in inset.

Single confocal image plane of FGFR2 immunoreactivity in the corticospinal tract imaged
on a cross section of the cervical spinal cord 3weeks following lesioned in FGFR
competent mouse (FGFR2: green; CST: red). The boxed area in B is magnified 2 times in

the right panels which show the overlay and the single channels. Scale bar equals 10 um.

Single confocal plane of FGFR2 immunoreactivity in and around a CST collateral imaged
on a cross section in the cervical gray matter (FGFR2: green; CST collateral: red). The
boxed area in C is magnified 2 times in the right panels, which show the overlay and the

single channels. Scale bar equals 10 um.

Figure S7. Stereotactic injection of AAVs allows selective targeting of the hindlimb motor

cortex.



Confocal image of the hindlimb motor cortex 3 weeks following injection of a rAAV-
GFP-Ires-Cre illustrating the presence of many transduced neurons (green) in layer V of
the cortex (blue, counterstaining with Neurotrace 435/455). Scale bar equals 150 pum.

No transduced neurons (green) are seen in the forelimb motor cortex of the same animal.

Same scale as A.

Figure S8. Viral and genetic deletion of FGFR2 have similar effects on post-injury

remodeling.

A

Confocal images of hindlimb CST collaterals exiting the main CST tract (arrows) in the
cervical spinal cord 3 weeks following a T8 dorsal bilateral hemisection in FGFR2 floxed

mice after injection of either rAAV-GFP (left panel) or rAAV-GFP-Ires-Cre (right panel)

in the hindlimb motor cortex. Scale bar equals in 40 pum.

Quantification of the number of exiting hindlimb CST collaterals in the cervical spinal
cord 3 weeks following spinal cord injury in FGFR2 floxed mice after injection of either
rAAV-GFP or rAAV-GFP-Ires-Cre in the hindlimb motor cortex (n=7-8 animals per
group). The observed increase of CST sprouting is similar to the one observed after
stable genetic deletion of FGFR2 (cf. Fig 4C). Mean+SEM. ** P =0.004 (unpaired two-

tailed t-test).

Confocal images showing putative synaptic boutons (arrows) on newly formed cervical
hindlimb CST collaterals 3 weeks following spinal cord injury in FGFR2 floxed mice

after injection of either rAAV-GFP (left panel) or rAAV-GFP-Ires-Cre (right panel) in the

hindlimb motor cortex. Scale bar equals in 15 pum.
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Quantification of the number of boutons on cervical CST collaterals at 3 weeks after
injury in FGFR2 floxed mice after injection of either rAAV-GFP or rAAV-GFP-Ires-Cre
in the hindlimb motor cortex (n=7-8 animals per group). The changes are similar to those
obtained by stable genetic deletion of FGFR2 (cf Fig 4E). Mean+SEM. * P =0.04

(unpaired two-tailed t-test).

Quantification of the percentage of LPSN contacted by cervical CST collaterals at 3
weeks after injury in FGFR2 floxed mice after injection of either rAAV-GFP or rAAV-
GFP-Ires-Cre in the hindlimb motor cortex (n=7-8 animals per group). Again the results
are similar to those obtained by stable genetic deletion of FGFR2 (cf Fig 4F).

Mean+SEM. No significant differences were found (unpaired two-tailed t-test).
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Discussion

4. Discussion

My thesis aimed at better understanding functional recovery in a mouse model of spinal cord injury with
a focus on axonal remodelling. | investigated the effect of voluntary exercise as well as two molecular
factors and their impact on axonal remodelling and motor recovery after SCI. The discussion will first
cover voluntary rehabilitation and its impact on SCI and then Semaphorin 7A, a molecular cue for

growth and guidance and FGF22, an inducer of excitatory synapse formation.

4.1. The impact of voluntary rehabilitation on functional

recovery following incomplete spinal cord injury in mice

Until today rehabilitation is the ‘state of the art’ subacute and long-term treatment after spinal cord
injury (Nas et al., 2015), but the underlying mechanism of the ensuing functional recovery remains
poorly understood. Animal models of rehabilitation and SCI are crucial to gain more insight into the
positive effects of exercise on neuronal and glial recovery after injury and to harvest that potential
further with the best rehabilitation strategies. | took advantage of the fact that wheel running is an
elective voluntary behaviour in mice that can also be triggered in undomesticated animals in their
natural habitat (Meijer and Robbers, 2014). If presented with a running wheel, mice run on average 5km
per 24 hours which is a considerable amount of exercise for a small rodent. Strikingly, following SClI,
mice quickly regained the ability and motivation to run in the wheel first mostly using their unimpaired
forelimbs and then over time regained quadrupedal running abilities. Motivation was found to
additionally boost recovery after spinal cord injury (Sawada et al., 2015), making voluntary wheel
running a suitable model with maximum outcome and minimum time investment of the researcher for
spinal cord injury rehabilitation and recovery. | also aimed at presenting the animals with a
rehabilitation paradigm at their free disposal which they could choose to use as much as they want at
each given timepoint after the injury. In contrast to forced rehabilitative training in rodents that is
usually accompanied with a rise in serum corticosteroid levels if the animal is impaired, voluntary wheel
running does not impede stress on the animal (Sato, 2017). Corticosteroids are nowadays thought to be
non-beneficial to rather detrimental after spinal cord injury which could abolish the positive effect of
training to a certain degree. However this rehabilitation paradigm is not suitable for models of severe
spinal cord injuries in which animals permanently drag their hind- and/or forelimbs which would confer
an inability to run in a wheel. For these studies forced or passive paradigms like treadmill or bicycle
models are more suitable (Dominici et al., 2012). Wheel running can only be used in dorsal or lateral
hemisection, pyramidotomy or mild contusion injury paradigms. One strong advantage of such training

paradigms is that wheel running allows for prolonged training time compared to, for example, treadmill
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Discussion

training which is typically administered 20 minutes per day due to the limited availability of the

researcher (Battistuzzo et al., 2016).

Hemisected mice that trained in the wheels showed a significant improvement in overground
locomotion and fine paw placement as well as rhythmic stepping. Locomotion and balance were
assessed with the constant and accelerated RotaRod on which mice have to walk on a constant or
accelerated speed (See paper 1). This recovery relies primarily on the central pattern generator wiring as
well as supraspinal serotonergic pathways from the nucleus raphe obscurus whereas the recovery of the
irregular Ladder Rung, which evaluates fine paw placement and necessitates supraspinal input, depends
more on CST rewiring (Escalona et al., 2017, Marder and Bucher, 2001, Takakusaki et al., 2004). The
ability to step rhythmically and hold posture, which is thought to be mediated mostly by intraspinal
networks in the spinal cord, also recovers better in wheel trained animals compared to controls after SCI
(Takakusaki et al., 2004). This can be seen in the higher performance on the regular RotaRod in which
lesioned and wheel trained animals performed better than controls. Moreover non rhythmic stepping
was improved by wheel training after SCI, which can especially be seen in the performance in the
irregular Ladder Rung in which animals have to cope with irregularly spaced bars and adjust their fine
paw placement accordingly. These improvements could be best explained by some extent of recovery of
CST-mediated functionality in the trained animals, as the CST coordinates the fine movements of the
paws (Han et al., 2015). We aimed at also specifically challenging the CST remodelling by employing the
complex wheels with irregular spaced bars. We concluded that motor recovery after SCl can be seen in
rhythmic stepping and fine paw placement with running in the irregular wheels, most likely involving
intra- and supraspinal pathways, namely the CST and the serotonergic projections onto the lumbar

motor neurons.

| further wanted to understand the cellular mechanisms underlying this profound improvement in
stepping ability with exercise after SCI. | first analysed lesion volume and local changes at the lesion site.
Lesion volume was equal between the trained and untrained groups and did not correlate with
behavioural recovery after the 10 weeks study-period. Changes in neuronal collateral formation as well
as glial reactivity and myelin preservation at the lesion site were only transient at 2 weeks post lesion
and may account for an early contribution to functional improvements but cannot explain the lasting

recovery.

We used a dorsal thoracic hemisection model in our mice to mimic a partial transection of the spinal
cord that affects the main dCST as an important motor tract. In fact most human spinal cord injuries are
incomplete, thus leaving potential for recovery and neurorehabilitation (Friedli et al., 2015). Partial

spinal cord transections trigger a rewiring and remodelling process via the spared neuronal tissue
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(Zorner et al., 2014) which is why the prognosis of incomplete injuries (ASIA B, C, D) is considerably
better than complete injuries. This remodelling can be seen in intra- and supraspinal circuitry and | have
chosen to investigate the intraspinal serotonergic wiring and connections from the NRO as well as the
dCST. The serotonergic system that mainly modulates and facilitates movement, as well as generates
rhythmic stepping patterns has its highest impact in the lumbar spinal cord after thoracic injuries, as this
is where the hindlimb motor neurons are located (Engesser-Cesar et al., 2007, Ghosh and Pearse, 2014,
Grillner, 2006). Wheel running initiates an early increase in serotonergic contacts on lumbar motor
neurons at 2 weeks post lesion which is accompanied with improvements in regular stepping. At later
timepoints the control group reaches similar levels of contacts and regular stepping patterns, making
the effect of exercise on serotonergic wiring transient. The CPG dependent function recovers in both

groups with acceleration if the mice have access to a running wheel.

While the serotonergic system mostly functions in initiation and regulation of rhythmic stepping, the
CST is of particular importance in fine and coordinated locomotor movements. In my distinct injury
model the dCST re-connects at the cervical level with long propriospinal neurons which then, in turn,
connect with lumbar motor neurons, thereby bridging the thoracic lesion site ventrally (Bareyre et al.,
2004). As fine stepping ability recovers more quickly and better with voluntary wheel running | analysed
the CST in the cervical spinal cord and its contacts onto LPSN. There was a significant increase in CST
sprouting into the grey matter as well as contact formation on LPSN early and late after injury. The
detour circuit was established faster in runners in comparison to non-runners, in which the circuit
usually fully forms after 3 weeks, not 2 (Lang et al., 2012) and this effect is sustained throughout the
whole study period making the improved CST remodelling the most likely candidate for the improved

behavioural recovery.

Nevertheless there are some critical considerations that have to be made regarding this study. Some of
the main open questions in human rehabilitation are the optimal onset and duration of rehabilitation as
well as the optimal dose. Early onset is preferred to late onset of rehabilitation, but some reports of
improvements with exercise even years after the incident are published (McDonald and Sadowsky,
2002, Nas et al., 2015). In our paradigm the mice start exercising before the injury which is more
feasible, because the healthy mouse will more likely start wheel running than the impaired mouse. This
of course does not reflect the patient situation, in which rehabilitative training is not administered
before the accident. Exercise improves neuroplasticity in the healthy nervous system which could have a
‘priming’ effect on the CNS in injury and disease which is an influence factor we did not exclude from
our study (Hotting and Roder, 2013). We nevertheless found changes in the nervous system that are
sustained over a long period and seem to reflect a stable new circuit establishment, which is a new

insight regardless of onset and duration of treatment. One main unanswered question is whether these
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positive effects are sustained after the end of the training sessions as patients also at some point leave
the rehabilitative facility and their exercise levels tend to decrease. This would require a follow up study
in which mice are trained for several weeks after injury, then the wheel is removed and their recovery

and neuronal remodelling is analysed some weeks later following the end of training.

Taken together this part of my thesis shows that voluntary wheel running in mice is a suitable model for
human rehabilitation and allows us to study the underlying mechanisms of exercise-driven
improvements in humans and animals after SCI. Wheel running after SCl is accompanied by improved
hindlimb locomoter recovery in mice. | demonstrated that voluntary exercise leads to transient early
changes in glial reactivity and neuronal growth at the lesion site as well as earlier serotonergic circuit
refinement and an earlier and 3 fold increased formation of detour circuits of the CST after injury which

likely mediates the improved functional recovery.

4.2. Sema7A and its role in the proper targeting of
corticospinal and serotonergic fibers following spinal cord

injury

As a second topic | wanted to focus on the molecular players that are involved in axonal growth and
guidance to uncover a potential molecular target or better understand the regenerative failure after SCI.
Therefore | decided to study the effect of Semaphorin 7A in a mouse model of spinal cord injury, as it is
known to play a role in axonal growth and guidance during development (Pasterkamp et al., 2003).
Sema7A is a molecule involved in many different functions and many different systems. It is expressed

throughout all white and gray matter structures in the spinal cord and enriched in LPSN which are the

primary relay neurons in detour circuit formation (Fig 14, (Bareyre et al., 2004, Jacobi et al., 2014)).
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Table 2. Distribution and intensity of the ligands in the unlesioned cervical spinal cord of adult mice.

Area Slit-1 Slit-2 Slit-3 Sema6a Sema7a  SynCam1l SynCam3  SynCam4  NL1 NL4 EphB2  EphrinB1
Gray Matter

Laminae | - IV ke e . + EEs e + e + ke e K
Laminae V ++ - + +H+ 4+ - +H ++ ++ ++ e +
Laminae VI - IX ++ - + -+ 4+ +H+ +HH+ ++ - + +H+ +

White Matter

Dorsal Column + + -. - + - - + - - + +

Ventral Funiculus ~ + + - - + - - + - - - +

Relative intensities were estimated by visual comparison with sense probe in situ hybridization slides: +: weak; ++: moderate; +++: strong; +++: very strong; —: not
detected.
doi:10.1371/journal.pone.0088449.t002

Semaphorin 7a

Figure 14: Expression of Sema7A and other guidance factors throughout the spinal cord (table top). Bottom: In-Situ staining of
Sema7A in the spinal cord and higher magnification of neurons expressing Sema7A (NeuN: green, Sema7A: red) and a LPSN
positive for Sema7A (LPSN: green; Sema7A: red) (modified from (Jacobi et al., 2014)).

Recovery from spinal cord injury involves many mechanisms and signalling cascades and Sema7A is one
signalling pathway that sounded interesting to me based on previous work. When we started this work,
based on publications in development (Pasterkamp et al., 2003), my working hypothesis was that
Sema7A is an attractive molecule, highly expressed on LPSN that stirs newly forming collaterals towards
these LPSN in order to establish a functional detour circuit. Therefore | expected to see that without

Sema7A signalling, axons would not be attracted anymore to LPSN neurons.

Recovery from spinal cord injury is multifarious and characterized by failure to restore the damage
completely. It involves re-vascularization (Figley et al., 2013), a complicated cascade of immune
responses that are until today in heavy discussion to determine whether they are beneficial or
detrimental for neuronal survival (Schwab et al., 2014).This also holds true for glial cells (Silver et al.,
2014). Blood perfusion of CNS tissue is crucial for survival and maintenance. After SCI this blood supply
to the spinal cord is lost temporarily and then re-established by neo-vascularization mainly mediated by
secretion of VEGF (vascular endothelial growth factor). This process re-establishes the supply of oxygen
and nutrients to the injured tissue (Kundi et al., 2013). The positive and negative involvement of
different glial cells in the recovery from CNS injury also remains multifarious until today, but a few
mechanisms are well studied. Oligodendrocytes and myelin, although providing the encasement of the
CNS axon, seem to be hindering axonal growth to a vast extend by secreting soluble inhibitory
molecules. First CNS lesion studies in rodents of different ages found that in young neonates robust
regeneration after injuries occurs only before the onset of myelination at about 2-3 weeks of age

(Keirstead et al., 1992). Later on several growth inhibitory molecules like NogoA and myelin associated
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glycoprotein were discovered that are secreted by oligodendrocytes (Chen et al., 2000, Mukhopadhyay
et al.,, 1994). GFAP positive astrocytes also secrete growth inhibiting molecules, such as chondroitin
sulphate proteoglycans and constitute a physical barrier at the lesion site hindering axonal growth
(Morgenstern et al., 2002). On the other hand glial cell precursors can serve as neuronal progenitor
cells, which could replace injured neurons of the CNS (Heins et al., 2002). The role of the immune
response after SCI is well understood. The unlesioned spinal cord is, as part of the CNS, immune
privileged, meaning that the blood brain barrier (BBB) hinders the free migration of immune cells. This
barrier gets disrupted after injury causing migration of immune cells into the CNS, which potentially
leads to secondary tissue damage, autoimmunity and a maladaptation of the now unregulated immune

system (Schwab et al., 2014).

And of course recovery from spinal cord injury involves regulation of intrinsic and extrinsic programs
that promote or hinder neuronal regeneration across the lesion site and remodelling more distant from

the lesion (Di Giovanni, 2009, Yiu and He, 2006).

| first explored the functional recovery of animals lacking Sema7A signalling after a dorsal thoracic
hemisection and discovered, by comparision it to control mice competent for Sema7A that functional
recovery of fine stepping and gross rhythmic motor function is strongly impaired in KO mice in
comparision to WT mice. While fine stepping is more CST related, rhythmic stepping can be achieved via
the CPG in the spinal cord and serotonergic input (Marder and Bucher, 2001). Therefore, | chose to
investigate both motor centres, the brain and CST for fine and higher motor function and the
serotonergic wiring in brain and spinal cord. The impaired recovery could also be due to reduced
vascularization or an aberrant immune response worsening the cord damage, as Sema7A is expressed
widely throughout the nervous system, but also has a very important role in immune activation and
growing knowledge suggests the involvement of Sema7A in tumour progression through its pro-
angiogenic mode of action (Garcia-Areas et al., 2014, Garcia-Areas et al., 2013, Li et al.,, 2017,
Pasterkamp et al., 2007). After SCI the neuronal tissue must be re-vascularized to ensure proper
sustenance of the regenerating tissue, with grey matter vascularization being especially susceptible to
damage (Figley et al., 2013). We investigated re-vascularization after spinal cord injury in WT and KO
mice and found no differences in the number of vessel branchpoints, which is a measure of vascular
network complexity or length of the vasculature after SCI. We then concluded that following spinal cord
injury, Sema7A signalling is not necessary for correct vascular remodelling and tissue re-perfusion. This
is not completely surprising as the pro-angiogenic activity has thus far only been reported in cancer
progression and overexpression, but not in development (Ghanem et al., 2011, Saito et al., 2015).
Typically, after injury the developmental programs are re-activated for healing, which also seems to be

the case in the vascular system (Jeansson et al., 2011).
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De facto our data is in line with these previous observations. Cell proliferation after injury, measured by
number of KI67 positive cells, is also not altered in KO mice. We also could not see differences in
infiltrating immune cells in the spinal cord after injury. Previous results presented conflicting evidence
regarding the effects of Sema7A deletion: it was shown to either increase or decrease the immune
responses in the spinal cord by activation and recruitment of T-cells and macrophages (Czopik et al.,
2006, Suzuki et al., 2007). In our injury model there was no difference between infiltrating lymphocytes,
CD4" T-cells or macrophages which suggests that differences in immune response do not account for the
behavioural phenotype in the KO mice. Spinal cord injury causes a significantly lower immune cell
infiltration to the CNS if compared to EAE, an autoimmune disease, which could explain the lack of
differences that have been seen in mice with EAE. Our cell numbers in the flow cytometry might have
been insufficient to detect subtle differences. To investigate the role of Sema7A in immune cell
infiltration and activation after injury more markers for T-cell and macrophage activation, like CD80,
CD86 or cytokine secretion, would need to be analysed to see not only recruitment but also activation of

immune cells in the spinal cord tissue.

My main interest was to study Sema7A in neuronal outgrowth, guidance and repulsion, in which the
molecule was known to play a role as growth promoting molecule in many tracts in development, but to
date nothing is known about its role following injury. It was also of particular interest to determine, if
Sema7A also plays a role in the adult CNS after injury which resembles in part the developmental
situation, because new neuronal fibers have to grow and find the right partners to re-establish a
functional circuit. Recent studies found Sema7A growth promoting and involved in repulsive and
attractive axon guidance in the LOT and the brain dopaminergic system (Chabrat et al.,, 2017,
Pasterkamp and Kolodkin, 2003, Pasterkamp et al., 2003). We first focussed on the dCST that is known
to remodel extensively in the cervical cord after complete transection at T8 and to contact LPSN neurons
that express Sema7A (Jacobi et al., 2014). We found that although there was a significant increase in
collateral number, length and complexity there was no increase in contacts on LPSN 3 weeks after SCl,
indicating that Semaphorin7A signalling per se is not involved in detour circuit formation (Lang et al.,
2012). This is in contrast to our assumption that Sema7A might be the guidance/growth promoting cue
leading the newly emerging CST collaterals to the LPSN neurons to form contacts. In absence of Sema7A
signalling, the increase in collaterals and their length points rather more towards a repulsive action of
Sema7A on the CST fibers. This is reminiscent of recent studies that demonstrated this repulsive
phenomenon in the dopaminergic tract of the brain, which is mediated by the PlexinC1 receptor
(Chabrat et al., 2017). | also ensured proper motor cortex architecture in WT and KO mice to exclude a

developmental phenotype in the hindlimb motor cortex.
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| observed impairment in regular rhythmic walking recovery in the KO mice compared to the WT mice.
Rhythmic walking is dependent on the intraspinal circuitry, prompting me to study the serotonergic
wiring in the lumbar spinal cord and the brainstem, in which the major descending serotonergic motor
pathways arise (Jacobs and Azmitia, 1992, Marder and Bucher, 2001). Serotonergic neurons can also be
found throughout the spinal cord and their number increases after a full spinal cord transection. With
loss of the central serotonergic brainstem input, serotonergic spinal interneurons undergo injury
induced plasticity in order to compensate for the heavy loss of 5HT caudal to the lesion (Hou et al.,,
2016). Furthermore, the 5HTR2a receptor is upregulated after lesion in target neurons to render those
more sensitive to the decreased serotonin signalling in the spinal cord (Kong et al.,, 2010).Those are
compensatory mechanisms to re-facilitate movement in de-innervated lumbar regions after injury. | first
ensured that the nucleus raphe obscurus (NRO), pallidus and magnus have similar serotonergic cell
numbers in WT and KO. | then moved on to the lumbar spinal cord, the region of the ChAT"
motoneurons that produce hindlimb movements if receiving central or intraspinal input. The number of
ChAT" neurons was similar throughout all timepoints and ISPC segments analysed for Sema7A-deficient
and competent mice. | then looked at the patterning and intensity of serotoninergic fibers throughout
different lumbar spinal cord segments acutely (2d) and sub-acutely (7d and 21d) after injury. Early the
Sema7A deficient mice showed a reduced intensity in serotonergic labelling in comparison to wildtype
mice with equal patterning and distribution of innervation. The later post-injury adaptation however
showed a significant increase in fiber density and intensity in the deficient mice if compared to the
wildtype mice. | also found ectopic fiber locations in deficient, but not in competent mice. In these
experiments | could not distinguish between the intra- and supraspinal serotonergic system. The
supraspinal system sends fibers to all spinal cord segments, which are usually heavily concentrated
around spinal motor neurons. Intraspinal serotonergic cells were only studied in the rat, in which there
were very few reported, which mostly reside in the sacral spinal cord. Descending supraspinal input
from the nucleus raphe obscurus (NRO), pallidus and magnus is reported to descend ventrally as well as
dorsally, arguing for a disruption of at least part of the supraspinal descending input to the lumbar spinal
cord (Ballion et al., 2002). This evidence from literature points more towards a remodelling of the
supraspinal pathways to compensate for lost innervation of the lumbar motor neurons than intraspinal
strengthening of circuitry. Furthermore, serotoninergic axons are capable of regeneration, which is
rarely seen in for example glutamatergic central axons (Kajstura et al., 2017). To determine the origin of
the excess serotonergic fibers in the deficient mice further experiments would be needed. Viral tracing
of the central 5HT neurons in the brainstem could shed light on the origin of the newly emerging fibers
in the lumbar spinal cord. This finding is in accordance with a very recent publication which reported the
Sema7A/PlexinC1 interaction crucial for the correct targeting of the mesodiencephalic dopaminergic

tracts (mDA) of the brain. This repulsive interaction is responsible for their correct outgrowth and
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topographical organization of mDA neurons. If Sema7A is absent the mDA neurons are no longer
repelled from the ventral tegmental area (VTA) and overgrow their target area into the striatum

(Chabrat et al., 2017).

Serotoninergic innervation in the spinal cord is responsible for the modulation of sensory, motor and
autonomic functions (Jacobs and Azmitia, 1992). The ectopic and extensive serotonergic innervation in
the lumbar spinal cord can impair correct motor neuron facilitation, thereby explaining the motor
recovery phenotype of the Sema7A KO mice. Contacts onto motor neurons could not be formed,
growing neuronal fibers usually stop growing upon finding a synaptic partner. This process could be
impaired with the missing repulsive action of Sema7A. Hyperinnervation can also lead to spasticity, as
the balance between excitation and inhibition can be disturbed. Spasticity is a problem in incomplete
spinal cord injuries and causes many difficulties in movement in the affected individuals as spasticity has
a negative impact on otherwise sufficiently innervated motor units and therapeutic approaches to treat
that phenomenon improve the quality of life (Duffell et al., 2015, Hofstoetter et al., 2014). Recent
research also discovered that constitutively active 5SHTR2a facilitate muscle spasms after human spinal
cord injury linking the serotonergic system to spasticity (D'Amico et al., 2013). Increases spasticity
induced by elevated serotonin levels in the lumbar cord could also explain the impaired motor recovery
from spinal cord injury of the Sema7A-deficient mice. Spasticity however is difficult to measure in a

mouse model.

Most basic research in spinal cord injury is motivated by either understanding regenerative failure and
potential or uncovering possible therapeutic targets that can be delivered pharmaceutically or virally.
Viral modulation of the Sema7A — PlexinC1 and — alP1 Integrin signalling pathway, needs careful
consideration as the precise involvement in immunomodulation and cancer progression is still not
completely clear (Black et al., 2016, Czopik et al., 2006, Gutierrez-Franco et al., 2016, Scott et al., 2009,
Suzuki et al., 2007). We first need to understand the different roles of Sema7A in the nervous and

immune system as well as in tumour growth before we aim at a therapeutic approach.

4.3. FGF22 in recovery and synapse formation after injury

Synapse formation is a critical step for neurons during development. It is not only about finding the right
partner, but also the right and sufficient connections that need to be established. Likewise, the
formation of a pre- and a postsynapse need to be induced by signalling molecules and matching
receptors like SynCam, Wnt or FGFs and their receptors (Fox and Umemori, 2006). Once the connections
that were established during development are severed by, for example, an injury or inflammation, the

neuron usually uses the developmental blue prints again to search for a new meaningful connection. We
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identified FGF22 and its receptors FGFR1 and R2 as key regulators in synapse establishment during
detour circuit formation after SCI. FGFR1 and R2 are expressed on the outgrowing dCST collateral while
FGF22, the postsynaptic partner, is expressed by LPSN. The contact between these dCST fibers and the
LPSN establishes the detour circuit for functional recovery (Bareyre et al., 2004). FGF22 or FGFR1 and
FGFR2 deficient mice show an impairment in functional recovery which is in accordance with the
delayed and reduced detour circuit formation. Whereas a deletion of FGF22 did not alter the sprouting
of CST collaterals per se, it impaired the formation of synaptic boutons and contacts onto the relay
neurons that mediate functional recovery. Moreover, the boutons that did form were significant less
likely to express bassoon, a marker for the presynaptic active zone, or synapsin, a presynaptic vesicle
protein. If one of the receptors FGFR1 and R2 was absent from the CST, a significant increase in CST
sprouting and a reduction in boutons, but no reduction in contacts on LPSN was observed. The increase
in CST sprouting is most likely compensatory. If both receptors were deleted from the CST collateral
formation normalized, but synapse formation impairment was comparably to the FGF22 KO. Both the
deletion of the two receptors as well as deletion of FGF22 significantly impaired functional recovery
after SCI measured by the Ladder Rung and the Catwalk gait analysis. The role of FGF22 in synapse
formation during development has been shown before (Terauchi et al., 2016, Terauchi et al., 2010), but
our study revealed a role in injury-induced synaptic plasticity and circuit formation of the spinal cord for
FGF22 and its receptors. This argues for a ubiquitous function of FGF22 in synapse formation throughout

development and adulthood whenever the de novo formation of synapses is required.

As impairment of correct FGF22 and FGFR1 and R2 signalling reduces synapses, sprouting and detour
circuit formation as well as functional recovery, we started to be interested in the potential of FGF22
overexpression as potential therapeutic approach to improve not only synapse and detour circuit

formation, but also functional recovery following SCI.

To this end, | am now carrying a study in the laboratory that aims at investigating the role of FGF22
delivered via gene therapy in the cervical spinal cord to induce synapse formation between CST and
LPSN and functional recovery. Viral gene transfer is an interesting strategy that is already currently used
in clinic in the treatment of certain conditions such as hereditary loss of eyesight for example (Pierce
and Bennett, 2015). It is relatively selective as expression can be targeted to certain cell populations
with either different capsid proteins or selective neuronal promoters like hSyn (human synapsin
promotor to specifically target neurons), or Vglut2 (vesicular glutamine transporter 2 to specifically
target excitatory neurons) thereby reducing the risk of aberrant growth induction and side effects
(Aschauer et al., 2013). Thereby FGF22 overexpression might be a therapeutic intervention to improve

functional recovery, circuit rewiring and remodelling after SCI.

138



Discussion

FGF22 is a growth factor and thereby bears risks if overexpressed. FGF22 and its receptor has been
implicated in the development and progression of skin and breast carcinoma (Jarosz et al., 2012, Katoh,
2008), which could be a severe adverse side effect if the molecule is overexpressed. Nevertheless, viral
gene transfer can selectively target certain cell populations with either capsid proteins or selective
neuronal promoters like hSyn (human synapsin promoter), thereby reducing the risk of aberrant growth
induction (Aschauer et al., 2013). Thereby FGF22 overexpression might be a therapeutic target to

improve functional recovery, circuit rewiring and remodelling after SCI.

We used a therapeutic gene delivery strategy using a recombinant AAV2 (adeno associated virus, rAAV)
to overexpress FGF22 alongside with GFP (green fluorescent protein) in the cervical spinal cord of mice.
We choose an AAV2 system for its neuronal tropism and the CMV for efficient expression (Figure 15). As
control vector we used the same AAV expressing GFP without the FGF22 sequence to control for a

possible effect of the virus injection and the GFP expression only.

CST Collateral

Figure 15: Confocal Scan of a LPSN (blue) overexpressing FGF22 and GFP (green). CST collateral in close proximity to the neuron
(red).

We traced the corticospinal tract, the LPSN, performed a T8 dorsal thoracic hemisection and injected
the AAV overexpressing FGF22 5 days prior to the lesion in the cervical cord. We then analysed detour
circuit formation in the cervical spinal cord of these mice and found an increase in CST collateral
boutons and branchpoints, which is in accordance with the role of FGF22 in synapse formation. We then
analysed the contacts of the CST collaterals onto interneurons, separating into contacts on LPSN,
contacts onto FGF22 or control GFP positive interneurons and GFP/FGF22 positive interneurons

regardless of whether they were LPSN or not. We found a significant increase in contacts onto
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interneurons that over-expressed FGF22 in comparison to GFP only, regardless of whether they were
LPSN or not. There was no significant increase in contacts onto LPSN per se, indicating that the effect on

contact formation is FGF22 dependent (Figure 16).
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Figure 16: Representative pictures and quantification of FGF22 overexpression experiments in the cervical spinal cord. We
analyzed sprouting hCST fibers, boutons, branchpoints and contacts onto different interneuron populations (red: CST collateral,
green: FGF22 or GFP only, blue: LPSN labelled with fluorogold).

Pre-treatment 5 days before injury increases the formation of the detour circuit. However, pre-
treatment is not feasible clinically as patients do not plan on experiencing spinal cord trauma, which is
why we currently aim to test this treatment paradigm at different timepoints after injury. We want to
determine whether post-treatment with FGF22 overexpression also has a positive effect on detour
circuit formation and functional recovery and determine whether and until when this treatment is
beneficial after the injury. As FGF22 is a growth factor treatment with overexpression always bears
some risks for tumour induction or other aberrant neuronal and non-neuronal growth that could be
detrimental to recovery. So far, we have not seen any adverse side effects of the treatment, which is in
part due to the injection into the CNS where the potential for growth and proliferation is generally

rather limited.
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Combination of exercise to generate more growth and remodelling as well as correct targeting, together
with overexpression of the synaptogenic FGF22 and a potent growth factor, like STAT3 (Bareyre et al.,
2011, Lang et al., 2013) could provide the injured circuit with a potent therapy to optimize detour circuit
formation. These combinatorial therapies are already used with success for example with
chondroitinase treatment, which digests the inhibitory extracellular matrix, in combination with
exercise. Chondroitinase alone does not improve functional recovery, only with training (Garcia-Alias et
al., 2009). We would like to combine our FGF22 overexpression with STAT3 overexpression (Lang et al.,
2013) and voluntary wheel running to optimize collateral sprouting, synapse and detour circuit
formation. This will hopefully harness the full capacity of the injured CST fibers for remodelling and thus
result in greatly improved and accelerated behavioural recovery in comparison to a single therapeutic
intervention. Combinatory therapies should be the future in SCl research as one treatment alone has
yet to be found that made the transition from bench to bedside and has a potent enough therapeutic

effect to reverse the impairments of such a devastating disease as spinal cord injury.
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5. Conclusion

In contrast to complete spinal cord transections, incomplete spinal cord injuries have the potential to be
followed by functional recovery. It has been extensively shown that axonal remodelling contributes to
functional recovery by re-connecting deinnervated regions directly or by relay neurons (Bareyre et al.,
2004, van den Brand et al.,, 2012, Zorner et al.,, 2014). In this thesis | aimed at understanding the
underlying principles that contribute to axonal remodelling and functional recovery as a complete
understanding of every step of the plastic abilities of a neuron is a necessary prerequisite for efficient
therapy development. | demonstrated that voluntary exercise is a growth promoting intervention that
helps forming relevant functional connections, and investigated additional molecular factors that

contribute to axonal targeting and synapse formation.

While | could see differences in functional recovery with every intervention, | believe that combining
therapies is the only way to achieve functional improvements that resembles the motor capacities
before the injury. Therefore, my work paves the way for the development of such combinatorial
interventions as we identified here two molecules that respectively modify axon targeting (Sema7A) and
synapse formation (FGF22) and we demonstrate that voluntary exercise is key to potentiate the
recovery. One avenue to this work is the combination of rehabilitation with gene therapies enhancing
meaningful factors, like FGF22, STAT3 or Sema7A in targeted areas of the injured spinal cord. | believe
this is the exciting direction spinal cord injury research should take and this might, one day, positively

influence the outcome of spinal cord injured patients.
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