Dusp6 ablation in Oligodendrocytes
induces a repair-like phenotype and promotes
disintegration of damaged axons and axonal

regrowth after injury

Dissertation
to obtain the degree

Doctor of Science

At the Department of Biology
Institute of Developmental Biology and Neurobiology

Johannes Gutenberg University Mainz

Gianluigi Nocera

29" April 1991 in Napoli, Italy

Mainz, 2023



Dean: Prof. Dr. Eckhard Thines
Supervisor and examiner: Prof. Dr. Claire Jacob

Co-examiner: Prof. Dr. Martin Heine

Date of the oral exam:
13.06.2023



Table of Contents

D X 1 2 5
ZUSAMMCHIUSSUNE eeveeueerreeersississirrerrrrrsssesesssssssssssssiiiisiissssssssssestmsmmsssssssssssssssssssssssssssses 6
L. INEPOAUCHION . ....eeeeeeeeeeeeeeeeccciiissseeeissieesesessssssssssssssssssssssssssssssssssssssssssssssssses 7
1.1 Overview of the Nervous SYStemM .......cciiiiiiiiinnnieiiiiiiiiiinnieeeiieseee. 7
1.2 Myelinating glial CellS........uiiiiiiiiiniiiiiiiiiiiiiiiiiere e 7
Sehwann CellS ... 7
OlGOAENAIOCYLES ...ttt e e 7
1.3 Regeneration in the peripheral nervous system.......ccoovceiieeiiiiiiiinnnnieeeiiciinnnnnnieeenenne. 8
Schwann cell reprogramming.........ccccciiieieieriiiiiiiiniiiieesseee. 9
L 11 | PPN 9
MAPK PATRWAYS coociiiniiiiiiiiiiiiiiiiiiitiiiieiiiieeiiiiisseieeeeiiimmsssiieeeiiemmmssssieeesiessssmsssseeesse 10
14 Regeneration failure in the central nervous system .........ccccccviiiiiiinnnnneceiiicisssinnnneeenne 11
GHAL SCAT ...t bbb s bt sttt sa e r e st 11
Myelin-associated INhibitors.................ccooiiiiiii s 11
AXONAl degeneration...............cccoooiiiiiiiiiiiii s 12
1.5 Role of MAPKSs in oligodendrocytes and CNS maintenance........ooeceeeeeeiiccisssnnnnneennas 13
1.6 Regulation of MAPK acCtivity ...cccovvveeiieiiiiiiiiiinniiiiiiiiiinniiieeeisieieenmsseeeee 15

2. Review Article: Mechanisms of Schwann cell plasticity involved in peripheral nerve
L L {1 7 g PP 16
B 11 3 o Tt PPN 16
Schwann cells and peripheral nerve injuries......ooocccieeeiiiiiiiinnniieiiiicinn. 17
Nerve injury methods in regeneration research ...........cccccceviiiiiinnniiiiiiiiiiinnneneccneeeenn. 18
Schwann cell reprogramming..........ccoiinimiiiiiiiiiiiiiiiieiiemseense. 19
Epigenetic regulation and other chromatin-remodeling enzymes functions ..........cccoccuueeeeennn. 21
Axons and myelin clearance .........oooccieiiiiiiiiiiiiniiiiii s 22
Signaling pathway and transcription factors.........cccccieeeiiiiiiniiiniieiiiiiiiinnin. 23
Nrgl and its dual role in regeneration...................cccoiiiiiiiiiiiiiin s 23
L0 L1 £ OO 24
MAPK functions in DEIrve FePAIr.............ocoiiiiiiiiiiiiiiiii e 25
Sox2 and nerve bridge tissue formation .....................ccciii 27
STAT3 and repair Schwann cells...............cccooiiiiiiiiii s 28
Notch SIgNALING .........coooiiiii 28
L O01) 1 10 11T 1) | PPN 29
e 2 0 1 T PP 30
ATMS ANA RYPOTRESIS auueeeeeeeveveeririiiiiiisrsrsineeveveieiiiiiiiiiiiiiissisisssssnenenesssssrensssisssssssssnns 40
Y (1 7 RN 42
Statistical ANalYSIS.....ccciiiiiiiiiiiniiiiiiiii s ae 42
ANIMAIS ccoiiiiiiiiiiiiiiiiiiiree sttt se s s s e e e s e s s s s s s s s s e e e s se s s s bnnneee 42



Surgical ProCeduUIeS......cciiiiiiiimiiiiiiiiiiiiiiiee et sssssseeeesssessssssssaeeesssesssns 42

LT @0 I 0 10 111 1 N 43
Behavior — Narrow beam test ........uiiiiiiiiiiiiiniiiiiiiiiniiiieiisseeenmssseees 44
Microfluidic lesion MOdelS........coccueiiiiiiiiiiiinniiiiiiiiiiiiieiiieseeee e sasssseeeesee 44
DRG neuron/ Schwann cell myelinated cultures ..........cccccceviiiiiinnniiiiiiiiiinninnieeeicineeen. 45
DRGs neuron/ oligodendrocyte myelinated cultures........ccccceeevivnneieeiiiiiiisineneeeiiicinnnnnneeeenn. 46
Live imaging, laser axotomy and image processing.......ccccccvviiiiiinnnieeiiiiiiininneneeeniecinnnenneeeen 47
Primary rat oligodendrocyte Cultures .........ccccceeiiiiiiiiinnniiieiiiiiiininnieeeiiieseeee. 48
Primary Rat Schwann cell cultures ........ccoovceiiiiiiiiiiiiiiiiiiiiiiniiiesseeeeeen. 48
Generation of 1eNtivIFUS .....ccvvviiiiiiiiiiiiiiiiit e s s s e aes 49
IMMUNOfTUOTESCENCE.....cceiiiiiiiiiinitiitiiiicrtt ettt ssssr e e e s sessssssssssaeessae 50
R . 7 £ X 52
5.1 Schwann cells and oligodendrocytes exhibit opposite regulations after axonal lesion....... 52

5.2 Dusp6 ablation in oligodendrocytes promotes axon disintegration and regrowth in
MICIOfTUIAIC 1ESION .ceeriiiiiiiiiiiiiiiiiiiiiiiirt s sssssse e e e sssesssns 56

5.3 C-Jun is a potential factor driving regeneration mediated by Dusp6 downregulation upon

1 110 o PP 60
5.4 In vivo Dusp6 ablation promotes distal cut axons disintegration and axonal regrowth
) ) L (5 63
(/T ) 1 Y6l 7R 7 U 70
6.1 Injury-induced opposite regulations in Schwann cells and oligodendrocytes.................... 70
6.2 Axon disintegration and regrowth in myelinated cultures after lesion.........ccccccceevvveeeeenns 70
6.3 Role of C-Jun in axon disintegration and regrowth after axotomy ........ccccceevvunereierriicnnn. 72
6.4 Axon disintegration and regrowth after spinal cord injury in mice ........cccccoevuuereieriiiennne. 73
Conclusion and future PersPeCctives .........ccevvvueeeveveeeerreeriiiiisssssssssssssvesesssssssremsssssssssssssns 76
) 2 4 e 79
B A 177 ) RS 87
AULNOF CONIFIDULION . ......eeeeeeeeeeeeeeeereicicisiiiiiiieiieiieseeeeesessssssssssssssssssssssssssssssssssssssnns 88
B N o T g T L R 89
CUPTICUIUI VITAC aueeeeeeeeeennnnniiiieeriiieeieeeeveiitttiiisssisscisssssssssssssessssssssssssssssssssssssssssssssssnnnns 90



Abstract

Following a spinal cord injury, central nervous system axons fail to regrow, which often results
in permanent loss of function'. In contrast, peripheral axons are able to regrow efficiently after
injury?. These differences are partly due to the different plasticity of myelinating cells,
Schwann cells and oligodendrocytes, in these two systems®. The molecular mechanisms
responsible for this different plasticity remain however poorly understood. Here, we show that
the phosphatase Dusp6* acts as a key inhibitor of oligodendrocyte plasticity after spinal cord
injury. Dusp6 is rapidly downregulated in Schwann cells and upregulated in oligodendrocytes
after axon injury. Simultaneously, the MAP kinases ERK1/2 are activated and the transcription
factor c-Jun is upregulated in Schwann cells>S, but not in oligodendrocytes. Ablation or
inactivation of Dusp6 in oligodendrocytes induces rapid ERK1/2 phosphorylation, c-Jun
upregulation and filopodia formation, leading to mechanically-induced, fast disintegration of
distal ends of injured axons, myelin protein downregulation and axonal regrowth. Taken
together, our findings provide a better understanding of the mechanisms underlying the
different plasticity of Schwann cells and oligodendrocytes after injury and a promising method
to convert mature oligodendrocytes, exhibiting inhibitory cues for axonal regrowth, into repair
oligodendrocytes reminiscent of repair Schwann cells. We show that repair oligodendrocytes
successfully increase the compatibility of the spinal cord environment with axonal

regrowth after injury and we provide a therapeutic approach to induce this process.

Keywords

Schwann cells, Oligodendrocytes, Dusp6, Axon disintegration, Demyelination, Axon and

myelin debris clearance, Axonal regrowth, Spinal cord injury.



Zusammenfassung

Nach einer Verletzung des Riickenmarks wachsen die Axone des zentralen Nervensystems
nicht mehr nach, was héufig zu einem dauerhaften Funktionsverlust fithren kann'. Im
Gegensatz dazu sind periphere Axone in der Lage, nach einer Verletzung effizient
nachzuwachsen?. Diese Unterschiede sind teilweise auf die unterschiedliche Plastizitdt der
myelinisierenden Zellen, Schwann-Zellen und Oligodendrozyten, in diesen beiden Systemen
zuriickzufiihren®. Die molekularen Mechanismen, die fiir diese unterschiedliche Plastizitit
verantwortlich sind, sind jedoch nach wie vor unzureichend bekannt. In dieser Studie wird
gezeigt, dass die Phosphatase Dusp6* als wichtiger Inhibitor der Oligodendrozytenplastizitit
nach einer Riickenmarksverletzung wirkt. Dusp6 wird nach einer Verletzung des Axons in
Schwann-Zellen herunterreguliert und in Oligodendrozyten hochreguliert. Gleichzeitig werden
in Schwann-Zellen>® die MAP-Kinasen ERK1/2 aktiviert und der Transkriptionsfaktor c-Jun
hochreguliert , aber nicht in Oligodendrozyten. Die Ablation oder Inaktivierung von Dusp6
induziert eine schnelle ERK1/2-Phosphorylierung, eine Hochregulierung von c-Jun und die
Bildung von Filopodien in Oligodendrozyten, was zu einem mechanisch induzierten, schnellen
Zerfall der distalen Enden verletzter Axone, einer Herunteregulierung von Myelinproteinen
und einem axonalen Nachwachsen fiihrt. Insgesamt ermoéglichen unsere Ergebnisse ein
besseres Verstdndnis der Mechanismen, die der unterschiedlichen Plastizitit von Schwann-
Zellen und Oligodendrozyten nach einer Verletzung zugrunde liegen, sowie eine
vielversprechende Methode zur Umwandlung reifer Oligodendrozyten, die hemmende Signale
fiir das axonale Nachwachsen aufweisen, in Reparatur-Oligodendrozyten, die an Reparatur-
Schwann-Zellen erinnern. Wir zeigen, dass Reparatur Oligodendrozyten in der Lage sind im
Riickenmark eine Umgebung zu schaffen, in der ein axonales Nachwachsen nach einer
Verletzung moglich ist. Zusétzlich stellen wir einen therapeutischen Ansatz vor, um diesen

Prozess zu induzieren.



1. Introduction

1.1 Overview of the nervous system

The nervous system is divided into two major parts, the central nervous system (CNS) and the
peripheral nervous system (PNS). The CNS is composed by the brain and the spinal cord. It
processes, integrates and transmits signals from and to the PNS. The PNS includes all the spinal
and cranial ganglia and the peripheral nerves connected to the brain and the spinal cord. It
innervates limbs and the abdomen and records and transmits inputs and outputs from and to
the sensory and motor areas. The PNS and CNS differ by their cell composition. However, they
are both constituted of specialized glial cells which surround the axons and form a myelin
sheath to ensure fast saltatory nerve conduction and provide important trophic support. The
myelinating glial cells of the PNS are Schwann cells (SCs), while the myelinating glial cells of
the CNS are oligodendrocytes (OLs).

1.2 Myelinating glial cells

Schwann cells

SCs precursors derive from neural crest cells'!2. Specification into the SC lineage requires the
expression of the transcription factor Sox10, which will remain expressed during the whole
differentiation and myelination process®’. SC precursors differentiate into immature SCs. They
can differentiate either into non-myelinated cells, also called Remak SCs, which surround
multiple small caliber axons without producing myelin, or into myelinated SCs which form a
one-to-one relationship with large caliber axons by a mechanism called radial sorting. The final
stage of SC differentiation requires the upregulation of the transcription factor Oct6, which
promotes expression of the transcription factor Krox20 together with Sox10. In turn, Krox20
activates the transcription of myelin protein genes including Myelin protein zero (Mpz or P0),

Myelin basic protein (Mbp) and Myelin-associated glycoprotein (Mag) %.

Oligodendrocytes

Oligodendrocytes derive from glial progenitor cells, so called oligodendrocyte precursor cells
(OPCs), which arise from the ventricular germinal zones of the embryonic neural tube%>. The

specification into OPCs requires expression of Sox10 and Olig2, which remain expressed in



all steps of OL differentiation®*. OPCs proliferate and migrate to developing gray and white
matter before differentiating into myelin-forming OLs. OPCs remain abundant in the adult
CNS, in which they retain the ability to generate new OLs. The differentiation to immature,
pre-myelinating and myelinating OLs, involves the tightly orchestrated regulation of
processes of migration, proliferation and differentiation. In the early stage, OPCs express
Sox10 and Sox9 to promote survival, migration and differentiation. In later stages, Sox10
promotes transcription of Myelin regulatory factor (Myrf), an important transcription factor
for CNS myelination, which activates the transcription of myelin genes such as MBP and
MAG®"-68, Myelinating OLs enwrap and insulate CNS axons providing them with fast and
saltatory nerve conduction. A single OL can extend its processes and ensheath up to 50
axons®’. Beside insulation, OLs also provides trophic support to neurons and axons by the
production of glial cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic
factor (BDNF), or insulin-like growth factor-1 (IGF-1) 7°. Continued expression of specific
myelin structural components and key transcription factors is necessary for the maintenance
of normal myelin structure/function and axonal integrity during adulthood. For instance,
genetic ablation of the transcription factors Myrf in mature OLs results in downregulation of

major myelin gene expression, demyelination, and axonal degeneration’>7374,

1.3 Regeneration in the peripheral nervous system

A detailed overview of the regeneration process after peripheral nerve injury can be found after
the “1. Introduction” Chapter in my Review article “Nocera and Jacob, Mechanisms of
Schwann cell plasticity involved in peripheral nerve repair after injury. Cell. Mol. Life Sci.
(2020). This chapter is a summary of the main events occurring after a peripheral nerve

damage.

Upon axon injury, myelinating and non-myelinating SCs undergo extensive reprogramming
that promotes and guides axonal repair. SCs lose contact with and demyelinate the distal
stump of the axon and convert into a repair phenotype®”-#8, Among the main players driving
this process are c-Jun, mitogen-activated protein kinase (MAPK) pathways, Sonic Hedgehog
(Shh) and chromatin-remodeling enzymes. In the injured site, repair SCs participate in the
disintegration and removal of damaged axons during the process of Wallerian degeneration
and assist myelin debris clearance digestion of both intrinsic and extrinsic myelin fragments

by means of myelinophagy and phagocytosis and the recruitment and activation of invading



macrophages®?°. Afterwards, SCs secrete trophic factors to support survival of damaged
neurons and promote axon regrowth®’-!, Repair and Remak SCs also extend long parallel
processes and align in tracts called bands of Biingner to guide the regrowing axon back to
innervate its former target®®?2, At this stage, many SCs proliferate. Finally, once axons have
regrown, SCs upregulate pro-myelinating genes, re-differentiate into myelinating SCs and

remyelinate the regenerated axons. An overview of the repair program is illustrated in Fig. 1.

Schwann cell reprogramming

SC reprogramming following peripheral nerve injury can be divided into SC demyelination

9093 The demyelination process is

and SC conversion or transdifferentiation into repair SCs
characterized by the repression of pro-myelinating genes such as Krox20 and of myelin genes
including Mbp, PO, Pmp22 and Mag. Moreover, genes typically expressed during development
including genes coding for L1, NCAM, p75NTR and GFAP, are re-expressed or upregulated®
%4, However, repair SCs differ from immature SCs as they are characterized by de-novo
expression of genes that include Oligl and Shh and by the upregulation of proteins involved in
the regeneration process. Among those, c-Jun, the main driver of the SC-dependent repair
program, GDNF, BDNF, NT3, artemin, NGF, VEGF and VEGFR1 support the survival of

injured neurons and promote the regrowth of proximal axons!”-87-94-95,

c-Jun

c-Jun is a key transcription factor involved in SC reprogramming and response to peripheral
nerve injury. It does not appear to be crucial in adult uninjured nerves. By contrast, c-Jun gene
expression rapidly increases following nerve injury and is critical during axonal regeneration.
Indeed, c-Jun conditional KO mice exhibit a delayed demyelination, decreased neuronal
survival and limited regeneration capacity®®-*7-1%!, In injured nerves, c-Jun is directly involved
into and drives SC demyelination and transdifferentiation into their repair phenotype. It
displays an antagonistic expression with Krox20 and enforced c-Jun expression is enough to

88-99-100 ¢_Jun functions have been also correlated

inhibit myelination in neuron/SC cocultures
with myelin breakdown during the process of myelin clearance. Several signaling pthways have
been proposed to be upstream of and to regulate c-Jun expression. Among these are the MAPK
pathways extracellular signal-regulated protein kinases (ERK)1/2, c-Jun N terminal kinase

(JNK) and p38, all of them being activated following nerve injury!02-103-104,



MAPK pathways

MAPKSs have been widely described to be involved in SC plasticity and axonal regeneration.
Their role in the repair process is quite complex and has been sometimes controversial with
different studies displaying conflicting results. The MAPK/ERK, JNK and p38MAPK
signaling pathways are all regulated after peripheral nerve injury. In both PNS and CNS, the
ERK 1/2 pathway appears critical for developmental myelination and myelin maintenance®!-1%.
SCs respond to peripheral nerve injury by a strong activation of the ERK pathwayS5 and in the
absence of nerve injury, sustained activation of the ERK pathway in SCs is sufficient to drive
demyelination, which could suggest that c-Jun is a downstream target of ERK signaling!'®.
Consistently, it has also been shown that invivo ERK overactivation induces c-Jun
upregulation and ERK inhibition negatively affects demyelination and c-Jun expression in

myelinating co-cultures!9-10,

Other studies reported that c-Jun upregulation and SC
demyelination are JNK or p38MAPK-dependent®!-?°. Cervellini et al.!?” reported that sustained
activation of the ERK pathway in injured nerves resulted in delayed repair and functional
recovery. These contradictory findings suggest that MAPK/ERK acts over multiple pathways
regulating different processes during development and the repair program. Another member of
the MAPK family, p38MAPK, has also been shown to play a critical role in SC plasticity
following injury. Following peripheral nerve injury, p38MAPK appears important to initiate
the injury response. Early after injury, p38MAPK activity is rapidly increased!®? and in vivo
inactivation blocks SC demyelination and conversion into repair cells in the distal nerve!%,
The JNK pathway is also rapidly activated after nerve injury!® and has also been involved in
several important functions controlling SC plasticity. In in vitro experiments, JNK activation
results in the inhibition of myelin gene expression, SC demyelination, proliferation,
upregulation and phosphorylation of c-Jun3!-98-99-100-108-109-110 Tndeed, c-Jun is known to be a
major phosphorylation target of INK3!->, However, in the distal stump of injured nerves, JNK
inhibition decelerates myelin fragmentation'!!, which suggests a function of c-Jun

phosphorylation in accelerating demyelination
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1.4 Regeneration failure in the central nervous system

In contrast to the PNS, axonal regeneration is extremely limited following a CNS injury.
Traumatic brain injury (TBI) and spinal cord injury (SCI) often result in permanent loss of
functionl. CNS regeneration failure is mainly due to the generation of a hostile and unfavorable
environment which prevents axonal regrowth. However, it has been shown that mammalian
CNS neurons may be able to regenerate when provided with a permissive environmentl 13-
114-115. Several reasons are accountable and contribute to this regeneration failure. Among
them, the rapid formation of a glial scar in the lesion site, which acts as a barrier for axonal
regrowth8, the expression of CNS regeneration inhibitors, such as myelin-associated inhibitors
(MAIs) by OLs, and the long persistence after injury of axonal fragments, which also act as
inhibitors of axonal regrowth9-11. An overview of the reasons for regeneration failure is

illustrated in Fig. 1.

Glial scar

Chondroitin sulfate proteoglycans (CSPGs) are the main molecules found in the glial scar''¢
and are expressed by reactive astrocytes after injury. Although several types of glial cells are
found in the glial scar, reactive astrocytes are the main cellular component!!”. After injury,
astrocytes proliferate, undergo morphological changes such as process extension, and increase

the synthesis of glial fibrillary acidic protein (GFAP). GFAP is a filament protein which

induces increased synthesis of cytoskeletal supportive structures and pseudopodia extension.
This process called astrogliosis eventually results in the formation of a dense network of
interdigitated processes, which fills the space previously occupied by degenerating structures

and dead or dying cells and can physically inhibit axonal sprouting'!”.

Myelin-associated inhibitors

MALIs are expressed by CNS myelin. They can impair neurite outgrowth in vitro and in vivo
after CNS damage. The main and the most studied MAIs are Nogo-A, MAG, oligodendrocyte
myelin glycoprotein (OMgp), ephrin-B3 and Semaphorin 4D (Sema4D)*. All of MAIs exhibit
potent inhibitory activity on neurite growth. By interacting with multiple neuronal receptors to
effect cytoskeleton rearrangement and neurite inhibition through a signaling pathway involving

Rho and Rho-associated kinase (ROCK)!3°. MAG, the first characterized MAI'*¢ is expressed
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by OLs in the CNS. During development MAG promote axon growth of young neurons and
inhibit growth of older neurons, showing an age-dependent function'*® . During adulthood,
MAG function in the maintenance of myelinated axons'?” . Several studies investigate the role
of MAG after injury. Indeed, has been show that genetic deletion or inhibition of MAG binding
to GDla and GT1b enhanced axon sprouting!**-13°, Surprisingly, genetically deleting MAG
reduced corticospinal tract (CST) axon sprouting. Moreover, MAG may appear to be involved
in axonal stability and integrity, protecting damaged axons under pathological conditions!4*-
141 Indeed, Jones et al. showed that genetically ablating MAG led to accelerated axonal loss in

animals model of multiple sclerosis!*,

Axonal degeneration

CNS injury elicits a multitude of systemic reactions with a defined temporal and spatial
sequence. Among them, a rapid reaction of injured axons, known as acute axonal degeneration
(AAD), and a slower and mostly inefficient degeneration of axons severed from their cell body
by a mechanism known as Wallerian degeneration (WD)!?¢127, By in vivo time-lapse imaging
of mouse spinal cords, Kerschensteiner'?® and colleagues showed that after a transection injury,
AAD occurs in the minutes following axotomy, causing axonal fragmentation in a bidirectional
fashion in both the proximal and distal axonal stumps. This is thought to lead to retraction of
the proximal axonal stump and subsequent WD of the distal end'?8. WD occurs for several days
following injury. It takes place by mechanisms associated to mitochondrial dysfunction, intra-
axonal calcium rises and calpain activation'?-13°. At the cellular level, there is initial
disassembly of the myelin sheath, followed by swelling of the axolemma, disorganization of
neurofilaments and microtubules, and mitochondrial swelling. The remaining axonal fragments
then undergo phagocytosis by glial cells and macrophages, followed by apoptosis of
surrounding oligodendrocytes in the CNS!3!-132, However, WD and phagocytosis of axonal
fragments are very slow processes in the CNS compared to the PNS.

Collyer'* and colleagues showed that collateral sprouting of uninjured axons accounts for
enhanced locomotor recovery after SCI and this is dependent on axonal degeneration as mutant
mice characterized by a delayed WD display a reduction in both collateral sprouting and motor
function recovery!?3. Therefore, the development of new strategies to support and accelerate
the disintegration of injured axons appear to have the potential to facilitate and enhance axonal

regrowth after injury.

12



Fig. 1: Repair program in the PNS and regeneration failure in the CNS. Illustration of the main steps of the
repair program orchestrated by SCs after peripheral nerve injury (A) and the regeneration failure occurring after
CNS injury (B). Schematic representation of a neuron (blue) interacting with SCs or OLs (light yellow) within an
adult peripheral nerve or central axons tracks undergoing a traumatic lesion. Macrophages (green cells) help SCs
to clear axon and myelin debris. Axon regeneration inhibitors (purple circle), myelin Associated Inhibitors (bright

green thombuses) and CSPGs (dark green squares) generate a non-permissive environment for CNS regeneration.

1.5 Role of MAPK:S in oligodendrocytes and CNS maintenance

The MAPK pathway is a highly conserved signal transduction pathway involved in modulating
multiple cellular and physiological processes. In the CNS, this pathway has been linked with

OL development, proliferation, differentiation, myelination, death and survival>!--3%-61-75,
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MAPKSs are kinases that phosphorylate sites containing serine/threonine and tyrosine residues.
Their targets include transcription factors, translational regulators, other MAPKs,
phosphatases, and other classes of proteins>>3. Among the members of the MAPK family, p38,
JNK1/2 and ERK1/2 have been widely characterized®*.

p38MAPK has been linked to oligodendrocyte development and its inhibition prevents OPC
lineage progression, inhibits Mbp promoter activity and Sox10 function®>". In the adult brain,
phosphorylated p38MAPK in differentiated OLs has been temporally associated with a decline
in the levels of phosphorylated ERK*. Accordingly, p38MAPK inhibition resulted in increased
ERK, JNK, and c-Jun phosphorylation. Phosphorylated c-Jun was detected at the Mbp

promoter, suggesting c-Jun as a negative mediator of p38MAPK action-°

and supporting
p38MAPK activity as positive regulator of myelin gene expression. JNK1/2, also known as
stress-activated protein kinases, mediate the regulation of transcription factors, such as c-Jun,
c-Fos, activating transcription factor 2 (ATF-2), activator protein 1 (AP-1), p53, and Elk, and
phosphorylates many cytoplasmic substrates, cytoskeletal and mitochondrial proteins®->.
During development, ablation of INK 1 results in a significant reduction of myelin in the CNS®2,
Myelin alterations are accompanied by higher OPC density and proliferation and in vivo JNK1
KO OPCs showed less complex branching architecture, which suggests that JNK1 signaling in
OLs participates in myelination in vivo during development®2. JunB and cJun are DNA-binding
components of the AP-1 TF involved in stress responses of oligodendrocyte/lineage cells®!.
Schreiner et al. report that in the adult CNS, absence of JunB and c-Jun from mature OLs
caused low-grade glial activation without signs of demyelination and that JunB and c-Jun
expression is mostly dispensable for the maintenance of white matter tracts in absence of axon
injury®.

ERK1/2 are the most intensely studied MAPKs in the CNS. ERK1/2 have emerged as
prominent regulators of OL differentiation®! and myelin formation”. Indeed, during
development, ERK1/2 promote OPC expansion at early stages and myelin growth later on, and
control myelin thickness>!*6>7°>, ERK 1/2 signaling is also required in OLs throughout adulthood
and is critical for the long-term maintenance of myelin and the axonal support functions of
oligodendrocytes. Specifically, elimination of ERK1/2 signaling from mature OLs in adulthood

results in downregulation of myelin gene expression and late onset of axonal degeneration,

accompanied by astrogliosis, microglial activation, and partial loss of OLs and myelin®2.
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1.6 Regulation of MAPK activity

MAPKSs orchestrate a variety of cellular and molecular processes. The timing, magnitude and
duration of their activation is critical in determining the physiological outcome’s.
Dual-specificity phosphatases (DUSPs) or MAPK phosphatases (MKPs) play a critical role in
the negative regulation of MAPKs’6"7. Ten subfamilies of MKPs within the larger family of
DUSPs have been characterized in mammals’®. Among them, class 1T ERK-specific MKPs
include DUSP6/MKP-37¢,

DUSP6 has been reported to be highly specific for ERK inactivation’®” and its genetic ablation
results in ERK hyperactivation®?, DUSP6 specific interaction with ERK1/2 can also lead to
DUSP6 inactivation’. Indeed, a negative-feedback regulation mediated by the Ets transcription
factors involving the FGF signaling, and ERK1/2 have been shown®*#, Post-transcriptional
regulation of DUSP6 can occur in several ways. Interestingly, ERK signaling and hypoxia, a
common consequence of spinal cord injury®>, have been demonstrated to modulate post-
transcriptional regulation of DUSP6*. DUSP6 has also been reported to mediate ERK
signaling in excitotoxic oligodendrocyte death following tissue damage or neurodegenerative
conditions as blocking Dusp6 expression significantly diminished AMPA receptor-induced
oligodendrocyte death®. However, recent publications indicate a prominent role for DUSP6 in
JNK activation. Indeed, it has been demonstrated that DUSP6 can bind JNK and DUSP6
knockdown leads to increased JNK activation?2°. In view of the critical role played by JNK
and c-Jun in SC-mediated nerve regeneration in the PNS, it would be interesting to further
investigate the relationship between DUSP6/ERK/INK in the context of CNS injury and

regeneration.
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2. Review Article: Mechanisms of Schwann cell plasticity
involved in peripheral nerve repair after injury

Authors: Gianluigi Nocera, Claire Jacob

Affiliation: Department of Biology, Institute of Developmental Biology and Neurobiology,

Johannes Gutenberg University, Mainz, Germany

Abstract

The great plasticity of Schwann cells (SCs), the myelinating glia of the peripheral nervous
system (PNS), is a critical feature in the context of peripheral nerve regeneration following
traumatic injuries and peripheral neuropathies. After a nerve damage, SCs are rapidly activated
by injury-induced signals and respond by entering the repair program. During the repair
program, SCs undergo dynamic cell reprogramming and morphogenic changes aimed at
promoting nerve regeneration and functional recovery. SCs convert into a repair phenotype,
activate negative regulators of myelination and demyelinate the damaged nerve. Moreover,
they express many genes typical of their immature state as well as numerous de-novo genes.
These genes modulate and drive the regeneration process by promoting neuronal survival,
damaged axon disintegration, myelin clearance, axonal regrowth and guidance to their former
target, and by finally remyelinating the regenerated axon. Many signaling pathways,
transcriptional regulators and epigenetic mechanisms regulate these events. In this review, we
discuss the main steps of the repair program with a particular focus on the molecular

mechanisms that regulate SC plasticity following peripheral nerve injury.
Keywords: Schwann cell, plasticity, reprogramming, chromatin remodeling enzymes,

transcription factors, signaling pathways, nerve injury and repair, axonal regeneration,

remyelination.
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Schwann cells and peripheral nerve injuries

Axonal repair in the central nervous system (CNS) is extremely limited after injury. In contrast,
the PNS exhibits a high regenerative capacity. This ability is to a large extent due to the
remarkable plasticity of SCs. During development, myelinating SCs form a one-to-one
relationship with large caliber axons and wrap them in a myelin sheath, while non-myelinating
SCs, also called Remak SCs, surround multiple small caliber axons without producing myelin.
Upon axon injury, myelinating and non-myelinating SCs undergo extensive reprogramming
that promotes and guides axonal repair. SCs lose contact with and demyelinate the distal stump
axon and convert into a repair phenotype. This phenotypic transformation involves the
downregulation of several pro-myelinating genes. Repair SCs are characterized by a specific
profile which enables the regeneration process. SC reprogramming involves the upregulation
of several genes and the activation of multiple transcriptional mechanisms [1-3] . Among the
main players, c-Jun, mitogen-activated protein kinase (MAPK) pathways, Sonic Hedgehog
(Shh) and chromatin modifications control and regulate the repair program. In the injured site,
repair SCs participate in the disintegration and removal of damaged axons during the process
of Wallerian degeneration and assist myelin debris clearance in order to create a regrowth
favorable environment. Myelin debris clearance is achieved by the digestion of both intrinsic
and extrinsic myelin fragments by means of myelinophagy and phagocytosis and the
recruitment and activation of invading macrophages [4-5]. Afterwards, SCs secrete trophic
factors to support survival of damaged neurons and promote axon regrowth [1, 6]. Repair and
Remak SCs also extend long parallel processes and align in tracts called bands of Biingner to
guide the regrowing axon back to innervate its former target [3, 7]. Finally, SCs proliferate,
upregulate pro-myelinating genes, re-differentiate into myelinating SCs and remyelinate the
regenerated axon. An overview of the repair program is illustrated in Fig. 1. This repair
machinery requires a dynamic and orchestrated regulation of SC plasticity and reprogramming
following axon injury. Although the underlying molecular mechanisms remain still partially
understood, several research groups have significantly contributed to our current understanding
of how the key steps involved in the PNS repair program are controlled, which we will discuss

in the next chapters of this review.
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Myelinated peripheral nerve

1) Peripheral nerve inju 7) SCs remyelinate regenerated axons
jury

4) Repair SCs clear axon and myelin debris

Fig. 1 The repair program in the PNS Illustration of the main steps of the repair program orchestrated by SCs
after peripheral nerve injury. Each step shows a schematic representation of a single neuron (blue) interacting
with SCs (light yellow) within an adult peripheral nerve undergoing a traumatic lesion. In step 4, macrophages

(green cells) help SCs to clear axon and myelin debris.
Nerve injury methods in regeneration research

The severity of peripheral nerve injuries is classified depending on whether demyelination
occurs and on the extent of axonal and connective tissue damage [8]. The mildest form called

neurapraxia is characterized by local demyelination without axon or connective tissue lesion.
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Axonal lesion in addition to demyelination but with preserved connective tissue is a more
severe injury called axonotmesis, while in the most severe form of injury, which is called
neurotmesis, axons and the connective tissue are fully transected [9]. A more detailed
classification with five different severity degrees followed Seddon’s classification [10]. SC
plasticity and regeneration potential have been extensively studied both in vivo and in vitro. In
vivo studies involved the use of wild type and transgenic animals. Among the methods used to
study regeneration, nerve transection and crush injury models are the most commonly
employed. The crush injury model offers some particular advantages. It is typically performed
through an acute traumatic compression of the nerve and it interrupts all the axons but preserves
the SC basal lamina. This allows for an optimal regeneration and to investigate the SC
regeneration potential. Rats and mice are often used in research for sciatic nerve lesions to
model human PNS lesions [11-12]. In vitro studies mainly involve the use of cell lines, primary
or organotypic ex vivo cell cultures. These models present great ethical advantages and they
allow to investigate signalling pathways specifically induced by different molecules and drugs
on SCs and/or neurons [13-14]. Although they are unable to fully predict what happens at the
whole organ level, primary SC/neuron cocultures have been useful PNS models to investigate
the molecular mechanisms involved in axonal regrowth fostered by SCs and remyelination.
Moreover, microfluidic devices, which allow the compartmentalization of neuronal cell bodies,

axons and myelinating cells, have demonstrated to be useful in in vitro research [15-16].

Schwann cell reprogramming

SC reprogramming following peripheral nerve injury can be divided in two main partially
overlapping processes: SC demyelination and conversion or transdifferentiation into repair SCs
[5, 17]. The demyelination process is characterized by the repression of pro-myelinating genes
such as Early growth response 2 (Erg2 or Krox20) and of myelin genes including Myelin basic
protein (Mbp), Myelin protein zero (Mpz or P0), Peripheral myelin protein 22 (Pmp22) and
Mpyelin associated glycoprotein (Mag). Moreover, genes typically expressed during
development including genes coding for L1, neural cell adhesion molecule (NCAM), p75
neurotrophin receptor (p75SNTR) and glial fibrillary acidic protein (GFAP), are re-expressed or
upregulated [17-18]. However, repair SCs differ from immature SCs during development by
several aspects. Indeed, they are characterized by de-novo expression of genes that include
Oligl and Shh and by the upregulation of many proteins involved in the regeneration process.

Among those, (i) c-Jun, the main driver of the SC-dependent repair program, glial cell-derived
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neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT3), artemin, nerve growth factor (NGF), vascular endothelial growth factor (VEGF), and
VEGEF receptor 1 support the survival of injured neurons and promote the regrowth of proximal
axons [1, 16, 18-20]; (i1) leukemia inhibitory factor (LIF), interleukin-1o. (IL-1a) and -1 (IL-
1B), tumor necrosis factor-o. (TNF-a) and monocyte chemotactic protein 1 (MCP-1) initiate the
immune response, promote macrophage invasion and activation, blood vessel formation and
myelin breakdown [1, 21-24]; (ii1) c-Jun, SRY-box 2 (Sox2) and neuregulin 1 (Ngrl) are
involved in SC morphological changes and axoglial interactions, the formation of a nerve
bridge in case of nerve transection and of the regeneration tracks along which axons regrow;
(iv) zinc finger E-box-binding homeobox 2 (Zeb2), nuclear factor-kappa B (NF-kB) and
histone deacetylases 1 and 2 (HDAC1/2) are involved in the remyelination of the regenerated
axon [25-29]. A summary of the main factors involved in the regeneration process is illustrated
in Fig. 2, while a more detailed description of the main factors and signaling pathways with the

most recent findings is discussed below.

Factors involved in re-myelination post-injury

Factors expressed during the repair program

g HDAC1/2 VEGF A El
p38MAPK, GFAP, L1, VEGF

Factors downregulated during demyelination

Erg2/Krox20, Myelin proteins,
Zeb2, PI3K/Akt/mTOR, Wnt,
Sox10

Myelinating SCs Post-injury demyelination Axonal repair Re-myelinating SCs

Fig. 2 Summary of the main factors regulated after peripheral nerve injury Overview of (i) the pro-

myelinating factors and myelin proteins downregulated after injury, (ii) the factors upregulated during the repair

program and (iii) the factors inducing remyelination
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Epigenetic regulation and other chromatin-remodeling enzymes functions

The complexity of the repair program requires a strict orchestration of gene expression and
signalling pathways. Among the many levels of regulation, epigenetic regulation and
chromatin-remodeling enzymes have been related to many aspects of SC development,
maintenance and plasticity after peripheral nerve injury [2]. In SCs of uninjured nerves,
Polycomb repressive complex 2 (PCR2) adds trimethyl marks to histone H3 lysine 27
(H3K27me3) on promoter regions of several genes to repress the expression of these genes and
PRC?2 inactivation results in the induction of genes that are normally upregulated following
peripheral nerve injury [30]. Upon injury, H3K27 demethylation together with H3K4
methylation at promoter regions and H3K27 acetylation at enhancer regions promote the
activation of injury-induced genes expressed during the repair program such as Shh and Gdnf
[2, 30-32]. Recently, much research has focused on the functions of HDACs. By deacetylating
and controlling the activity of non-histone targets including transcription factors, these
enzymes have been shown to play key roles in the regulation of SC behavior following
peripheral nerve lesion. HDACI1 and HDAC2, which belong to class 1 HDACs, have crucial
functions in SC development including myelination and in PNS maintenance during adulthood
[1, 24, 33]. Moreover, they are strongly upregulated following axonal injury [29]. Recent
studies revealed that by interacting with Sox10, HDAC2 recruits the H3K9 demethylases
KDM3A and JMJD2C to form a complex that de-represses and activates Oct6 and Krox20
genes during the repair program. In turn, Oct6, which is upregulated too early after lesion,
negatively regulates c-Jun expression and thereby delays the conversion of SCs into repair SCs.
Genetic inactivation of HDAC1/2 prevents Oct6 and Krox20 upregulation after lesion, which
results in faster axonal regrowth but impairs the remyelination process. Interestingly, short-
term treatment early after lesion with Mocetinostat, a pharmacological inhibitor of HDAC1/2,
accelerates the regeneration process without impairing the remyelination process [29]. These
findings are of particular interest for the development of potential treatments to improve
peripheral nerve regeneration when lesions have led to large gaps between axons and their
targets. Indeed, functional recovery of peripheral nerves after lesion is critically dependent on
the speed of axon reconnection to their former target [34]. HDAC3, another class 1 HDAC, has
been shown instead to limit myelination [35-36]. Indeed, HDAC3 inactivation by
pharmacological inhibition or by conditional deletion in SCs enhances myelin growth after
peripheral nerve injury or during PNS maintenance in adulthood [35-36], which could thus be

potentially interesting in human medicine to improve PNS remyelination after injury and
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prevent demyelination during aging or in the context of peripheral neuropathies. He at al.,
(2018) [35] and Rosenberg et al. (2018) [36] propose however two very different mechanisms
of action for HDAC3: while He et al. (2018) [35] claim that HDAC3 antagonizes the
neuregulin-PI3K-AKT signaling pathway and coordinates with p300 histone acetyltransferase
to repress the promyelinating program by epigenetic silencing and to activate genes that inhibit
SC myelination, Rosenberg et al. (2018) [36] found that HDAC3 allows to switch off the
HDACI1/2-dependent biogenic myelination program to enter the homeostatic myelination
program in adult peripheral nerves. Clarification of this process is therefore needed. Epigenetic
regulation has been also shown to have critical functions in ensuring a correct functioning of
SCs during the repair program. Indeed, during demyelination, SCs re-enter the cell cycle and
proliferate. To prevent uncontrolled proliferation that could lead to tumor formation, SCs
upregulate JMJD3 after a nerve lesion, which demethylates H3K27 at promoter regions and

de-represses the tumor-suppressor pl9Arf and p16Ink4a [37].

Axons and myelin clearance

To be efficient, the regenerative process requires the generation of a favorable environment
that fosters axonal repair. Rapidly after injury, SCs promote the disintegration of distal cut
axons [16] and their clearance, together with invading macrophages [38, 39, 40]. The presence
of persistent axon fragments inhibits the regeneration of axon branches [21] and leads to
delayed axonal regrowth [16, 41-42]. We recently showed that after a peripheral nerve lesion,
SCs form constricting actomyosin spheres along unfragmented distal cut axons to accelerate
their disintegration [16]. Interestingly, this mechanism is triggered by distal cut axons that
upregulate the VEGFR1 agonist PIGF by injury-induced local translation, resulting in the
activation of a VEGFR1/Pak1/F-actin axis in SCs [16]. Moreover, after injury myelin in the
distal injured axon site breaks down into small intracellular and extracellular fragments and
debris. Myelin debris act as an inhibitor of axon regeneration by creating a non-permissive
environment which impairs axonal regrowth. However, PNS myelin is less inhibitory than CNS
myelin [43] and numerous mechanisms in the PNS contribute to myelin digestion after nerve
injury. In the first phase after nerve damage, intrinsic myelin is digested by SCs through a type
of selective macro-autophagy called myelinophagy [4]. During this process, intracellular
myelin debris are sequestered by a double membrane phagophore, which matures into an
autophagosome and finally fuses with a lysosome triggering the degradation of the autophagic

cargo. Myelinophagy appears to be essential during the early stages after injury, as genetic
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and/or pharmacological inhibition of autophagy inhibits myelin protein and lipid breakdown in
injured nerves [4]. During the second phase post injury, SCs and invading macrophages
collaborate to clear extrinsic myelin. SCs engulf and digest myelin debris by receptor-mediated
phagocytosis. In particular, Axl and Mertk, two well-characterized receptors belonging to the
TAM family of phagocytic receptors, appear to be critical for myelin digestion, as shown by
impaired myelin degradation in SCs lacking these receptors [44]. SCs participate to
macrophage recruitment to the injured site. Macrophages play a critical role in peripheral nerve
injury. Besides contributing to myelin clearance, they participate in the inflammatory response,
foster axon debris removal and regulate the injured site microenvironment, which allows for
efficient regeneration. During the peak phase of myelin clearance after injury, repair SCs
express high levels of several growth factors and chemoattractant cytokines including MCP-1,
GDNF, interleukin-6 (IL-6) and LIF. These factors act by promoting the recruitment and the
induction of both pro- and anti-inflammatory macrophages (M1- and M2-macrophages) [45-
48].

Signaling pathway and transcription factors

Nrgl and its dual role in regeneration

It has been already established that the Nrgl/ErbB signaling pathway is critically involved in
axoglial communication regulating myelination and the thickness of the myelin sheath during
PNS development, and in SC proliferation, survival and migration [49-57]. During adulthood,
different NRG1 isoforms play different roles. Transmembrane NRG1 isoforms are expressed
by myelinating axons, while soluble NRG1 isoforms are expressed by Schwann cells
immediately after injury. Nrgl/ErbB signaling is highly regulated following nerve injury [58-
61]. Indeed, NRG1 and erbB2/3 receptor levels significantly increase in distal nerve stump SCs
[59]. In contrast, the expression of NRG1 by peripheral neurons initially decreases and then
increases as axons re-innervate their targets [59, 62]. NRG1 type III expression in neurons
appears to be required for timely repair and remyelination. Indeed, transgenic animals in which
axons lack NRG1 type III show slower regeneration after nerve crush and display a significant
transient impairment in remyelination following injury [27, 63-64]. Ngrl/ErbB signaling is
regulated by beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), which cleaves
and activates NRG1 type III and is necessary for myelination during development [65-66].

Moreover, mice lacking BACE1 display delayed remyelination, reduced myelin thickness in
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remyelinated axons and a general reduction in the total number of remyelinated axons.
However, these mutants surprisingly show faster axon and myelin debris clearance and axon
regeneration and reinnervation of their target [67-68]. In addition to axonal NRGI type III,
NRGI type I expressed by SCs upon injury is necessary for remyelination after lesion [69].
Based on these evidences, a number of studies focused on the application of exogenous Nrgl
to increase Nrgl levels and improve axonal regeneration, remyelination and functional
recovery following peripheral nerve injury [27, 69-72]. Interestingly, rats treated with an ErbB2
receptor inhibitor display a reduction of demyelination after transection [73], which suggests
that the Ngrl1/ErbB signaling may also have a function in myelin breakdown. The pathway
downstream Nrgl/ErbB signaling is still not fully characterized. While some studies propose
that the activation of ErbB2/3 in SCs by NRGI promotes ERK activation and induces SC
demyelination and conversion into repair cells or remyelination [69, 74], others suggest that
Nrgl triggers Rac/JNK activation [13, 75]. It is important to point out that the apparently
opposite functions of the NRG1/ErbB signaling seem to be due to different stimulation levels
of the pathway and that an uncontrolled or inappropriate induction of the Nrgl/ErbB signaling
may be harmful as it could lead to demyelinating neuropathy as well as neoplastic conditions

[74, 76-78].

c-jun

c-Jun is a key transcription factor involved in SC reprogramming and response to peripheral
nerve injury. Its expression is constitutively low, both during development and in adult nerves,
and it does not appear to be crucial in adult uninjured nerves, as transgenic animals carrying
conditional deletion of c-Jun (c-Jun cKO) in SCs appear normal. By contrast, c-Jun gene
expression rapidly increases following nerve injury and in some peripheral neuropathies and is
critical during axonal regeneration. Indeed, c-Jun cKO mice exhibit a delayed demyelination,
decreased neuronal survival and limited regeneration capacity [3, 79-83]. In injured nerves, c-
Jun affects the expression of hundreds of genes and regulates several aspects of the
regeneration process [3, 19]. Several lines of evidence support the idea that c-Jun is directly
involved in and drives SC demyelination and transdifferentiation into a repair phenotype. As
demyelination requires the downregulation of several pro-myelinating genes, c-Jun
antagonistic expression with Krox20 led to identify this factor as the main negative regulator
of myelination driving demyelination. Indeed, enforced c-Jun expression is enough to inhibit

myelination in neuron/SC cocultures [3, 80-81]. c-Jun functions have been also correlated with
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myelin breakdown during the process of myelin clearance, as shown by a significant reduction
in myelin debris degradation following nerve transection in transgenic mice carrying a
conditional deletion of c-Jun in SCs. Although this impairment is correlated with a deficit in
the myelinophagic pathway, it is unclear whether this effect is related to myelinophagy only or
to a defect in both myelinophagy and myelin phagocytosis. Myelin breakdown impairment
could also be related to a defect in macrophage activation, as in these mutants, macrophages
contain an increased amount of lipid droplets as compared to controls. In addition, evidence
supports the idea that c-Jun also acts as an intrinsic determinant of SC morphology and controls
the structure of the regeneration tracks that guide growing axons back to re-innervate their
former targets [3, 4, 84]. In conclusion, c-Jun appears to be a global regulator of the SC-
dependent repair program. Several signalling pathways have been proposed to be upstream of
and to regulate c-Jun expression. Among these, the MAPK pathways extracellular signal-
regulated protein kinases (ERK)1/2, c-Jun N terminal kinase (JNK) and p38 are plausible

candidates, all of them being activated following nerve injury [85-87].

MAPK functions in nerve repair

Many mitogen-activated protein kinases (MAPKSs) have been involved in SC plasticity and
axonal regeneration. Their role in the repair process is quite complex and has been sometimes
controversial with different studies displaying conflicting results. The MAPK/ERK, JNK and
p38MAPK signaling pathways are regulated after nerve injury. MAPK/ERK is involved in
many physiological processes including metabolism, survival, apoptosis, proliferation and cell
differentiation [88-89]. In both PNS and CNS, the ERK1/2 pathway appears critical for
myelination and myelin maintenance [90-92]. However, SCs respond to peripheral nerve injury
by a strong activation of the ERK pathway [93] and in the absence of nerve injury, sustained
activation of the ERK pathway in SCs is sufficient to drive demyelination and induce an
inflammatory response [86]. The latter findings would be compatible with the idea that c-Jun
is a downstream target of ERK signaling [86], although this hypothesis is quite controversial.
Indeed, while some authors showed that in vivo ERK overactivation induces c-Jun upregulation
and ERK inhibition negatively affects demyelination and c-Jun expression in myelinating co-
cultures [86, 94], others reported that c-Jun upregulation and SC demyelination are JNK or
p38MAPK-dependent [13, 95-96]. Moreover, Cervellini et al. (2018) [97] reported that
sustained activation of the ERK pathway in injured nerves resulted in delayed repair and

functional recovery. Indeed, this study shows that early after injury, myelin clearance is faster
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in mutant mice expressing high and sustained levels of MAPK/ERK in SCs, but four weeks
following injury, mutant nerves display reduced myelin compaction, reduced number of Cajal
bands, decreased internodal length and fewer regenerating axons [97]. Other studies showed
instead pro-myelinating effects of ERK activation and that ERK ablation results in inhibition
of SC differentiation and myelination in vivo [92, 98-99]. These apparent contradictory
functions suggest that MAPK/ERK acts over multiple pathways regulating different processes
during development and the repair program. More work is however required to address this
hypothesis.

Another member of the MAPK family, p38MAPK, has also been shown to play a critical role
in SC plasticity following injury. It has been suggested that by mediating laminin signaling,
p38MAPK regulates SC elongation and alignment along axons, which is required for
myelination [100]. In the CNS, p38MAPK has also been shown to be essential during
development for oligodendrocyte progenitor proliferation, differentiation and myelination
[101-104]. However, a different role has been proposed for p38MAK during the repair
program. Following peripheral nerve injury, p38MAPK appears important to initiate the injury
response. Early after injury, p38MAPK activity is rapidly increased [85] and in vivo
inactivation blocks SC demyelination and conversion into repair cells in the distal nerve [96].
Indeed, p38MAPK promotes SC demyelination and conversion into repair SCs by
downregulating myelin proteins and upregulating c-Jun expression [96]. This study also
suggests that p38MAPK mediates myelin breakdown and inactivation promotes myelination
in co-cultures. Moreover, by employing a p38a mutant mouse line, which displays a limited
gene loss-of-function, Kato et al. (2013) [105] reported that the p38MAPK signaling is also
important to initiate the inflammatory response after lesion. Indeed, p38a insufficiency results
in inflammatory disorder and delay of histological and functional nerve recovery [105].
Therefore, several evidences support the role of p38 MAPK as a negative regulator of SC
myelination, driving the initial response to injury.

Such as the ERK1/2 and the p38MAPK pathways, the INK pathway is also rapidly activated
after nerve injury [81] and has also been involved in several important functions controlling
SC plasticity. In in vitro experiments, JNK activation results in the inhibition of myelin gene
expression, SC demyelination, proliferation, upregulation and phosphorylation of c-Jun [75,
80-81, 95, 106-108]. Indeed, c-Jun is known to be a major phosphorylation target of JNK,
although the requirement of phospho-c-Jun after nerve injury has not yet been clarified [13,
95]. However, in the distal stump of injured nerves, JNK inhibition decelerates myelin

fragmentation [109], which suggests a function of c-Jun phosphorylation in accelerating
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demyelination. Consistent with this hypothesis, the JNKI1/c-Jun pathway can stimulate
autophagy in several cell types [110] and pharmacological or genetic inactivation reduces SC
autophagic flux [4]. Therefore, the JNK pathway appears to regulate several aspects of the SC
repair program by promoting the expression of c-Jun and others factors associated with the

repair program, such as GDNF and P75NTR [13].

Sox2 and nerve bridge tissue formation

Regeneration and reinnervation are often successful after nerve crush injuries, as the basal
lamina surrounding the axons is often preserved. Regeneration after more severe injuries such
as nerve transection is however generally less efficient. Indeed, upon cut, a gap forms between
the two nerve stumps [111]. A proper regeneration and reinnervation requires the formation of
a bridge connecting the two extremities. Sox2 has been identified as another negative regulator
of myelination and remyelination induced in repair cells after injury [112-113], and has been
shown to play an important role in tissue bridge formation between the proximal and distal
nerve stumps by mediating the ephrin-B/EphB2 signaling between fibroblasts and SCs and the
relocalization of N-cadherin between SCs [26]. Ephrin/Eph is an important mediator of
bidirectional signaling between axons and glial cells in the nervous system and has already
been shown to be involved in multiple processes such as scar formation, axon guidance, axonal
regeneration, and myelination [114]. After, nerve damage repair SCs gather at both nerve
stumps where they come into direct contact with fibroblasts, which accumulate at the wound
site. Ephrin-B/EphB2 mediates the cell sorting and orchestrates the collective migration of SCs
to form multicellular cords that guide and direct the axons across the injury site. Indeed, it has
been shown that both pharmacological inhibition and genetical ablation of EphB2 resulted in
significantly shorter and less organized regrowing axons as compared to untreated and wild
type animals [26]. Moreover, Dun et al. (2019) [115], showed that by regulating the
Slit3/Robol pathway, Sox2 is also critical for SC migration in the nerve bridge and axon
pathfinding after nerve injury. Indeed, this study shows how Sox2 loss of function leads to
ectopic SC migration and to the inability to form proper SC cords connecting the nerves stumps
[115]. It has previously been shown that Slit-Robo interaction is crucial for axon guidance and
serves as a repulsive signaling to control axon pathfinding and neuronal migration during
nervous system development [116]. In their study, Dun et al. showed that Sox2 regulates Robo1
receptor expression in migrating SCs and that macrophages in the outermost layer of the nerve

bridge secrete high levels of its ligand Slit3. Further gene ablation experiments confirm that
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Slit3/Robol repulsive signal is crucial for SC migration trajectory and correct nerve bridge
formation following nerve transection [115]. Taken together these results suggest that the
coordinated action of different cell types and the combined function of multiple axon guidance
molecules is necessary for a correct nerve bridge tissue formation and precise axon targeting
in the nerve bridge. Indeed, it has also been shown that a crosstalk between macrophages and
endothelial cells is both necessary and sufficient for SCs to find their way across the bridge
[117]. In this study, Cattin et al. (2015) [117] found that macrophages respond to hypoxia
within the bridge by secreting VEGF-A, which triggers the polarized formation of new blood
vessels across the bridge region. These new blood vessels are then used by SCs as a path to
cross the bridge and guide the regrowing axons. The authors show that these newly formed
blood vessels are critical for SC guidance. Indeed, in vivo disruption of their organization either
by angiogenic signal inhibition or by forcing their re-orientation compromises SC

directionality, resulting in defective nerve repair [117].

STAT3 and repair Schwann cells

STAT3 has been identified as a critical factor promoting a regeneration-supportive
environment following nerve injury. Indeed, Benito et al. (2017) [118] showed that STAT3
activation by phosphorylation of Tyr705 in SCs is sustained during long-term denervation and
is required for both the maintenance of SC autocrine survival signals and the maintenance of
the SC repair phenotype during the regeneration process. In this study, the authors show that
STAT3 ablation results in an abnormal morphology of both repair cells and regeneration tracks,
failure to sustain the expression of key markers of repair SCs such as c-Jun, Oligl and Shh,
and reduction in the expression of regeneration supportive factors including GDNF and BDNF

in the distal stumps [118].

Notch signaling

The Notch signaling has been identified as a complex regulatory pathway which plays
important functions in SCs, both during development and adulthood [119-120]. Indeed, Notch
promotes the generation of SCs from SC precursors and regulates SC proliferation in the
developing stage [119]. Notch inhibits myelination and its expression is downregulated at the
beginning of the myelination process [121]. Moreover, Notch antagonistic activity to Krox20

classifies it as a negative regulator of myelination [17]. In adult nerves, Notch dysregulation
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results in demyelination, which suggests an involvement in the signaling pathway that induces
myelin breakdown in vivo. Indeed, inhibition of Notch signaling in adult mice decelerates
myelin breakdown that occurs after a nerve lesion [120]. In addition, Wang et al. (2015) [122]
showed how the addition of Jaggedl, a Notch activator, in rat injured nerves enhances
functional nerve repair, suggesting that Notch stimulation in SCs could represent an interesting

therapeutic strategy promoting nerve repair.

Conclusion

The PNS displays a remarkable ability to regenerate following injury. This process involves
the coordinated action of multiple cell types and signaling pathways. Early after injury,
damaged axons respond by generating a distress signal detected by SCs, which initiate the
repair program. SCs respond by undergoing dynamic reprogramming and assuming an
alternative differentiation state suited to meet the specific requirements arising from the injured
condition. Although peripheral nerves display an impressive regenerative capacity as compared
to the CNS, recovery for patients suffering from traumatic injuries and others peripheral
neuropathies is often incomplete. This is mainly a result of the slow regeneration rate, which
can reach approximately 1 mm per day, depending on the lesion site, and on the absence of a
long-lasting repair-supportive environment. Moreover, the PNS repair ability decreases over
time. SCs slowly lose their plasticity in an age-dependent way and the PNS environment
becomes unsupportive to regeneration [45, 123]. Therefore, a greater understanding of the
mechanisms driving SC plasticity is of utmost interest. Extensive research has been devoted to
highlight the molecular mechanisms involved in SC reprogramming to provide mechanistic
insights and novel therapeutic strategies to treat peripheral nerve injuries as well as to identify
possible correlations with CNS mechanisms and strategies to improve CNS regeneration.
Recent work demonstrates the involvement of morphogenetic transformations, epigenetic
mechanisms and highlight many transcription factors and signaling pathways critical in this
process. However, their induction and the temporal/quantitative activation as well as their
mutual interactions have not been completely elucidated and future work should focus on
learning how to manipulate repair cells, how to increase their repair-supportive functions, and
how to extend their actions to meet the long periods required for axonal regeneration in clinical

environment.
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3. Aims and hypothesis

Following a traumatic spinal cord injury, axonal regeneration is highly inefficient, which leads
to permanent loss of function and dramatically affects the life quality of afflicted individuals.
In contrast, PNS injuries can be efficiently repaired. Multiple reasons account for these
differences. Among them, the higher intrinsic capacity of PNS axons to regrow compared to
CNS axons’, the rapid formation in the CNS of a glial scar in the lesion site which acts as a
barrier for axonal regrowth®, and the inability of the CNS compared to the PNS to clear myelin
debris which contains several growth-inhibitory factors for axonal regeneration®. Moreover,
CNS axonal fragments persist a long time after injury, exerting also an inhibitory action on
axonal regrowth !, The different behavior of OLs and SCs after injury can be accounted for
some of these differences. Indeed, in the PNS, the distal ends of injured axons (disconnected
from the neuronal cell body) are rapidly disintegrated after injury by SCs which form
constricting actin spheres around distal cut axons to accelerate their disintegration'+!7,
Myelinating SCs actively demyelinate and myelin debris are cleared by SCs by myelinophagy,
an autophagic process specific to myelin that is driven by the transcription factor c-Jun'®, ERK
signaling is also critically involved in this process. Indeed, ERK1/2 activation is necessary to
induce SC demyelination early after peripheral nerve injury!®. In addition, SCs provide

t!12 and can

guidance to regrowing axons, allowing them to reconnect to their former targe
efficiently remyelinate regenerated axons®. In contrast to SCs, OLs do not display the same
properties. Following a CNS injury, OLs in contact with damaged axons fail to assist the
disintegration of distal cut axons, to demyelinate them and clear their myelin which contains
several growth-inhibitory factors for axonal regrowth. Moreover, they appear unable to provide
any guidance to the proximal ends of axons (connected to the cell body) and support axonal
regrowth. Instead, they promote the generation of a hostile and non-permissive environment
which impairs CNS regeneration.

In light of the multiple barriers to functional regeneration in the CNS, the combination of
several time-controlled regenerative strategies appears to be the most promising approach. In
this study, we have focused on removing the axonal regrowth inhibitory cues that are due to
the persistence of axonal and myelin debris distal to the lesion site, to create a more favorable
environment for axonal regeneration.

In the spinal cord, axonal disintegration after injury is significantly slower than in the

PNS%10.1417 "The persistence of axon fragments has been shown to delay axonal regrowth in
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the PNS and decrease axonal sprouting in the CNS2*-2%!l. Therefore, accelerating the
disintegration of distal cut axons has the potential to facilitate axonal regrowth after injury.

In this study, we have identified the phosphatase Dusp6 as a major negative regulator of OL
plasticity after axonal lesion. The main known function of Dusp6 is to dephosphorylate and
thereby inactivate ERK1/2%. Moreover, Dusp6 has been shown to directly or indirectly
dephosphorylate and modulate the activity of other substrates including JNK?*23, Here, we
show that the ablation of Dusp6 in mature OLs enables ERK1/2 phosphorylation and c-Jun
upregulation upon axonal lesion. This induces a pro-regenerative behavior in OLs similar to
repair SCs after a PNS lesion, leading to increased actin polymerization, fast disintegration of
distal cut axons and axonal regeneration.

In this project we have first investigated the difference in gene regulation in SCs and OLs after
axonal injury and then confirmed some of these regulations at the protein level after a
peripheral or central nervous system injury.

Upon peripheral nerve injury, SCs exhibit extensive reprogramming capacity. Indeed, they can
convert into repair SCs and largely contribute to axonal regeneration, remyelination and
functional recovery.

In contrast, OLs do not support CNS regeneration. Instead, they contribute to the regeneration
failure occurring after CNS damage such as SCI.

Our aim is to elucidate the mechanisms which control SC plasticity and their conversion into
repair SCs after a PNS injury and use this knowledge to reprogram OLs to acquire similar

properties in order to foster axonal regrowth and functional repair after SCI.
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4. Methods

Statistical analysis

For each data set presented, experiments were performed at least 3 times and p values were
calculated using two-tailed (black asterisks, crosses or hashtags) or one-tailed (grey asterisks,
crosses or hashtags) Student's 7-tests. P values: *<0.05, **<0.01, ***<0.001, values=mean,
error bars=s.e.m. Sample size was determined by the minimal number of animals or individual
experiment required to obtain statistically significant results and increased in some cases to
improve confidence in the results obtained. No animal or data point was excluded from the

analysis.

Animals

To induce ablation of Dusp6 in mature OLs of adult mice, Dusp6 floxed mice*? were crossed
with mice expressing a tamoxifen-inducible Cre recombinase under control of the OL-specific
Plp promoter®® (PlpCreERT2). To ablate Dusp6, mice received daily injections of 2 mg
tamoxifen (Sigma) for five consecutive days. In some cases, these mice were additionally
crossed with the R26-stop-EYFP reporter mouse line** to label recombined mature OLs or with
a Thy1-GFP M mouse line*’ to label a fraction of different neuronal subsets. In other cases, the
Thy1-GFP M reporter lines was used alone (without other transgene) and in other cases, the
reporter line R26-stop-EYFP was crossed to the PIpCreERT2 mouse line only. Genotypes were
determined by PCR on genomic DNA.

This study complies with all relevant ethical regulations concerning animal use, which was
approved by the Veterinary office of the Canton of Fribourg, Switzerland and the Veterinary

office (Landesuntersuchungsamt) of Rheinland-Pfalz, Germany.

Surgical procedures

For all surgical procedures, we used isoflurane (3% for induction, 1.5-2% for narcosis during
the operation) for anesthesia. For analgesia, 0.1 mg/kg/body weight buprenorphine (Temgesic;
Essex Chemie) was administered by i.p. injection 1 h before surgery and every 4 hours
(minimum 2 injections and maximum 3 injections) the day of surgery. The day after surgery,

1 ml agarose gel containing 0.027 mg/ml buprenorphine was fed twice a day (morning and
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evening). Mice were placed on a heating pad during the entire procedure until waking up from
anaesthesia. To prevent dehydration of the eyes, a carbomer liquid eye gel (e.g. Viscotears,
Novartis) was used preoperatively. Mice were shaved either at the height of the hip for sciatic
nerve crush lesion or on their back for spinal cord hemisection and the field of operation was
cleaned and disinfected. Sciatic nerve crush lesions were carried out on 3 to 4-month old adult
mice (males and females). An incision was made at the height of the hip and the sciatic nerve
was exposed on one side. The nerve was crushed (5 x10 sec with crush forceps: Ref. FST
00632-11). The wound was closed using Histoacryl Tissue Glue (BBraun). After the operation,
mice were wrapped in paper towels and placed on a heating pad until recovery from anesthesia.
Spinal cord hemisections were carried out at T8 level on 3 to 4-month old adult mice (males
and females). To prevent dehydration, a single i.p. injection of 100 pl electrolyte solution with
glucose (e.g. Aequifusine, B. Braun Medical) was administered preoperatively under
anesthesia. A 1-cm long skin incision was made through the lower thoracic spine of the animal,
followed by the separation of the paravertebral muscles from their insertion points at the
processi spinosi over a length of ~3 mm to allow access to the spinal cord. The ligamentum
flavum, which connects the dorsal lamella of two adjacent vertebrae, was then incised and the
underlying dura mater was exposed. To ensure a complete hemisection, a 36G needle was
inserted at the midline to scrape the spine (left of the central vein). After the operation, mice

were wrapped in paper towels and placed on a heating pad until recovery from anesthesia.

BCI treatment

Mice subjected to unilateral hemisection of the spinal cord were treated with(E)-2-benzylidene-
3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI), a Dusp6/Duspl inhibitor or its
vehicle. The experimental groups were either treated with 3 pl of 333.33 mM BCI
(MedChemExpress) per day or with 3 pl of vehicle (2-hydroxypropyl-b-cyclodextrin at a
concentration of 20 % weight/volume in distilled water) for 3 consecutive days. BCI or vehicle
were administered by intrathecal injection 6 h , 24 h and 48 h after lesion. Intrathecal injections
were carried out as described®. Briefly, mice were shaved near the base of the tail. The
prominent spinous process of the L6 was located and injection was made with a 30G needle
between the groove of L5 and L6 vertebrae. A tail flick was observed as sign of successfully

entry of the needle in the intradural space.
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Behavior — Narrow beam test

2- to 4-month-old adult mice (males and females) were placed 3 times on a 10-mm diameter
beam to assess motor function recovery after SCI. Mice were first trained to walk through the
narrow runway (1 m in length) to a goal box. The parameters analyzed were total distance the
animal could walk before falling. All behavioral tests were carried out on animals paired by

sex, age and weight.
Microfluidic lesion models

Our experiments microfluidic lesion models were optimized, as we previously described -8,
These models provide many advantages: they allow the compartmentalization of neuron cell
bodies and myelinating cells, the possibility to separately modulate their gene expression and
protein activity, the ability to track and follow distal and proximal parts of cut axons for
regeneration studies, to perform live-cell imaging at the single cell level and observe the
dynamic interaction of axons and myelinating cells and perform large-scale analysis like RNA
sequencing of pure neuron and myelinating cell populations.

For our aims, 2 microfluidic chamber designs were employed:

- a symmetric design with two equally sized chambers (Length: 1 cm, Height: 100 pm, Width:
1.5 mm) connected by 200 long microgrooves (L: 1.5 mm, H: 3 pm, W: 10 um);

- an asymmetric design with two differently sized chambers (small chamber, L: 1 cm, H:
100 um, W: 1.5 mm; large chamber, L: 1 cm, H: 100 um, W: 5 mm) connected by 200 short
microgrooves (L: 0.5 mm, H: 3 pum, W: 10 pm);

The microfluidic device fabrication protocol was adapted from previously described
methods!”-?8, Surfaces of microfluidic chamber devices and glass coverslips were activated
using a plasma cleaner (Femto system, Diener Electronic) using a plasma air (0.6 mbar, 100 W
for 0.1 min) to stick a glass coverslip to each microfluidic device and render PDMS surfaces
hydrophilic. After sterilization by UV irradiation, devices were coated either with poly-D-
lysine or Matrigel (Corning®). A suspension of dissociated DRG explants was plated into the
upper well of chamber#1. NB medium was added to chamber#1 and #2, as previously described
1727 To promote initial axon outgrowth through the microgrooves into chamber#2, a larger
volume (60 pl per well) of NB medium was added in chamber#1 as compared to chamber #2
(45 wl per well), and a nerve growth factor (NGF) gradient was applied: 33 ng/ml in chamber#1
and 100 ng/ml in chamber#2.
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To obtain SCs-myelinated axons, neuron/SC cocultures were maintained in NB medium for 2
weeks, after which a differentiation medium (C-medium) was employed to induce SC
differentiation and myelination.

To obtain OLs-myelinated axons, DRG neuron cultures were purified by selectively killing
dividing cells by alternating NB medium with NB medium supplemented with 1pg/mL FUDR
every 2-3 days for 2 weeks.

At the same time, rat primary oligodendrocytes precursors cells (OPCs) were isolated from
neonatal rat neocortices, as described below. An enriched OPC suspension (~70000 cells) was
added in chamber#2 and OPCs were cultured in OL differentiation medium for 2-3 weeks to

induce differentiation of OLs and axon myelination.

Fig. 2: Microfluidic model for nervous system regeneration research. a,b, Illustration of the microfluidic
lesion models using neuron/SC (a) and neuron/OL (b) co-cultures employed for our in vitro studies of nervous
system regeneration. In blue boxes, confocal images (z-projection) of axons (red) and myelinating glial cells
(green) in chamber #2. Confocal images from Vaquié et al., 2019'7. Yellow arrows point to schematic illustrations

of SC- and OL-myelinating axons in chamber #2. Red lines represent the laser used for axotomy.

DRG neuron/ Schwann cell myelinated cultures

DRG explants were isolated from E14.5 (embryonic day 14.5) Wistar rat embryos and
dissociated as previously described!’. Briefly, an E14.5 pregnant rat was sacrificed by CO2
asphyxiation and the embryos were collected and placed in L-15 or HBSS medium (Gibco).
The spinal cords from each embryo were isolated and the DRG were detached and digested in

trypsin for 45 min at 37 °C in a cell culture incubator. Enzymatic reactions were stopped with

DMEM/FBS (1:10, both from Gibco) and cells were centrifuged during 15 min at 120 x g.
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Cells were re-suspended in an appropriate amount of NB medium (8 pl for each device), added
to chamber#1 and let settle for 15 min at RT. DRG neurons were cultured for 2 weeks in NB
medium. To promote initial axon outgrowth through the microgrooves into chamber#2, a larger
volume (60 pl per well) of NB medium was added in chamber#1 as compared to chamber #2
(45 wl per well), and an NGF gradient was applied (1:3 chamber#1 to chamber#2). After 2
weeks, a differentiation medium (C-medium) was employed to induce SC differentiation and
myelination.

NB medium: Neurobasal (Gibco) containing 2% B27-supplement (Gibco), 1% Glutamax
(Gibco), 0.2% penicillin-streptomycin (Gibco), 4 mg/ml D-glucose (Sigma), Nerve Growth
factor (NGF) 33 ng/ml (NB33) or 100 ng/ml (NB100).

Myelination-promoting medium (C-medium): MEM (Gibco) containing 10% FBS, 4 mg/ml
D-glucose, 1% Glutamax, 0.2% penicillin-streptomycin, 50 pg/ml ascorbic acid (Sigma),
Nerve Growth factor (NGF) 33 ng/ml (C-medium33) or 100 ng/ml (C-medium100).

DRGs neuron/ oligodendrocyte myelinated cultures

DRG explants from E14.5 rat embryos were isolated, and neurons were dissociated and
cultured in microfluidic devices as described above. Cultures were purified by selectively
killing dividing cells by alternating the NB medium with NB medium supplemented with
Iug/mL FUDR (5-Fluoro-2-deoxyuridine, Sigma) every 2-3 days for 2 weeks.

Rat primary OLs were differentiated from OPCs isolated from neonatal rat neocortices as
described in the next paragraph.

An enriched OPC suspension (~70000 cells) was added in chamber#2 and OPCs were cultured
in OL differentiation medium for 2-3 weeks to induce differentiation of OLs and axon
myelination. In addition, OL differentiation medium was supplemented with 1 pM
Theophylline for 2 to 5 days to increase axon myelination.

OL differentiation medium: DMEM containing 4 mM L-glutamine (Gibco) and 1 mM sodium
pyruvate (Gibco), 0.1% bovine serum albumin (Sigma), 50 pg/ml apo-transferin (Sigma), 5
pg/ml insulin (Sigma), 30 nM sodium selenite (Sigma), 10 nM D-biotin (Sigma), 10 nM
hydrocortisone (Sigma), 15 nM triiodothyronine (Sigma), 10 ng/ml ciliary neurotrophin factor
(Sigma) and 5 pg/ml N-acetyl-L-cystein (Sigma).
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Live imaging, laser axotomy and image processing

For both 3D and 4D imaging, we used a VisiScope spinning disk confocal microscope CSU-
W1 (Visitron) to acquire wide-field images at 20, 30 or 60 min intervals on several stage
positions (5 to 10 with at least 10% image frame overlap) during 24 to 48 h for 4D imaging
(movie reconstruction for axonal disintegration assay) with a 40x Oil NA1.25 Apochromat
objective or at 24 h intervals on 12 to 60 stage positions during 2 to 4 days for 3D imaging (for
axonal regrowth assay) with a 20x Air NA0.75 PlanApochromat objective. For 4D imaging,
optical sections of 0.3 to 0.6 um thickness (between 30 and 100 stacks) were acquired. For 3D
imaging, optical sections of 0.6 to 1.5 pm thickness (between 25 and 100 stacks) were acquired.
Multiple stage positions were automatically stitched by processing with the Visiview software
(Visitron) and different channels were merged with Fiji and/or Adobe Photoshop (CC 20.0.8
Release). Specific Macro were written to convert the saved .stk or .ome.tf2 raw data to RGB
mode, create hyperstacks and adjust brightness and contrast using defined minimal and
maximal values and convert to .tiff files.

For live-imaging, neurons were labeled either in red or green by adding to chamber#1 0.5-2uLL
of highly concentrated lentivirus generated as previously described (Vaquie et al., 2019). Red
fluorescence was obtained by infecting neurons with DsRed under the control of the neuron-
specific Synapsin promoter. Green fluorescence was obtained by infecting neurons with GFP
under control of the CMV promoter. OLs F-Actin structure was labelled in green by adding to
chamber#2 0.5-2uL of highly concentrated Lifeact-GFP lentivirus under control of the CMV
promoter. 24 h before carrying out laser axotomy, all media were replaced with Minimum
Essential Medium (MEM). Axons from all microgrooves (~200) were lesioned for each device.
To produce precise axonal lesions, a Visitron confocal microcope was coupled with a laser
ablation module (MICROSHIP laser 355 nm passively Q-switched for average power of 16
mW, delivering 2-kW peak power at repetition rates of 21 kHz) connected to a VisiFRAP-DC
scanner, a small environmental sample chamber for temperature, CO2 and humidity control, a
home-made insert (external dimensions of L: 76.6 mm, H: 3.1 mm, W: 26 mm, upper opening
of L: 50 mm, H: 0.7 mm, W: 23.8 mm, and lower opening of L: 39.6 mm, H: 2.4 mm, W: 20.6
mm) for our microfluidic devices, a Scientific Grade 4.2 sCMOS camera, a multiband filterset
for 405/488/561 nm with single emission filter and a brightfield bypass. Laser axotomy was
conducted with a 40x or 60x Water NA1.25 Apochromat objective.
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Primary rat oligodendrocyte cultures

Rat primary OPCs were isolated from neonatal rat neocortices, as described*’. Postnatal day
(P) 1-2 newborn rats were decapitated and the head placed first in ice-cold 70% ethanol and
then in L-15 medium. Brains were collected and cerebellum, olfactory bulbs, basal ganglia and
the hippocampus were removed under a dissection microscope. Cerebral cortices were isolated,
and meninges were removed. All the meninge-free cortices were pooled in a clean dish and
diced with a sterilized razor blade. 13.6 ml HBSS, 0.8 ml DNase I (0.2 mg/ml) and 0.6 ml
trypsin 0.25% were added to the Petri dish and incubated 15 min in a tissue culture incubator
at 37°C. DMEM20S was added to stop trypsinization. The cell/tissue suspension was
centrifugated for 5 min at 100 x g. The pellet was resuspended in an appropriate volume of
DMEM20S medium (10 mL for flask) and further dissociated and homogenized by pipetting
up and down with a glass pipette. The tissue suspension was passed through a 70-mm nylon
cell strainer and finally cultured in T75 poly-D-lysine-coated flasks (1 cortex per flask). Cells
were allowed to grow for approximately 10 days in a cell culture incubator (37°C, 5%
C0O2/95% air). The medium was replaced every 2-3 days. After 10 days, mixed glia cultures
were purified by shaking by exploiting the differential adherent properties of glia, which permit
the separation of rat OPCs from astroglial cells. To this end, culture flasks were tightly screwed
as the viability of OPCs is unaffected by the closed environment of the shaking procedure. The
flasks were pre-shaked for 1 h at 200 r.p.m. at 37°C and the medium discarded and replaced
with fresh DMEM20S to remove microglial cells. The flasks were shaked at 200 r.p.m.
overnight at 37°C. After 18-20h, the cell suspension was collected from each flask and
transferred to an untreated Petri dish. The Petri dishes were incubated for 30—60 min in a tissue
culture incubator at 37°C for differential adhesion of contaminating microglia and astrocytes.
After 1 h, the cell suspension was collected and centrifugated for 10 min at 100 x g. The pellet
was resuspended in an appropriate volume of OL differentiation medium and cultured. In some
cases, cells were treated for 2 additional days in differentiation medium with 1 uM JNK1/2
inhibitor (JNK-IN-8, MCE, #1410880-22-6), 300 nM ERK1/2 inhibitor (MK-8353, MCE,
#HY-111407), or 1 uM BCI (BCI hydrochloride, MCE, #HY-115502A), and then analyzed.

Primary Rat Schwann cell cultures

Primary rat SC cultures derived from P2 Wistar rat sciatic nerves were purified and dissociated

as previously described?”*8. Briefly, primary SCs were dissociated in 0.3 mg/ml collagenase
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type I (Sigma) and 2.5 mg/ml trypsin (Sigma) in DMEM (Invitrogen) at 37°C and 5%
C0O2/95% air for 1 h. After the addition of DMEM containing 10% FCS (Gibco), cells were
centrifuged at 500 x g for 10 min, resuspended in DMEM containing 10% FCS, 1:500
penicillin/streptomycin (Invitrogen), and 10 uM cytosine arabinoside (Sigma), and plated on
plastic dishes coated with poly-D-lysine (Sigma). After 24 h in a cell culture incubator (37 °C
and 5% CO2/95% air), cells were washed and incubated again in a cell culture incubator in SC
proliferating medium until they reached confluency: SCs were then purified by sequential
immunopanning in plastic dishes coated with a Thyl.1 antibody'3*. Identity and purity were
checked for each primary preparation by immunofluorescence of SC-specific markers (p75,
Sox10, Oct6, Krox20, PO, MAG). SCs were grown in proliferation medium containing DMEM
containing 10% FCS (Gibco), 1:500 penicillin/streptomycin (Invitrogen), 4 pg/ml crude GGF
(bovine pituitary extract, Bioconcept), and 2 puM forskolin (Sigma) until they reached
confluency. Growth arrest was induced by incubating the SCs in differentiation medium (DM)
containing 0.5% FCS (Gibco), 1:500 penicillin/streptomycin (Invitrogen), 100 pg/ml of human
apotransferrin (Sigma), 60 ng/ml progesterone (Sigma), 1 pg/ml insulin (Sigma), 16 p g/ml
putrescine (Sigma), 400 ng/ml L- thyroxin (Sigma), 160 ng/ml selenium (Sigma), 10 ng/ml
trilodothyronine (Sigma), and 300 pg/ml BSA in DME/F12 (Invitrogen). After 8-15 h in DM
the medium was supplemented with 1 mM dbcAMP (Sigma) for 2 more days. Cells were then
incubated in DM medium for another 3 days. To mimic SC demyelination and conversion into
repair cells that occur after a PNS lesion, SC de-differentiation protocol was induced as
follows: differentiated SCs were incubated with GM for ~8 h. 16 h before collection/fixation,

cells were incubated with 250 uM Cobalt (1) chloride hexahydrate (Sigma) to induce hypoxia.

Generation of lentivirus

For efficient delivery of cDNA or shRNA in neurons, SCs and OLs, we used lentiviral vectors,
which have also the advantage of inducing minimal cell toxicity and mild expression.

Highly concentrated lentiviral particles were produced as previously described!”-?”. Constructs
used to produce lentiviruses: packaging constructs pLP1, pLP2 and pLP/VSVG (Invitrogen),
pLV-LSyn-RFP# (Addgene construct #22909), pLentiLox 3.7 (ATCC), Lifeact-GFP (kind gift
from Dr. Olivier Pertz, University of Bern, Switzerland), Dusp6°° (Addgene construct #27975),
Dusp6 shRNA (Sigma, mission shRNA, TRCNO0000317759:
GTTTGGCATCAAGTACATCTT), Lenti ORF clone of mGFP tagged human c-jun proto-
oncogene, (OriGene, cat#RC209804L4), c-Jun shRNA (Sigma, mission shRNA,
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TRCN0000229527: GCTAACGCAGCAGTTGCAAAC) or a non-targeting control shRNA
(Sigma, SHC001, MISSION pLKO.I1-puro Empty Vector Control).

Immunofluorescence

For immunofluorescence in microfluidic chambers, cells were fixed 30 min with 4 %
paraformaldehyde (PFA, Sigma) at RT, and washed 3 times 15 min with PBS. Cells were
subsequently blocked for 3 h with blocking buffer (0.3 % Triton X-100, 5 % BSA, PBS), and
then incubated for 2 days at 4°C with primary antibodies in blocking buffer. Cells were then
washed three times 30 min with blocking buffer and incubated for 6 h in the dark with
secondary antibodies in blocking buffer. After three washes of 30 min with blocking buffer,
cells were incubated with DAPI for 30 min. Finally, cells were washed for 30 min and stored
in PBS. Imaging was performed briefly after the end of the immunostaining.

For immunofluorescence on spinal cords, mice were deeply anesthetized with a lethal dose of
pentobarbital and perfused with 4 % PFA after blood removal with heparin. Spinal cords were
collected 2 mm above and below the lesion site, post-fixed in 4 % PFA for 3 h at RT, incubated
in 20 % sucrose overnight at 4°C, embedded in O.C.T. compound, and frozen at -80°C. We
used 20 to 200 pm-thick cryosections. Twenty to fifty pm-thick cryosections were first
submitted to antigen retrieval in citrate buffer (10 mM citrate buffer, 0.05 % Tween 20, pH
6.0) for 2 h at 65°C, washed, blocked in blocking buffer (0.1 % Triton X-100, 5% BSA, PBS)
for 60 min at RT and incubated overnight at 4°C with primary antibodies diluted in blocking
buffer. Sections were then washed 3 times in blocking buffer and secondary antibodies were
incubated for 1 h at RT in the dark. Sections were then washed, incubated with DAPI for 10
min at RT, washed again and mounted in Citifluor (Agar Scientific). One hundred to two
hundred-pm thick cryosections were permeabilized for 3 h in blocking buffer (1 % Triton X-
100, 10 % FBS, PBS), and then incubated for 2 days at 4°C with primary antibodies diluted in
blocking buffer. After 3 washes of 15 min with blocking buffer, sections were incubated with
secondary antibodies overnight at 4°C in the dark. Sections were then washed 3 times for 15
min with blocking buffer, incubated with DAPI for 1 min and incubated overnight in 70 %
Glycerol/PBS for clearing. Sections were finally washed with PBS and mounted in CitiFluor.
Primary antibodies: Olig2 (Goat, 1:200, R&D Systems, AF2418), cJun (rabbit, 1:200, Abcam,
cat. #ab32137), MBP (rat, 1:50. Serotec, cat. #MCA409S), CC1/APC (mouse, 1:200,
Millipore, cat. #0P80), Cleaved Caspase-3 (Rabbit, 1:100, Cell Signaling, Asp175, # 9661),
GDNF (Rabbit, 1:100, Abcam, ab18956), DUSP6/MKP3 (Rabbit, 1:200, Invitrogen,
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ARC0237, #MAS5-35048), DUSP6/MKP3 (Mouse, 1:200, Santa Cruz, F-12, #sc-377070),
DUSP6 (Rabbit, 1:200, Abcam, ab76310), c-jun (Rabbit, 1:200, Cell signaling, 60A8, #9165),
cJun (mouse, 1:200, BD Bioscience, cat. # 610327), Phospho-c-Jun (Rabbit, 1:100, Cell
Signaling, D47G9, # 3270), p44/42 MAP kinase (Mouse, 1:200, Cell signaling, L34F12,
#4696), Phospho-p44/42 MAPK (Rabbit, 1:200, Cell signaling, D13.1.4E, # 4370), S/L-MAG
(Rabbit, 1:100, Invitrogen, 34-6200).

Western blot analysis

Mouse sciatic nerves, primary rat OLs and primary rat SCs were lysed and processed for
Western blot analysis as previously described*. Injured sciatic nerves were collected from the
lesion site to around 12 mm distal to the lesion site. The same region of the contralateral nerves
was collected as internal control for each animal. After perineurium removal, sciatic nerves
were frozen in liquid nitrogen, pulverized with a chilled mortar and pestle, lysed in
radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris/HCI, pH 7.4, 150 mM NaCl, 50
mM NaF, | mM NaVO4, 1 mM EDTA, 0.5% wt/vol sodium deoxycholate, and 0.5% Nonidet
P-40) for 30 min on ice, and centrifuged to pellet debris. Supernatants were collected. Cells
were washed once in PBS, lysed in RIPA buffer for 15 min on ice, and centrifuged to pellet
debris. Sciatic nerves and cell lysates were submitted to SDS PAGE and analyzed by Western
blotting. Primary antibodies: PO (chicken, 1:1000, Aves Labs, cat. # PZO, lot # PZO0308),
DUSP6 (Rabbit, 1:1000, Abcam, ab76310), DUSP6/MKP3 (Rabbit, 1:350, Invitrogen,
ARC0237, #MA5-35048), DUSP6/MKP3 (Mouse, 1:500, Santa Cruz, F-12, #sc-377070), c-
jun (Rabbit, 1:500, Cell signaling, 60AS8, #9165), Phospho-c-Jun (Rabbit, 1:500, Cell
Signaling, D47G9, # 3270), p44/42 MAPK (Mouse, 1:1000, Cell signaling, L34F12, #4696),
Phospho-p44/42 MAPK (Rabbit, 1:500, Cell signaling, D13.1.4E, # 4370), Phospho-p38
MAPK (Rabbit, 1:500, Cell Signaling, D3F9, # 4511), Phospho-JNK1/2 (Rabbit, 1:500,
Invitrogen, # 44-682G), MBP (rat, 1:750. Serotec, cat. #MCA409S), S/L-MAG (Rabbit, 1:500,
Invitrogen, 34-6200), GAPDH (glyceraldehyde-3- phosphate-dehydrogenase, mouse, 1:5000,
Genetex, cat. # GTX28245, lot # 821705388).
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5. Results

5.1 Schwann cells and oligodendrocytes exhibit opposite regulations after
axonal lesion

We previously set up and validated microfluidic lesion models of myelinated systems!”. RNA
sequencing analyses was performed on chamber#2 of neuron/SC and neuron/OL co-cultures at
1 day post axonal lesion (dpl) and compared to unlesioned cultures. Chamber#2 contains a
large majority of SC or OL RNA!". Multiple genes were regulated in enriched SCs and OLs at
1dpl compared to unlesioned conditions (Fig. 3a). Among these, 16 genes were commonly
regulated, and 7 genes oppositely regulated in SCs and OLs (Fig. 3c¢). Gene ontology analysis
in SCs highlighted regulations in genes involved in adhesion to the extracellular matrix, cell-
cell interaction, cell motility, apoptosis, metabolism, proliferation, immune reaction and
chemokine production. Specifically, in SCs we detected a decrease in genes mediating
adhesion to the extracellular matrix and cell-cell interaction, and an increase in regulation of
genes involved in cell motility and inhibition of apoptosis (Fig. 3b). Gene regulation in OLs
was largely opposite (Fig. 3b). Among the regulated genes revealed by this analysis, we
decided to investigate the potential involvement of the phosphatase Dusp6 which was
downregulated in SCs and upregulated in OLs in our microfluidic lesion models'”.

Next, we aimed at validating Dusp6 regulation in vivo after PNS and CNS injuries. Western
blot analysis on sciatic nerve lysate revealed that Dusp6 was downregulated at 1 day post sciatic
nerve crush lesion (SNCL) compared to contralateral uninjured sciatic nerves of the same
animal (Fig. 4a). However, after the initial downregulation at 1dpl, Dusp6 levels increased
again with a peak at 3 dpl and nearly normalized to the levels of the uninjured nerve by 5 dpl
(Fig. 5¢c). Consistent with the RNAseq analyses in microfluidic lesion models, Dusp6 levels
were upregulated in mature OLs (CCI1+ cells) at 1 day post spinal cord hemisection injury
(SCI) (images acquired below the lesion site) compared to spinal cord from uninjured animals
(Fig. 4b). Dusp6 expression was not detected in uninjured samples. Dusp6 upregulation in
mature OLs persisted for 5 days after SCI and levels were decreased at 7 days post SCI (GFP+
cells as reporter of recombined mature OLs) (Fig. 5a). Because ERK1/2 is known as the
primary target of Dusp6, we next evaluated ERK1/2 phosphorylation levels. ERK1/2
phosphorylation was significantly increased after SNCL from 1d to 12d post lesion, reaching
a peak at 3dpl (Fig. 5b). Consistent with Dusp6 expression in mature OLs after SCI (Fig. 5a),
phosphorylated ERK1/2 was not detected in mature OLs after SCI until 7dpl.

52



MO

B yp-regulated ® down-regulated

1

iy
N

Metabolism

Adhesion/Cell-cell interaction/Actin dynamics
Transport
Development/Differentiation/Myelination
Proliferation

Migration/Guidance

Immune/Chemokines

Apoptosis/Cell death/Survival

Unclear functions

B8SCs
B80Ls

0 50 100 150 200 250 300
Number of regulated genes at 1 dpl

Fig. 3: RNAseq analysis in microfluidic lesion model. (a) Schematic representation of the mRNA regulation in

SCs and OLs at 1day post axonal lesion compared to unlesioned cultures analyzed by RNAseq. (b) Gene ontology

analysis in SCs and OLs at 1day post axonal lesion compared to unlesioned cultures.

It has been previously published that c-Jun is rapidly upregulated and phosphorylated in SCs

after peripheral nerve injury?®?’ and that c-Jun drives SC conversion into repair-SCs®.

Therefore, we investigated c-jun expression in OLs after SCI. We found a reduction in the

percentage of c-Jun-expressing cells in mature OLs and OPCs (Olig2+ cells) at 1d, 3d and 5d

after SCI (Fig. 4d). The downregulation was the strongest at 3dpl. Accordingly, the percentage

of cells in which c-jun was phosphorylated was also significantly decreased at 1 and 3dpl (Fig.

4d).
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Fig. 4: The Dusp6/ERK/c-Jun axis is oppositely regulated in SCs and OLs after injury. a, Dusp6 Western
blot and quantification normalized to GAPDH showing downregulation of Dusp6 at 1dpl in crushed (Cr) as
compared to contralateral (Co) sciatic nerves of adult mice. Paired two-tailed Student's t-tests, p value: ***<0.001,
values=mean, error bars=s.e.m., n=3 animals per group. b, Confocal images (z-series projections) of Dusp6 and
CC1 (mature OL marker) co-immunofluorescence and DAPI (nuclei) labeling at 1 day post lesion (dpl) and in
unlesioned (No lesion) mouse spinal cords. ¢, Confocal images (z-series projections) of phospho-ERK1/2

(pERK1/2) and CC1 co-immunofluorescence and DAPI labeling at 1, 5 and 7 dpl and in unlesioned mouse spinal
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cords. d, Confocal images (z-series projections) of c-Jun, phospho-c-Jun (p-c-Jun) and Olig2 (OL marker) co-
immunofluorescence and DAPI labeling at 1, 3, 5 and 7 dpl and in unlesioned mouse spinal cords, and percentage
of c-Jun-positive cells among Olig2-positive cells and of phospho-c-Jun-positive cells among c-Jun/Olig2-double
positive cells. Unpaired one-tailed (grey asterisk) or two-tailed (black asterisks) Student's t-tests, p value: *<0.05,
*#<0.01,***<0.001, values=mean, error bars=s.e.m., n=3 animals per time point (73 to 181 Olig2-positive cells

counted per animal). Arrows show CC1 or Olig2-positive cells (b,c,d).
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Fig. 5. Dusp6 and phospho-ERK1/2 levels are regulated in SCs and OLs after injury. a, Dusp6 and GFP
(reporter of recombined mature OLs) co-immunofluorescence and DAPI (nuclei) labeling at 1, 5 and 7 day post
spinal cord lesion (dpl) and in unlesioned (No lesion) mouse spinal cords. Representative images of 3 animals per

time point are shown. Arrows point to recombined mature OLs (GFP-positive cells). b,c, Western blots of
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phospho-ERK1/2 (pERK1/2) and total ERK1/2 (b) or of Dusp6 (¢) and quantification normalized to GAPDH at
1-3-5-12 or 2-3-4-5 days post sciatic nerve crush lesion (dpl) in crushed (Cr) compared to contralateral (Co) sciatic
nerves of adult mice. Paired one-tailed (grey asterisk) or two-tailed (black asterisks) Student's t-tests, p value:

*<0.05, ***<0.001, values=mean, error bars=s.ec.m., n=3 animals per time point.

5.2 Duspé6 ablation in oligodendrocytes promotes axon disintegration and
regrowth in microfluidic lesion

To mimic the regulation of Dusp6 in SCs after peripheral nerve damage and investigate the
function of Dusp6 in OLs after injury, we employed our microfluidic lesion model of
neuron/OL co-cultures!”. We downregulated Dusp6 in OLs by lentiviral vector carrying a
highly efficient Dusp6-specific shRNA or a non-targeting control shRNA (Fig. 6d). Analysis
of axonal regrowth showed a significant increase in the percentage of regrowing axons and of
axons regrowing over 500 um, in cultures with OLs transduced with the Dusp6 shRNA
lentivirus compared to OLs transduced with the control shRNA lentivirus, both at land 2dpl
(Fig. 6a). As Dusp6 is downregulated in SCs after SNCL (Fig. 4a), we investigated whether
Dusp6 downregulation is involved in SC pro-regenerative activity. To prevent Dusp6
downregulation, SCs were transduced with a lentiviral vector expressing Dusp6 (Fig. 6e) in
our microfluidic lesion models of neuron/SC co-cultures. In these co-cultures at 3dpl, we
observed a significant decrease in the percentage of regrowing axons and of axons regrowing
over 950 um compared to co-cultures in which SCs were transduced with a control lentiviral
vector (Fig. 6b). In order to assess whether increased axonal regeneration in neuron/OL co-
cultures where OLs were transduced with the Dusp6 shRNA lentivirus could be due to
increased disintegration of distal cut axons after lesion, we analyzed axonal disintegration. Live
imaging of neuron/OL co-cultures in which neurons were labeled with a lentiviral vector
expressing GFP under control of the CMV promoter and OLs transduced with the Dusp6
shRNA or control shRNA lentiviruses revealed an increase in the percentage of disintegrating
axons over time in the cultures where Dusp6 was downregulated at 8 h, 10 h, 12 h and 14 h

post lesion (Fig. 6¢). Time-lapse recordings are available on request (gnocera@uni-mainz.de).
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Fig. 6: Dusp6 prevents distal cut axon disintegration and axonal regrowth. a,c, Time-lapse imaging (wide-
field) at different time points after lesion of DsRed-labeled (a) or GFP-labeled (¢) axons in microgrooves of
neuron/OL cultures where OLs were transduced with lentiviruses carrying either a Dusp6-specific ShRNA or a
non-targeting control shRNA. Note that lesions were carried out at the exit of microgrooves to quantify axonal

regrowth (a) and the percentage of disintegrated distal cut axons (c¢) in the chamber where OLs interact with axons.
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In (a), the upper graph shows the percentage of regrowing axons and the lower graph shows the length distribution
of axonal regrowth after lesion. b, Time-lapse imaging (wide-field) at different time points after lesion of DsRed-
labeled axons in microgrooves of neuron/SC cultures where SCs were transduced with lentiviruses expressing
Dusp6 (Dusp6 over.) or with control lentiviruses (empty vector), and graph showing the length distribution of
axonal regrowth after lesion. Blue asterisks indicate the position of the tip of axons in the microgrooves and at
their exit of the microgrooves. (a,b,¢) 27 to 130 axons were quantified per chamber per day, n=3 chambers per
group, unpaired one-tailed (grey asterisk) or two-tailed (black asterisks) Student's t-test, p value: *<0.05, **<0.01,
*#%<0.001, values=mean, error bars=s.e.m. Scale bar, 100 um. d,e, Western blots of Dusp6 and GAPDH in lysates
of primary OLs transduced with lentiviruses expressing either a Dusp6-specific shRNA or a non-targeting control
(Ctrl) shRNA (d) or with control empty (Ctrl) lentiviruses or lentiviruses expressing Dusp6 (e). Representative

images of 3 independent experiments are shown.

According to these results, we investigated the mechanism by which Dusp6 ablation promoted
axonal disintegration and regeneration at the molecular level. Downregulation of Dusp6 by
shRNA in purified primary OLs resulted in increased levels of phosphorylated ERK1/2,
quantified by WB analysis (Fig. 7a). To assess the involvement of ERK1/2 activation in axonal
disintegration and regrowth upon Dusp6 downregulation in OLs, we employed the specific
ERK1/2 inhibitor MK-8353. Administration of 300 nM MK-8353 to chamber#2 (OL chamber)
of our microfluidic lesion models (neuron/OL co-cultures) resulted in a significant reduction
of axon disintegration compared to co-cultures in which only the vehicle was administered
(Fig. 7b). As ERK /2 activation is known to promote actin dynamics®’ and we have previously
shown that SCs react to axonal lesion by building constricting actin spheres along distal cut
axons to accelerate their disintegration and promoting fast axonal regrowth!’, we investigated
actin polymerization upon axonal lesion in OLs in which Dusp6 was downregulated. In our
microfluidic lesion models, OLs were first transduced with a Dusp6 shRNA lentivirus and 3
days later with a lentiviral vector expressing Lifeact-GFP, which dynamically labels F-actin!”.
Live imaging of these co-cultures highlights extensive morphological changes and increased
actin dynamics occurring in OLs in which Dusp6 was downregulated compared to OLs
transduced with the control shRNA lentivirus (Fig. 7c). OLs transduced with the Dusp6 shRNA
lentivirus displayed alterations from a flat shape with a few filopodia to a contracted spherical
actin shape exhibiting many filopodia (Fig. 7c¢). OLs transduced with the control shRNA
lentivirus did not form filopodia. In addition, we observed that OLs transduced with the Dusp6
shRNA lentivirus pulled distal cut axons until their disintegration (Fig. 7d). Following axon
disintegration, the actin filaments depolymerized and disappeared. This actin dynamics was

observed within 24 h after lesion (Fig. 7c¢).
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Fig. 7: Dusp6 downregulation in OLs induces ERK-dependent distal cut axon disintegration and actin
dynamics. a, phospho-ERK1/2 (pERK1/2) Western blot and quantification normalized to GAPDH showing
increased pERK1/2 levels in primary differentiated OLs transduced with a Dusp6-specific shRNA lentivirus

compared to a non-targeting control shRNA lentivirus. Unpaired two-tailed Student's t-tests, p value: ***<0.001,
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values=mean, error bars=s.e.m., n=3 independent experiments. b, Time-lapse imaging (wide-field) at different
time points after lesion of DsRed-labeled axons in microgrooves and chamber #2 of neuron/OL cultures where
OLs were transduced with lentiviruses carrying a Dusp6-specific sShRNA and treated either with the specific
ERK1/2 inhibitor MK-8353 or its vehicle, and quantification of distal cut axon disintegration every two hours for
22 hours. The integrated density (mean grey value) of labeled axons in the 3 same ROI per chamber was averaged
at each time point, n=3 chambers per group, unpaired one-tailed (grey asterisks) or two-tailed (black asterisks)
Student's t-test, p value: *<0.05, values=mean, error bars=s.e.m. Scale bar, 100 pm. ¢, Time-lapse confocal
imaging at different time points after lesion of DsRed-labeled axons and Life Act-GFP-labeled OLs (+ NucBlue™
Live ReadyProbes™ Reagent in Dusp6 shRNA-transduced OLs to label nuclei) in chamber #2 of neuron/OL
cultures where OLs were transduced with lentiviruses carrying either a Dusp6-specific shRNA or a non-targeting
control shRNA. The two upper rows are z-series projections, the third row is a magnification of the region
highlighted by a dashed white box in the second row, and the 4 row (d) shows 3D views at different time points
starting from 11 h 40’ after lesion of the region highlighted by a dashed white box. The white arrowheads point

to filopodia structures. Scale bar=10 pm

5.3 C-Jun is a potential factor driving regeneration mediated by Dusp6
downregulation upon injury

c-Jun drives the conversion into repair SCs upon peripheral nerve injury? and ERK1/2
activation can induce c-Jun upregulation!®3!. Therefore, we investigated whether c-Jun was
downstream Dusp6 downregulation upon injury. Primary myelinating OLs were purified and
differentiated from OPCs. WB analysis of myelinating OLs transduced with the Dusp6 shRNA
lentivirus resulted in strongly increased c-Jun levels compared to OLs transduced with the
control shRNA lentivirus (Fig. 8a). Consistently with our hypothesis, transduction of SCs with
a Dusp6-expressing lentivirus in our microfluidic lesion models (neuron/SC co-cultures) led to
a decreased percentage of c-Jun-positive SCs after axonal lesion (Fig. 8c). Therefore, we
investigated whether downregulation of Dusp6 in OLs may have led to increased c-Jun levels
in an ERK1/2-dependent manner. To this end, myelinating OL cultures were transduced with
the Dusp6 shRNA lentivirus and treated for 2 days with either 300 nM MK-8353 (ERK1/2
inhibitor) or 1 uM JNK-IN-8 (JNK1/2 inhibitor). c-Jun upregulation was prevented by ERK1/2
inhibition compared to its vehicle (Fig. 8a). JNK inhibition had a milder but still significant
effect on c-Jun levels (Fig. 8a). In addition, Dusp6 downregulation resulted in increased
phospho-JNK levels, which was prevented by ERK1/2 inhibition (Fig. 8a). Interestingly, we
observed that Dusp6 downregulation resulted in a strong decrease of MBP expression. This

was prevented by administration of the ERK1/2 inhibitor and to lesser extend by the JNK
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inhibitor (Fig. 8a). Therefore, we tested whether the effects of Dusp6 downregulation in our
microfluidic lesion models (neuron/OL co-cultures) are c-Jun-dependent. As for previous
experiments, neurons were labeled with the lentiviral vector expressing DsRed under control
of the Synapsin promoter and OLs were transduced with a lentiviral vector expressing a Dusp6
shRNA. Additionally, OLs were transduced with a lentivirus carrying a c-Jun-specific sShRNA
or a non-targeting control shRNA. Our results showed that at 1dpl c-Jun downregulation
resulted in a decreased percentage of regrowing axons and decreased average length of axonal

regrowth (Fig. 8b).
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Fig. 8: Dusp6 regulates C-jun in OLs and SCs after axonal lesion. a, c-Jun, phospho-JNK (p-JNK) and MBP
Western blots and quantification normalized to GAPDH in primary differentiated OLs transduced with a Dusp6-
specific shRNA lentivirus or a non-targeting control sShRNA lentivirus and treated with the specific ERK1/2
inhibitor MK-8353 or the specific JNK1/2 inhibitor JNK-IN-8 or their vehicle. Unpaired or paired (pJNK: Dusp6
sh/C sh and Dusp6 sh+JNK inh./Dusp6 sh+Vehicle; MBP: Dusp6 sh+JNK inh./Dusp6 sh+ERK inh.) one-tailed
(grey asterisks, crosses or hashtags) or two-tailed (black asterisks or crosses) Student&apos;s t-tests, p value:
* +,#<0.05, ++<0.01; values=mean, error bars=s.e.m., n=3 independent experiments. b, Time-lapse imaging
(wide-field) at different time points after lesion of DsRed-labeled axons in microgrooves of neuron/OL cultures
where OLs were transduced with lentiviruses carrying a Dusp6-specific ShRNA and either a non-targeting control
shRNA or a c-Jun-specific ShRNA, and percentage of regrowing axons. Lesions were carried out at the exit of

microgrooves (blue arrowheads). Blue asterisks indicate regrowing axons. Fourty-three to 100 axons were
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quantified per chamber per time point, n=3 chambers per group, unpaired two-tailed Student&apos;s t-test, p
value: ¥<0.05, values=mean, error bars=s.e.m. Scale bar, 50 pm. ¢, C-Jun immunofluorescence and DAPI labeling
in chamber #2 (containing Schwann cells) of neuron/SC cultures in microfluidic devices at 1 day post axonal
lesion (1 dpl) in chambers where Schwann cells were transduced with lentiviruses expressing Dusp6 or with empty
control lentiviruses. The graph shows that percentage of c-Jun-positive cells, n=3 chambers per group, 218 to 450

cells counted per chamber, unpaired two-tailed Student’s t-test, p value = *<0.05.

5.4 In vivo Dusp6 ablation promotes distal cut axons disintegration and
axonal regrowth after SCI

Next, we aimed to translate our findings to an in vivo model of SCI. Therefore, we generated
inducible Dusp6 knockout (Dusp6 KO) mice by crossing P[pCreERT2 mice with Dusp6 floxed
mice. Upon tamoxifen injection, Dusp6 was ablated in mature OLs (Plp-expressing cells).
PlpCreERT2-negative littermates were used as control. We previously showed that Dusp6 is
upregulated and phospho-ERK1/2 are below detection levels in mature OLs at 1d and 5d post
SCI (Fig. 4c, 5a). Immunofluorescence analysis of Dusp6 KO mice revealed that Dusp6 was
efficiently ablated in OLs and the levels of phospho-ERK1/2 strongly increased at 1d and 5d
post SCI (Fig. 9a). In addition, we observed an increase in the percentage of c-Jun-positive
mature OLs and in c-Jun levels at these time points in Dusp6 KO mice compared to control
mice (Fig.9b). For the following experiments, we crossed our Dusp6 KO mice with Thy1-GFP
M mouse line* to label different neuronal subsets. We evaluated the disintegration of distal
cut axons after SCI in Thy1-GFP Dusp6 KO mice. To this end, we imaged 200-um longitudinal
cryosections in which it is possible to observe the lesion site and the spinal cord above and
below the lesion. Axonal disintegration was quantified below the lesion site at 3 days post SCI.
We found that the percentage of fragmented and disintegrated axons was significantly
enhanced in Dusp6 KO mice compared to control mice (Fig. 9¢). Thus, we investigated axonal
regrowth 30 days after SCI. The astrocytes and glial scar marker GFAP were used to identify
the lesion site. We observed several axons regrowing across the glial scar at the lesion site and
distal to the lesion site at 1 month post SCI in Dusp6 KO mice, whereas no axon had grown

across the lesion site in control littermates (Fig. 9d).
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Fig. 9: Dusp6 ablation in OLs leads to fast distal cut axon disintegration and enables axonal regrowth
through the glial scar after SCI. a,b, Confocal images (z-series projections) of phospho-ERK1/2 (pERK1/2),
Dusp6 and Olig2 (OL marker) co-immunofluorescence (a) or c-Jun and CCl (mature OL marker) co-
immunofluorescence (b) and DAPI labeling at 1 and 5 dpl in spinal cords of Dusp6 KO and control mice and
quantification of percentage of c-Jun-positive cells among CCl-positive cells. White arrows point to OLs. (¢)
confocal imaging and z-series projections of Thy1-GFP-labeled neurons at 3 dpl in Dusp6 KO and control mice
and quantification of axonal disintegration below the lesion (15-72 counted axons per ROI, 3 ROI per animal
quantified below lesion site, n=3 animals per group), unpaired two-tailed Student’s t-test, p value: *<0.05. The

spinal cord regions on the right side of the orange arrows are below the lesion site. Images on the right side are
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magnifications of the regions highlighted by a dashed white box on the left images. (d) Confocal images (z-series
projections) of Thyl-GFP-labeled neurons and GFAP (astrocyte/glial scar marker) immunofluorescence and
DAPI labeling (nuclei) on Dusp6 KO and control mouse spinal cords at 30 dpl. The GFAP staining delineate the
glial scar. Images on the right side labeled 1 and 2 are magnifications of the regions highlighted by dashed white

boxes on the left images. Oranges arrows point to the lesion site

Next, we assessed functional recovery in Dusp6 KO mice. To this purpose we employed a
narrow beam test. After a spinal cord hemisection, although injured axons cannot regrow
through the glial scar, mice can partially recover their motor function by collateral sprouting
below the glial scar. Our preliminary results (small number of animals and few time points
were evaluated) showed a decreased functional recovery in Dusp6 KO mice from 3 to 4 weeks
after SCI compared to control littermates. Besides being unable to reach the end of the beam,
Dusp6 KO mice still displayed a severe gait impairment compared to control mice and were

almost fully unable to move the lower left limb (below the SCI) (Fig. 10).
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Fig. 10: Dusp6 ablation impairs motor function recovery 4 weeks after SCI. a, Video recording of narrow
beam test in Dusp6 KO and control mice at 4 weeks after SCI (a) and quantification of the motor function

progression at 4 weeks compared to 3 weeks after SCI. 3-time frames for each recording are displayed. b, Bottom
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angle view of the mice walking through the narrow beam (b). Red arrows indicate the limb on the spinal cord
hemisection side. 3 time frames for each recording are displayed. The mean distance covered by 3 tests per animal
was quantified. N=3 animals for Dusp6 KO mice and n=5 animals for control littermate mice were quantified,

unpaired one-tailed Student’s t-test, p value: *<0.05.

In SCs, sustained ERK activation is sufficient to drive demyelination upon axon damage'®.
Analysis of Dusp6 KO mice showed that ERK1/2 was strongly activated upon Dusp6 ablation
and SCI (Fig. 9a). Therefore, we tested whether sustained Dusp6 ablation resulted in
impairment of myelin proteins expression after SCI. Because Dusp6 was ablated using a
tamoxifen-inducible Cre recombinase under control of the Plp promoter and Plp is expressed
in mature OLs but also in mature SCs, we evaluated MBP (myelin basic protein) levels in
Dusp6 KO and control littermates, both in sciatic nerves and in spinal cords at 1 month post
SCI. Imaging of 200-pm longitudinal cryosections revealed no significant changes in MBP
levels is the sciatic nerves collected downstream the SCI (Fig. 11a). However, MBP levels
were decreased in the spinal cords below the lesion site in Dusp6 KO mice compared to control
littermates (Fig.11b). A significant difference was also observed when comparing the MBP
signal below the lesion site and contralateral to the lesion in Dusp6 KO mice but not in control
mice (Fig 11b). These data suggest that impaired functional recovery in Dusp6 KO mice could

be due to demyelination of injured but also of intact axons in the spinal cord.
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Fig. 11: Dusp6 ablation affects myelin maintenance and clearance after SCI. Confocal images (z-series
projections) of Thyl-GFP and MBP co-immunofluorescence and DAPI labeling in spinal cord (a) and sciatic
nerves (b) of Dusp6 KO and control mice at 1 month after SCI and quantification of MBP levels. Mean grey value

of 32bit images, 3 ROI per animal quantified below lesion and contralateral to the lesion site in spinal cord, and
3 ROI per animal quantified in each sciatic nerve collected downstream the SCI side , n=3 animals per group.

unpaired one-tailed Student’s t-test, p value: *<0.05. Oranges arrows point to the lesion site
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To prevent demyelination of the spinal cord potentially due to long term ablation of Dusp6 in
OLs, we next aimed at inactivating Dusp6 for a short period of time in the spinal cord by
intratechal injections of BCI, a Dusp6/Dusp1 inhibitor. At first, BCI or its vehicle were injected
intrathecally 6 h after SCI and samples were collected after 24 h. Immunofluorescence analysis
revealed that this short treatment with BCI was sufficient to induce an increase in ERK1/2
phosphorylation already at 1d post SCI (Fig. 12a). For the following experiments, BCI or its
vehicle were injected intrathecally at 6h, 24 h and 48 h after SCI in control Thy1-GFP mice.
Imaging of 200-pm longitudinal cryosections showed that BCI treatment enhanced the
disintegration of distal cut axons as compared to vehicle-treated mice at 3d post SCI, similarly

to Dusp6 ablation in Dusp6 KO mice (Fig.12b).
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Fig. 12: Dusp6 inhibition in OLs leads to ERK1/2 activation and fast distal cut axon disintegration after
SCI. (a) Confocal images (z-series projections) of phospho-ERK1/2 (pERK1/2) and Olig2 (OL marker) co-
immunofluorescence and DAPI labeling at 1 dpl in spinal cords of mice treated with the Dusp6/Dusp! inhibitor
BCI or its vehicle. White arrows point to OLs. (b) Confocal imaging and z-series projections of Thy1-GFP-labeled
neurons at 3 dpl in mice treated with the Dusp6/Dusp! inhibitor BCI or its vehicle, and quantification of axonal

disintegration below the lesion (15-72 counted axons per ROI, 3 ROI per animal quantified below lesion site, n=3
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animals per group), unpaired two-tailed Student’s t-test, p value: *<0.05. Orange arrows indicate the lesion site.
The spinal cord regions on the right side of the orange arrows are below the lesion site. Images on the right side

are magnifications of the regions highlighted by a dashed white box on the left images.
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6. Discussion

6.1 Injury-induced opposite regulations in Schwann cells and
oligodendrocytes

We previously set up and validated microfluidic lesion models of myelinated systems!”. With
these models, we analyzed by RNAseq mRNA regulations in SCs and OLs at 1 dpl as compared
to unlesioned cultures!”. Among the regulated genes revealed by this analysis, we decided to
investigate the potential involvement of the phosphatase Dusp6, which was downregulated in
SCs and upregulated in OLs in our microfluidic lesion models!” (Fig.3).

Further experiments corroborated Dusp6 regulation as Dusp6 was downregulated at 1 day post
SNCL (Fig. 4a) and upregulated in OLs at 1 day post SCI (Fig. 4b) in mice. Dusp6 upregulation
in OLs persisted for 5 days after SCI and levels were decreased at 7 days post SCI (Fig. 5a).
ERK1/2 phosphorylation was rapidly increased after SNCL, already at 1 dpl (Fig. 5b), but
consistent with Dusp6 expression in OLs after injury, started only at 7 dpl after SCI (Fig. 4c).
ERK1/2 activation is necessary to induce SC demyelination early after peripheral nerve injury
but sustained activation of ERK1/2 signaling prevents SC re-differentiation into myelinating
SCs and thereby impairs remyelination of regenerated axons'®. Our data show that after a
SNCL, ERK1/2 phosphorylation peaks at 3 dpl and then decreases to be nearly normalized by
12 dpl (Fig. 5b). Consistent with a transient activation of ERK1/2 signaling, Dusp6 levels, after
initial downregulation at 1dpl (Fig. 4a), increase again with a peak at 3 dpl and nearly
normalized levels by 5 dpl (Fig. 5¢). However, Dusp6 increase may also be due to signals
coming from regrowing axons. It has been previously shown that c-Jun is rapidly upregulated
and phosphorylated in SCs after peripheral nerve injury?¢2’ and drives SC conversion into
repair SCs®. In contrast, we found that c-Jun was downregulated, and the levels of
phosphorylated c-Jun decreased in mature OLs after a SCI (Fig. 4d-e). Taken together, these
data show that SCs and OLs react radically differently to injury, with SCs rapidly activating a
repair program correlating with Dusp6 downregulation, whereas OLs do not activate this repair

program and instead rapidly upregulate Dusp6 expression.

6.2 Axon disintegration and regrowth in myelinated cultures after lesion

To investigate the function of Dusp6 in OLs after injury, we employed our microfluidic lesion

models using neuron/OL co-cultures'”. We specifically downregulated Dusp6 in OLs by using
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a lentiviral vector carrying a highly efficient Dusp6-specific sShRNA or a non-targeting control
shRNA (Fig. 6d). In cultures where OLs received the control shRNA, axonal regrowth was
mostly inefficient with regrowing axons spreading over short distance or rapidly collapsing
after laser axotomy. In contrast, in cultures where OLs received the Dusp6 shRNA, fewer axons
collapsed and axonal regrowth was more efficient, with axons sprouting over long distance
(>500 pm) after lesion (Fig. 6a). Moreover, the disintegration of distal cut axons was
accelerated in cultures where Dusp6 was downregulated by shRNA in OLs compared to
cultured where OLs were transduced with a lentivirus carrying a control shRNA (Fig. 6¢). As
Dusp6 was rapidly downregulated in SCs after lesion (Fig. 4a), we investigated whether Dusp6
downregulation is involved in SC pro-regenerative behavior after lesion. To this aim, SCs were
transduced with a lentiviral vector expressing Dusp6 (Fig. 6e), which prevented Dusp6
downregulation in microfluidic lesion models using neuron/SC co-cultures. After laser
axotomy, we found that axonal regrowth was significantly slower in cultures where SCs were
transduced with the Dusp6-expressing lentivirus as compared to cultures where SCs received
a control lentivirus (Fig. 6b). Taken together, these data strongly suggest that Dusp6
downregulation contributes to SC pro-regenerative behavior and in OLs can lead to rapid
disintegration of distal cut axons and prevent OL-mediated inhibition of axonal regrowth after
lesion. At the molecular level, Dusp6 downregulation by shRNA in purified primary OLs
resulted in increased levels of phosphorylated ERK1/2, as expected (Fig. 7a). To test a potential
involvement of increased ERK1/2 activation in the rapid disintegration of distal cut axons and
the induction of axonal regrowth resulting from Dusp6 downregulation in OLs, we used the
specific ERK1/2 inhibitor MK-8353. We found that ERK1/2 inhibition in the OL chamber
slowed down distal cut axon disintegration and impaired axonal regrowth induced by Dusp6
downregulation in OLs (Fig. 7b). To exclude the possibility that this effect was mediated by a
direct effect of the ERK1/2 inhibitor on the regrowing and distal cut axons, we treated neuron-
only cultures with the ERK1/2 inhibitor. This experiment showed no significant changes after
laser axotomy, indicating that impaired axon disintegration in the presence of the ERK1/2
inhibitor was due to ERK1/2 inhibition in OLs. ERK1/2 activation is known to promote actin
dynamics®’. As we previously showed that SCs react to axonal lesion by building constricting
actin spheres along distal cut axons to accelerate their disintegration and promote fast axonal
regrowth!”, we hypothesized that Dusp6 downregulation leads to accelerated distal cut axon
disintegration through increased actin polymerization around distal cut axons. In our
microfluidic models, we first transduced OLs with lentiviral vectors expressing the Dusp6

shRNA and 3 days later with lentiviral vectors expressing Lifeact-GFP, which dynamically
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labels F-actin!’. Interestingly, we observed important alterations in the morphology and
dynamics of OLs where Dusp6 was downregulated and a rapid increase of actin polymerization
after axotomy. In contrast, the shape of OLs transduced with lentiviruses carrying the control
shRNA remained stable with no detectable actin polymerization changes (Fig. 7c).
Remarkably, OLs transduced with the Dusp6 shRNA lentivirus displayed major actin process
changes after lesion, from a flat shape with a few filopodia to a contracted spherical actin shape
exhibiting many filopodia (Fig. 7¢), while OLs transduced with the control shRNA lentivirus
remained static after lesion with only occasional minor actin process movements and did not
form filopodia. Filopodia are actin structures that sense the environment and have the capacity
to make adhesive contact with the extracellular matrix, pathogens and adjacent cells, and
subsequently exert pulling forces®®. Accordingly, time-lapse imaging showed that OLs
transduced with the Dusp6 shRNA lentivirus pulled distal cut axons until their disintegration
(Fig. 7d). After disintegration of distal cut axons, these actin filaments quickly depolymerized

and disappeared within 24 h after lesion (Fig. 7c).

6.3 Role of C-Jun in axon disintegration and regrowth after axotomy

In the PNS, c-Jun has been shown to drive the conversion of SCs into a repair phenotype and
PNS regeneration?. ERK1/2 activation has been shown to upregulate c-Jun!®>!. Therefore, we
questioned whether c-Jun drives the regeneration we observed upon Dusp6 downregulation.
First, purified primary OLs were differentiated into myelinating OLs (primary rat OLs can
produce myelin and myelin proteins also in the absence of axons) for 2 weeks. Next, OLs were
transduced with a lentivirus carrying a Dusp6 shRNA. Remarkably, Dusp6 downregulation by
shRNA resulted in strongly increased c-Jun levels (Fig. 8a). Consistently, Dusp6
overexpression in SCs in our microfluidic lesion models led to a decreased percentage of c-
Jun-positive SCs after axonal lesion (Fig. 8c). Therefore, we hypothesized that Dusp6
downregulation in OLs may lead to increased c-Jun levels through increased ERK 1/2 activation
inducing a SC-like repair phenotype in OLs after injury. Indeed, in primary OL cultures
transduced with the Dusp6 shRNA lentivirus, c-Jun upregulation was prevented when the cells
were treated with the ERK1/2 inhibitor MK-8353 (Fig. 8a). Interestingly, JNK inhibition had
a milder but still significant effect on c-Jun levels (Fig. 8a). Dusp6 downregulation also
increased phospho-JNK levels, and this was prevented by ERK1/2 inhibition (Fig. 8a),
suggesting that phospho-JNK increase was mediated by ERK1/2 activation. Remarkably,

Dusp6 downregulation led to a strong downregulation of MBP expression, which was
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prevented by ERK1/2 inhibition and to lesser extend by JNK inhibition (Fig. 8a). In view of
these results, we decided to test whether the effects of Dusp6 downregulation on axonal
disintegration and regrowth depended on c-Jun upregulation in OLs in our microfluidic lesion
models. Therefore, we first transduced OLs with lentiviral vectors expressing Dusp6 shRNA
and second with lentiviral vectors expressing a c-Jun-specific shRNA or a non-targeting control
shRNA. These experiments showed that c-Jun downregulation in OLs impaired axonal
regrowth to some extent, Resulting in less regrowing or more collapsing axons 1d post laser
axotomy and decreased average length of axonal regrowth. (Fig. 8b). Taken together, these
data suggest that Dusp6 downregulation allows rapid ERK1/2 activation, leading to c-Jun
upregulation, and promotes axonal regrowth after lesion. C-Jun appear to be a potential factor
driving, at least partially, this process. However, is unclear whether Dusp6 downregulation-
induced disintegration of distal cut axons by actin polymerization occurs in a c-Jun-dependent
manner and more experiments focusing to evaluate this mechanism are needed. In either case
c-jun modulation in oligodendrocytes after axon lesion may contribute to enhanced axonal

regrowth induced by Dusp6 downregulation.

6.4 Axon disintegration and regrowth after spinal cord injury in mice

Our next steps aimed to translate the findings obtained from our microfluidic models to an in
vivo model of SCI. Therefore, we questioned whether we could induce this repair-like OLs in
vivo and whether repair OLs can promote distal cut axon disintegration and axonal regrowth
after SCI. For this purpose, we generated a tamoxifen-inducible Dusp6 knockout (Dusp6 KO)
mouse line where Duspé6 is specifically ablated in the CNS in mature OLs by crossing Dusp6
floxed mice’? with PlpCreERT2 mice® expressing the tamoxifen-inducible CreERT2
recombinase under control of the Plp promoter. For some experiments, we also crossed Dusp6
KO mice with a Thyl-GFP M mouse line* for sparse labeling of different neuronal subsets.
As control mice, we used PlpCreERT2-negative littermates that were treated with tamoxifen
at the same time as Dusp6 KO mice. As Dusp6 expression is below detectable levels in mature
OLs of unlesioned spinal cords (Fig. 4b and 5a), we could not determine the onset of protein
loss after tamoxifen and chose an arbitrary time point of 2 weeks after tamoxifen injections to
carry out a SCI in Dusp6 KO and control mice. We previously showed that in wild type mice,
Dusp6 is upregulated in mature OLs at 1d and 5d post SCI (Fig. 5a) and phospho-ERK1/2 is
not detected in these cells at these time points (Fig. 4c). Remarkably, in Dusp6 KO mice, Dusp6
was efficiently ablated in OLs with no detectable expression at 1d or 5d post SCI. In addition,
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high phosphorylated ERK1/2 levels were detected already at 1d post SCI and sustained until at
least 5d post SCI in mature OLs of Dusp6 KO mice compared to control mice, where ERK1/2
phosphorylation was not detected (Fig. 9a). Interestingly, the percentage of c-Jun-positive
mature OLs was also significantly increased at these time points in Dusp6 KO mice compared
to control mice (Fig.9b). We next evaluated the disintegration of distal cut axons after SCI on
Thy1-GFP Dusp6 KO mice. For this purpose, axonal disintegration was quantified below the
lesion site 3 days post SCI. We found that the percentage of fragmented and disintegrated axons
was significantly enhanced in Dusp6 KO mice compared to control mice (Fig. 9¢). In view of
these promising results, we then investigated axonal regrowth 30 days after SCI. The astrocytes
and glial scar marker GFAP were used to identify the lesion site. Remarkably, several axons
had regrown across the glial scar at the lesion site and distal to the lesion site at 1 month post
SCI in Dusp6 KO mice, whereas no axon had grown across the lesion site in control littermates
of Dusp6 KO mice (Fig. 9d). No detectable differences in the glial scar were observed. These
data suggest that downregulating Dusp6 in mature OLs after SCI promotes the generation of a
more permissive environment which allows proximal ends of injured axons to regrow.

To test whether this axonal regrowth promotes functional recovery, we used a narrow beam
test. However, preliminary experiments showed that in Dusp6 KO mice motor function
declined in the first month after SCI compared to control littermates. In addition to be unable
to reach the end of the beam, KO mice still displayed a severe gait impairment compared to the
controls (Fig. 10). In the PNS, it has been shown that sustained ERK activation in SCs is
sufficient to drive demyelination after peripheral nerve injury'®. Therefore, we hypothesized
that the motor function decline was a consequence of sustained ERK1/2 activation resulting in
impaired myelin maintenance or demyelination in either CNS, PNS or both. To address this
question, we evaluated MBP levels in sciatic nerves and in spinal cords of Dusp6 KO mice and
control littermates at 1 month post SCI. While MBP levels is sciatic nerves were not
significantly different (Fig. 11a), MBP expression levels in spinal cords were decreased below
the lesion site in Dusp6 KO mice compared to control littermates (Fig.11b). Interestingly, a
significant difference was detected when comparing MBP signal above and below the lesion
in Dusp6 KO mice but not in control mice (Fig 11b), suggesting an additional effect on myelin
maintenance and clearance. Taken together, these data suggest that following a SCI, Dusp6
acts as a positive regulator of myelin maintenance and that Dusp6 ablation could affect both
myelin maintenance and clearance. Therefore, Dusp6 ablation in OLs after SCI could promote
the removal of myelin inhibitory cues and promote regeneration but long-term downregulation

may impair motor function due to affected myelin maintenance. To test this hypothesis, we
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decided to inactivate Dusp6 in the spinal cord by intrathecal injections of BCI, a Dusp6/Dusp1
inhibitor. Duspl is another member of the DUSP family and has been shown to target and
inhibit c-Jun/JNK signaling>-7®. Intrathecal injections of BCI or its vehicle were carried out 6
h, 24 h and 48 h after SCI in Thy1-GFP mice. Our hypothesis was that a short treatment with
BCI after SCI, corresponding to the timing of Dusp6 upregulation in mature OLs, could be
sufficient to promote axonal regrowth without affecting long term myelin maintenance. BCI
treatment was sufficient to induce an increase in ERK1/2 phosphorylation already at 1d post
SCI (Fig. 12a). Remarkably, BCI treatment also enhanced the disintegration of distal cut axons
as compared to vehicle-treated mice (Fig.12b). Ongoing experiments are aimed to determine
whether BCI treatment can promote axonal regrowth at 1 month post after SCI and whether
mice treated with BCI display increased functional recovery compared to mice treated with its

vehicle.
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Conclusion and future perspectives

SCI is a devastating condition which often results in permanent paralysis, sensory loss and
autonomic dysfunction. Regeneration and functional recovery after SCI are highly inefficient
and require to overcome multiple barriers'. In the past decade, enormous progress has been
done in this field and research efforts have focused on developing advanced repair strategies.
Among these: cell therapy, electrical stimulation, transplantable neural circuitry, delivery of

18 Neural engineering approaches have rapidly

biomolecules and biomaterial scaffolds
evolved in the last few years. Indeed, Wagner et al. (2018), Rowald et al. (2022) and Kathe et
al. (2022) have shown that biomimetic epidural electric stimulation by electrode implantation
in the spinal cord allows patients with SCI to recover mobility*®-38, This method, although very
innovative and efficient, is highly invasive and needs neurostimulation platforms combining
ultrafast wireless communication with control units that decode motor intentions®’. Biology
repair strategies constitute alternative approaches to neural engineering and could also be
potentially used in combination with neural engineering approaches for synergistic effects®”.
Delivery of biomolecules such as growth factors lead to interesting results in relation to SCI.
In particular, NT-3, BDNF and NGF have been shown to exert neuroprotective effects, promote
tissue regeneration, axon sprouting and remyelination!!*-120-121 Cell therapy strategies involve
transplantation of exogenous cells and re-directing and/or enhancing the functions of
endogenous cells. Studies on SCI regeneration mainly focused on embryonic, pluripotent,
neural and mesenchymal stem cells, as well as on oligodendrocytes and Schwann cells!!8-122-
123-124 Tn the PNS, injured axons can spontaneously regenerate due to the plasticity of SCs,
which convert into repair SCs upon injury to foster axonal regrowth. However, OLs do not
convert into repair cells after a CNS injury and instead contribute to the inhibition of axonal
regrowth mentioned above. In the current study, we aimed to convert mature OLs into repair-
like SCs after SCI by unravelling the regulations occurring in mature SCs leading to their
conversion into repair SCs after injury and inducing OLs to acquire such behavior. It has been
observed that transdifferentiation of a fraction of OL precursor cells into PNS-like SCs after
SCI correlates with partial regeneration and functional recovery*!*?. This was limited to lesions
of dorsal column axons. However, it suggests that inducing a SC-like behavior in OLs after
injury is possible and could promote CNS repair. C-Jun and ERK1/2 signaling have been
shown to be the main inducers of the SC repair phenotype in the PNS®!%1° Here, we found

that early after SCI, Dusp6 is downregulated in SCs but upregulated in OLs, and that preventing
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Dusp6 expression in OLs or inactivating Dusp6 leads to the activation of ERK1/2 and to
subsequent increase of c-Jun expression in mature OLs below the lesion site. Moreover, we
show that this is sufficient to induce a SC-like behavior in OLs after lesion. Indeed, ablation of
Dusp6 in mature OLs led to fast disintegration of damaged axons and Dusp6 ablation enabled
axonal regrowth, both in our microfluidic lesion models using neuron/OL co-cultures and in
mice after SCI. Moreover, live-imaging experiments performed on microfluidic lesion models
also revealed major alterations in the morphology and actin dynamics of OLs in which Dusp6
was downregulated. These cells displayed important actin process changes after lesion, from a
flat shape with a few filopodia to a contracted spherical actin shape exhibiting many filopodia.
Filopodia are actin structures that sense the environment and have the capacity to make
adhesive contact with the extracellular matrix and adjacent cells and exert pulling forces®°. In
contrast, the morphology of OLs in which Dusp6 expression was not alterated after axon lesion,
was stable. Interestingly, ablation of Dusp6 in OLs also resulted in a reduction of myelin
protein levels after SCI, which indicates a role for Dusp6 in demyelination, myelin maintenance
or myelin clearing after SCI. This also suggests that axonal regrowth does not strictly occur as
a consequence of damaged axons disintegration but may involve a synergic mechanism
regulated by these repair SC-like OLs. Indeed, mature OLs can secrete several growth factors
acting on the surrounding axons, among which GDNF!?°, It has been published that GDNF can
enhance axonal growth in an ERK-dependent manner!®. However, preliminary assessment of
functional recovery of Dusp6 KO and control mice highlighted a motor function decline. As
mentioned earlier, Dusp6 downregulation resulted in a strong ERK1/2 activation and increased
c-Jun expression. In the PNS, regulation of these proteins is critical for myelination,
demyelination, myelin clearing and maintenance. Sustained activation of the ERK pathway is

sufficient to drive demyelination!'®’

and enforced c-Jun expression is enough to inhibit
myelination and promote myelin breakdown®-2%-1%_ Therefore, motor function decline may be
the result of long-term Dusp6 ablation. Moreover, it highlights Dusp6 as an interesting target
in the context of myelin maintenance and regulation of myelin inhibitory cues following SCI.
In control mice, we found that Dusp6 is transiently upregulated in mature OLs from 1 to 5 days
post SCI and returns to below detectable levels at 7 days post SCI. Consistently, ERK1/2 is
activated when Dusp6 levels decrease. Here, we show that a short-term treatment with the
Dusp6/Duspl inhibitor BCI is sufficient to induce strong ERK1/2 activation and promote
axonal disintegration after SCI, in a similar fashion to Dusp6 ablation observed in Dusp6 KO

animals. Due to the possible repercussion on myelin maintenance of a constitutive ablation of

Dusp6, BCI treatment would represent an interesting opportunity to remove some of the myelin
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inhibitory cues and create a more favorable CNS environment for axonal regrowth. Moreover,
by inhibiting Duspl, BCI may also strengthen Dusp6 ablation effects by directly targeting

JNK/c-Jun expression.

In conclusion, our data support the hypothesis that mature OLs can be induced to convert into
a repair phenotype which resembles repair SCs in the PNS upon injury. This conversion is
mediated by the activation of the ERK1/2 pathway upon Dusp6 ablation. In turn, these repair
OLs can modulate CNS regeneration capacity following a SCI, by enhancing the disintegration
of damaged axons, downregulating myelin proteins and promoting axonal regrowth. The
precise mechanism behind these processes is not fully understood yet. Repair OLs exhibit
important actin polymerization with extension of filopodia, which allow them to both interact
and exert mechanical forces on the surrounding axons. This contributes to the disintegration of
damaged axons and therefore to the removal of negative regulators of regeneration. Future
efforts may be directed to evaluate whether actin polymerization and filopodia extension are
directly mediated by ERK1/2 activation and/or c-jun upregulation. Moreover, ablation of
Dusp6 in OLs after SCI results in decreased expression of myelin proteins. Demyelination
and/or myelin clearance may both be responsible for this reduction. Nevertheless, CNS myelin
is known to inhibit axon outgrowth after CNS damage*’. Therefore, repair OLs may help to
overcome the action of myelin-associated inhibitors, allowing the generation of a more
permissive environment which sustains axonal regrowth. However, additional experiments are
needed to test this hypothesis. Among these, evaluation of MAG levels after SCI and autophagy
phagocytosis markers. Finally, we propose a treatment to foster axonal regrowth by intrathecal
injection of BCI early after SCI. Our results showed that this treatment was sufficient to induce
activation of ERK1/2 pathway in OLs and disintegration of damaged axons early after SCI.
Future experiments will aim to elucidate whether BCI administration can promote axonal

regrowth and functional recovery after SCI.
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Dusp6
MKP
MAPK
ERK1/2
OLs
OPCs
SCs
CNS
PNS
INK
Sox10
Krox20
MPB
MAG
PO
Oct6
Myrf
GDNF
BDNF
IGF-1
Shh
GFAP
KO
SCI
TBI
CSPG
MAIs
ADD
WD
NGF
Rpm
DMEM
GFP
RT
DRG
FBS
SNCL
Dpl
Mpl

Dual specificity phosphatase 6
MAP kinase phosphatases
Mitogen-activated protein kinase
Extracellular signal-regulated kinases
Oligodendrocytes
Oligodendrocyte precursor cells
Schwann cells

Central nervous system
Peripheral nervous system
c-Jun-N-terminale Kinasen
SRY-Box Transcription Factor 10
Early Growth Response 2

Myelin Basic Protein
Myelin-associated glycoprotein
Myelin protein zero

POU Class 3 Homeobox 1
Myelin regulatory factor

Glial cell line-derived neurotrophic factor

Brain-derived neurotrophic factor
Insulin-like growth factor-1

Sonic Hedgehog

Glial fibrillary acidic protein
knock out

Spinal cord injury

Traumatic brain injury
Chondroitin sulfate proteoglycans
Myelin-associated inhibitors
acute axonal degeneration
Wallerian degeneration

Nerve growth factor

Revolutions per minute
Dulbecco’s Modified Eagle Medium
Green fluorescent protein

Room Temperature

Dorsal root ganglion

Fetal Bovine Serum

Sciatic nerve crush lesion

Day post lesion

Month post lesion
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Positions

April 2018- April 2019

Ph.D. student, Claire Jacob’s laboratory, Fribourg University, Fribourg, Switzerland
Since April 2019

Ph.D. student, Claire Jacob’s laboratory, Johannes Gutenberg University Mainz, Mainz,
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Education
2011-2014

Bachelor degree in “Health biotechnology” at Federico II Universita degli studi di Napoli, Napoli,
Italy

2015-2017
Master Degree in “Neuroscience” at Universita degli studi di Trieste, Trieste, Italy
Teaching Experience

Training and supervision of 5 Bachelor and 1 Master students (2021-2023 University of Mainz)
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Techniques Used

Animals

Mice: spinal cord hemisection injury

Mice: sciatic nerve crush injury

Mice: intrathecal drug administration

Mice: Behavioral test: rotarod, narrow beam

Mouse perfusion

Temporally controlled cell type-specific gene ablation in mice
Rat dorsal-root-ganglia neuron purification

Rat oligodendrocyte purification

Imaging

Electron microscopy

Confocal immunofluorescence imaging combined with 3D reconstruction using Imaris and
Arivis

Immunocytochemistry and immunohistochemistry

Programming: Macro for image analysis

Light sheet imaging

Cellular Biology

Microfluidics: primary cell cultures in self-made microfluidic devices
Microfluidics: in vitro models of nervous system lesion
Primary cell cultures of neurons and myelinating cells

Culture of various cell lines

Molecular Biology

Cloning, mutagenesis and transfection in cells and mycobacteria
Generation of lentiviruses and viral transduction of various cell types

qRT-PCR

Biochemistry

Immunoblotting

Systems Biology

Time-lapse imaging combined with 4D reconstruction
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