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1. Summary

TARDNA binding protein 43 (TDP43) is an RNA binding protein, which regulates a broad spec
trum of RNA biology. It is mainly implicated in alternative splicing, transcript stability and trans
port. In the past years, TDP43 has emerged as a guardian against aberrant retention of intronic
sequences into the mature transcript (cryptic splicing). Pathological aggregation of TDP43 in the
cytoplasm of motor neurons, along with its nuclear clearance, is a hallmark of amyotrophic lat
eral sclerosis (ALS), a fast progressing, fatal neurodegenerative disease. There are indications that
TDP43 is required in myelinationcompetent glial cells, and these cells are known to modulate
neuronal health. In this study, we investigated the functional role of TDP43 in both myelination
competent glia, Schwann cells (SCs) and oligodendrocytes (OLs), during development and in adult
mice using the Cre/loxPsystem.

We show that TDP43 is required in SCs for timelyonset of developmental myelination and re
myelination after injury. Functionally, TDP43 is required to repress cryptic splicing in glial
neurofascin, which enables proper formation of paranodal domains and healthy electrophysiologi
cal nerve function. In adult SCs, TDP43 protects the SC myelinated state and axonal health, with
particular emphasis on large calibre axons. Sciatic nerves are less dependent on TDP43 in SCs
than spinal root nerves, particularly in those containing motor axons, and inducible loss of TDP43
in SCs resulted in milder deterioration than congenital loss. Taken together, we provide evidence
that TDP43 in SCs is essential for the correct organisation of paranodal domains and the longterm
integrity of the myelinaxon unit.

In strong contrast, TDP43 in OLs is critical during CNS development. It ensures progression of
differentiated OLs along the correct transcriptional program during early maturation, and proper
myelination and protection of the axonmyelin unit in fully mature OLs of the white matter. How
ever, after induced deletion of TDP43, mature OLs and myelin remained remarkably pertinacious
in the white matter of adult mice, at least within the timeframe of our analysis. Furthermore, the
dependence of OLs on TDP43 is regionspecific, leading to rapid demyelination and loss of ma
ture OLs in the spinal cord grey matter, which is accompanied by mild reduction in the numbers of
motor neurons. Our study collectively indicates that TDP43 in OLs is indispensable for develop
mental maturation and – specifically in the spinal cord grey matter – for OL survival and potentially
for support of motor neurons in adult mice. Beyond the spinal cord, TDP43 deletion also impacts
OLs residing in various brain regions.

Altogether, our study provides detailed insight into the multifaceted requirement of TDP43 in
SCs and OLs. The broad spectrum of influence that TDP43 exerts on SC and OL biology should
be taken into consideration in order to thoroughly understand TDP43 function and dysfunction in
the nervous system health and disease.
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2. Zusammenfassung
TARDNA bindendes Protein 43 (TDP43) ist ein RNA bindendes Protein, welches ein breites
Spektrum der RNABiologie reguliert. Seine Hauptfunktionen beinhalten die Regulation von al
ternativem Spleissen, die Regulation von TranskriptStabilität und dessen Transport. In den letzten
Jahren wurde diese Palette erweitert, in welcher TDP43 zusätzlich als SchutzElement gegen die
fehlerhafte Beibehaltung von intronischen Sequenzen in das verarbeitete Transkript (kryptisches
Spleissen) wirkt. In den meisten Fällen von amyotropher Lateralsklerose (ALS), einer tödlichen
neurodegenerativen Erkrankung, wird TDP43 als Teil von pathologischen Anhäufungen im Zy
toplasma von Motorneuronen vorgefunden. Es gibt Anzeichen, dass TDP43 in Schwann Zellen
(SZ) und Oligodendrozyten (OL) unabdingbar ist und man weiss, dass diese Zellen einen Ein
fluss auf das Wohlergehen von Neuronen haben. In dieser Studie untersuchen wir die Funktion von
TDP43 in SZ und OL in Mäusen während der Entwicklung und in erwachsenen Tieren mit dem
Cre/loxPSystem. Wir zeigen hier, dass TDP43 in SZ für den rechtzeitigen Start der Myelinisie
rung während Entwicklung und Regeneration benötigt wird. Funktionell unterdrückt TDP43 das
kryptische Spleissen von neurofascin in GliaZellen, was für die Organisation der paranodalen Re
gion und ReizleiterFunktion von peripheren Nerven entscheidend ist. Des Weiteren ist TDP43 in
SZ über längere Zeit unverzichtbar für die Aufrechterhaltung der Myelinisierung und der axonalen
Gesundheit, besonders in Axonen mit grossem Durchmesser. Dieser Aspekt war im Vergleich zu
Ischiasnerven stärker in den Wurzelnerven ausgeprägt, insbesondere in jenen mit MotorAxonen.
Die genannten Auswirkungen waren drastischer, wenn TDP43 in SZ von Geburt an fehlte, als
wenn die Rekombination in erwachsenen Mäusen herbeigeführt wurde. Zusammengefasst zeigen
wir auf, dass TDP43 in SZ für die korrekte Etablierung der paranodalen Region und die Langzeit
erhaltung der funktionellen AxonMyelin Einheit essentiell ist. TDP43 ist in OL unverzichtbar für
die Entwicklung des zentralen Nervensystems. Es stellt den korrekten Verlauf von differenzierten
OL entlang des transkriptionellen Programs während der frühen Reifung sicher und ist in ausge
reiften OL in der weissen Materie sowohl entscheidend für die Vollendung der Myelinisierung, als
auch für die Erhaltung der MyelinAxon Einheit. Nach induzierter Rekombination von TDP43
in erwachsenen Mäusen sind ausgereifte OL und Myelin der weissen Materie jedoch stabil, zu
mindest innerhalb des analysierten Zeitrahmens. Zusätzlich ist die Abhängigkeit von TDP43 in
OL regionenspezifisch. Induzierte Rekombination bewirkt Demyelinisierung und den Verlust von
ausgereiften OL in der grauen Materie des Rückenmarks, was mit einer leichten Verminderung der
Motorneuronen einhergeht. Insgesamt ist TDP43 essentiell für die OLReifung und in erwachse
nen Tieren – speziell in der grauen Materie des Rückenmarks – für das Überleben von OL und
möglicherweise die Unterstützung von Motorneuronen. Darüber hinaus hat die Elimination von
TDP43 in OL ebenfalls Auswirkungen in verschiedenen HirnRegionen.

ImGanzen bietet diese Studie einen detaillierten Einblick in die facettenreicheWirkung von TDP43
in SZ und OL. Das breite EinflussSpektrum von TDP43 auf die Biologie von SZ und OL zeigt,
dass diese Zellen für ein umfassendes Verständnis der Funktion von TDP43 im gesunden und
erkrankten Nervensystem in jedem Fall berücksichtigt werden müssen.
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3. Introduction

3.1. The Nervous System

Metazoan organisms require efficient strategies for intercellular communication. Acquiring and

transporting signals, processing these signals to extract useful information and derive appropriate

actions, and sending the suitable signals to the correct location of an organism are vital functions for

survival. An efficient way of signal transmission is achieved by nerve cells. At a basic level, nerve

cells are able to detect incoming stimuli, to integrate and transfer information from one nerve cell to

another, or to trigger actions (e.g. muscle contraction). Therefore, signals are not only transmitted

to a target cell but can additionally be integrated and processed in a complex network to generate

the desired output. Networks of nerve cells can be found in most metazoan organisms, albeit with

dramatic differences in complexity ranging from simple nerve nets in Cnidaria up to the intricate

neuronal network in mammals. In basal organisms such as the Hydra, ganglion cells are found in

a netlike pattern with a process length between 30200 µm (David, 1973). Several circuits have

been identified that react to external stimuli and trigger simple motor actions that lead to radial or

longitudinal contraction of the Hydra (Dupre and Yuste, 2017). The transmitted electrical signals

are generated by a local depolarization of the axonal membrane, termed the action potential. It is

triggered by opening voltagegated ion channels and propagates along the axons, triggering other

voltagegated channels along the way to sustain itself. In a complex environment, where predators

seek prey and prey must escape from predators, the speed of signal transmission becomes decisive

for survival and success. Fast signal transmission is especially pivotal for highly complex nervous

systems as well as large organisms. The giant squid has an average mantle length of more than

a meter (Roper and Shea, 2013), and some motor neurons in mammals project their axons from

the spinal cord down to the muscles of the feet, resulting in enormous dimensions of a single cell.

Basal forebrain cholinergic neurons in mice have a total axon length of up to 50 cm and are thought

to have a mean axon length of around 100m in humans (Wu et al., 2014). Evolution has met the

need for speed over potentially long distances by two major adaptions. The first we will discuss is a

drastic increase to the axonal diameter, designated axon gigantism. The gain in conduction velocity

is proportional to the square root of the axon diameter (Hodgkin, 1954). This strategy has been
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3.1. The Nervous System

adopted by most of the more advanced Bilateria. Among them, pencil squids (Loliginidae) have

axons with a diameter up to 800 µm, larger than most pencil leads (Pumphrey and Young, 1938;

Young, 1938). This is an effective solution but requires a lot of space. Given the high numbers

of neurons in the mammalian central nervous system that require fast signal transmission, axonal

gigantism would not be feasible without drastic anatomical changes. The second and much more

spaceefficient solution is to increase the conduction velocity by myelination. Myelin consists of a

compacted, lipidrich membrane wrapped around and insulating long segments of the axon, leaving

only small gaps in between. The gain in conduction velocity of a myelinated fiber is proportional

to its diameter, which is more efficient when axons are larger than 1 µm (Fig. 3.1).
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Figure 3.1: Conduction velocity and myelin (a) Relation between fiber diameter and conduction velocity of myeli
nated (solid line) and nonmyelinated fibers (dashed line). (b)Collection of “intrinsic” conduction velocities for various
nerve fibers by Castelfranco and Hartline, assuming standard conditions. Lines indicate general relation over a range
of fiber diameters. MG/LG: medial/lateral giants from lobster. (a) reproduced from Rushton (1951), (b) reproduced
from Castelfranco and Hartline (2016)

Myelin has been “invented” several times during evolution, which is a testimony to its strategi

cal importance. It is found in some invertebrates and in almost all vertebrates (Holmes, 1942;

Heuser and Doggenweiler, 1966; Gunther, 1976; Bullock et al., 1984; Davis et al., 1999). The ver

tebrate nervous system is divided into two compartments, the central nervous system (CNS) and

the peripheral nervous system (PNS). The brain and the spinal cord are part of the CNS, while all

emerging nerves except the optic nerves belong to the PNS. The PNS acquires information through

the afferent sensory fibers and transmits it to the CNS, and also sends processed signals back to the

effectors through efferent motor fibers.
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3. INTRODUCTION

The motor division is further divided into two systems: The somatic nervous system controls skele

tal muscles and is responsible for voluntary bodymovements. Contrariwise, the autonomic nervous

system controls the visceral functions. The myelinating cells in mammals are the Schwann cells

(SCs) in the PNS and oligodendrocytes (OLs) in the CNS.

3.1.1. Impulse Conduction

The signal travelling along the axon, irrespective of the presence of myelin, is an electrical impulse

(action potential). The action potential is generated by local depolarization of the axonal membrane

(axolemma). The membrane potential is influenced by all ions in the intracellular and extracellular

space, but mainly sodium and potassium ions are involved. The kinetics vary between species and

different types of neurons, depending on the types and composition of the ion channels. When no

signal is being transmitted, the axonal membrane has a resting potential of 60 to 75mV. ATP

dependent Na+\K+ pumps export three Na+ ions in exchange for two K+ ions. K+ ions can also

leave the cytoplasm through other specialized channels and the potential equilibrates at its resting

state. Two main types of voltage gated channels are responsible for the conduction of the electric

impulse, i.e. the action potential. Voltagegated Na+ channels are closed in the resting state, but get

quickly opened in an allornone fashion when the membrane depolarization is increased beyond

55mV. Na+ ions stream into the axonal cytoplasm and depolarize the membrane, reaching a peak

action potential above 30mV. The local depolarization is spread as graded potential along the axon

by passive ion diffusion, which further triggers the opening of closed, voltagegated Na+ channels

in the downstream vicinity, and thereby reinforces and transmits the impulse along the axon. The

voltagegated Na+ channels are inactivated and enter a refractory period shortly after their opening.

While inactive, voltagegated Na+ do not allow flow of Na+ ions. The depolarization in turn opens

voltagegated K+ channels and K+ ions flow out of the axonal cytoplasm and reduce the membrane

potential to a hyperpolarized state. Hyperpolarization changes the K+ voltage gated channel to the

closed state. Finally the membrane potential reaches the resting potential and Na+ channels return

to the closed but active state, ready to elicit a new action potential. The whole cycle of one action

potential takes less than a few milliseconds, allowing fast firing rates. Due to the inactivation of

voltagegated Na+ channels after depolarization, it is not possible that an impulse elicits an action

potential “upstream” towards the signal that led to the action potential.
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3.1. The Nervous System

3.1.2. Nodes of Ranvier

In myelinated axons, voltagegated ion channels and pumps are highly concentrated in and around

small gaps between the long (3002000 µm) myelinated internodal segments, and act there to rein

force the graded potential in order to relay the action potential downstream to the synaptic terminal.

These gaps, known as nodes, have been prominently described in the 19th century by the French

histologist LouisAntoine Ranvier (Ranvier, 1878) , and are named after him. As a result of hav

ing nodes of Ranvier located between myelinated segments, the action potential is not gradually

reinforced along the axon, but passively diffuses along internodes and is only strengthened at the

nodes of Ranvier. This saltatory conduction of the action potential improves conduction velocity,

reaching over 100m/s (Hursh, 1939; Gordon et al., 1987). Consequentially, an electrical impulse

in such an axon will cover a distance of 100mm in one millisecond. Given the short duration re

quired to generate an action potential (few ms), the potential is being reinforced simultaneously in

multiple nodes of Ranvier rather than in a strictly sequential manner.

Morphological Organization

The nodal region of an axon is longitudinally organized into specific, distinct domains: The node

of Ranvier, the axoglial paranodal junctions and the juxtaparanode, which are located at the edge of

adjacent myelinated internodes (Fig. 3.2a). Kv1 K+ channels are mainly localized in the axolemma

of the juxtaparanode and are thought to serve as rectifiers for the resting potential and action po

tential thresholds (Brew et al., 2003; Brew et al., 2007; Higgs and Spain, 2011). SCs and OLs

form several paranodal cytoplasmic loops and are connected to the axolemma with septatelike

junctions in the paranodal region (Bargmann and Lindner, 1964; Andres, 1965). These interac

tions are mediated by the transmembrane protein Caspr1 and the GPIanchored protein Contactin1

on the axonal side and Neurofascin 155 (NF155) on the glial side (Fig. 3.2b). Another isoform

derived from the Nfasc gene is NF186, which is expressed by neurons and located in the nodal

region. The node of Ranvier, where the action potential is reinforced, is dependent on rapid de

and repolarization of the membrane and therefore harbors a high density of voltage gated Na+ and

K+ channels. AnkyrinG, AnkyrinB and 4.1B link the transmembrane proteins in the axolemma

to the cytoskeleton via spectrins. Based on the clustering of the major ion channels for Na+ and

K+, the vast majority of nodes of Ranvier form postnatally with different dynamics in the PNS and

the CNS, respectively.
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3. INTRODUCTION

In sciatic nerves of mice, most nodes of Ranvier display clustering of Na+ channels within the first

two postnatal days (Custer et al., 2003) and K+ channels first appear around one week post birth,

but are only gradually clustering until P60 (Vabnick et al., 1999). In the optic nerve, Na+ channel

clusters are first detected at P9P10 (Rasband et al., 1999a), whereas clusters of K+ channels first

appear after two weeks and occur throughout by P40 (Rasband et al., 1999b).

Figure 3.2: Architecture of a node
of Ranvier and adjacent domains. (a)
Longitudinal domains include the node
of Ranvier and the neighboring para
node (PN), where paranodal loops (PL)
of myelinating glia cells contact the ax
olemma through septatelike junctions
(SpJ). The juxtaparanode (JXP) is the
myelinated segment in close proxim
ity to the paranode. Internodes are the
myelinated segments between nodes of
Ranvier. (b)Major molecular compo
nents and their localization in the nodal
region of the PNS (left) and the CNS
(right). KV1 channels are located in the
axolemma of the JXP, while KCNQ2/3
potassium channels and NaV channels
are concentrated in the node. Con
tactin/Caspr1 interact with NF155 in
the PN. NrCAM in the node is located in
SC microvilli and the axolemma, and in
teracts either with NF186 or components
of the ECM. Transmembrane proteins
interact with AnkyrinG, AnkyrinB
or 4.1B. Instead of βIVspectrin, βII
spectrin is the prevalent variant in the
nodal region of the axon. The paranodal
junctions attach the myelin sheath to the
axolemma and serve as barrier to pre
vent longitudinal diffusion of nodal or
juxtaparanodal transmembrane proteins
of the axon. Illustrations were modified
from Poliak and Peles (2003), Rasband
and Peles (2015), and Nelson and Jenk
ins (2017).
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3.1. The Nervous System

Proper expression and localization of ion channels are major determinants of fast conduction prop

erties of axons. To achieve the saltatory conduction from node to node, it is pivotal that internodal

segments are correctly myelinated. Intriguingly, myelin protein zero (MPZ), a known key protein

of peripheral myelin, is also required in paranodal loops and SC microvilli to maintain paranodal

and nodal integrity through interaction with Neurofascins in the PNS (Brugger et al., 2015).

Myelin

Myelin is formed by a highly compact, lipidrich membrane wrapped multiple times around an

axon. In adult rat sciatic nerves, 7294 layers are reported for some axons (Webster, 1971). Re

garding the impulseconducting properties of a nerve fiber, myelin acts as an insulating layer and

decreases the membrane’s capacitance, preventing the rapid decay of the graded potential. The

thickness of the myelin sheath is proportional to the axon diameter (Donaldson and Hoke, 1905;

Schmitt and Bear, 1937; Gasser and Grundfest, 1939; Sanders andWhitteridge, 1946). Schmitt and

Bear coined the term “gratio”, the ratio of the inner axonal diameter to the outer fiber diameter.

Already early on, basic theoretical considerations suggested that there is an optimal thickness of

the myelin sheath for a myelinated fiber with a given diameter (Rushton, 1951): Not too thin, to

prevent fast and extensive leaking of the current before it reaches the next node, and not too thick

so the same geometric space can accommodate enough axoplasm that allows the current to flow

along the axon. Rushton (1951) defined an optimum gratio of ~0.61. OLs create myelin sheaths

around multiple axonal segments, whereas SCs establish a onetoone relationship with axons and

myelinate a single internodal segment. Myelination by SCs is restricted to axons with a large cal

iber (~>1 μm), while smaller axons are engaged with nonmyelinating SCs to form Remak bundles

(reviewed by Jessen and Mirsky, 2005). Remak bundles may contain, amongst others, nociceptive

sensory axons (reviewed by Harty and Monk, 2017). The experimentally observed gratio in the

sciatic nerve centers around 0.67 (Chen et al., 2006; Friede, 1986; Michailov et al., 2004). The

myelin sheath is considerably thinner in the CNS, resulting in a gratio between 0.7 and 0.8 (Ben

ninger et al., 2006; Hildebrand and Hahn, 1978; Lunn et al., 1997; Xin et al., 2005). The higher

gratio in the CNS may be a consequence of a higher pressure for space efficiency compared to

the peripheral nerves (Chomiak and Hu, 2009). Moreover, myelination in the CNS not only aims

to maximize conduction velocity, but is adaptive and takes part in the complex coordination of the

CNS neuronal network (perspective by Bechler and Constant, 2014).
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Composition of Myelin

Myelin of the PNS and the CNS consists of over 70% lipids in dry weight and a substantial fraction

of cholesterol (~40 %mol of lipids, Laatsch et al., 1962; Norton and Autilio, 1965; Obrien and

Sampson, 1965; Norton and Autilio, 1966; O’Brien et al., 1967; Horrocks, 1967; Smith, 1968;

Spritz et al., 1973; Oulton and Mezei, 1976; Smith and Curtis, 1979). Myelin from SCs and OLs

differs in its molecular composition, including myelin proteins that are specific to each cell type,

and other proteins that are common. A common major myelin protein is the myelin basic protein

(MBP, Jahn et al., 2009; Patzig et al., 2011). It is a peripheral, positively charged membrane protein

found in compact myelin (Han et al., 2013). MBP neutralizes the negative charge of phospholipids,

forms a cohesivemeshlike network, and brings themembrane bilayer close together in a zipperlike

manner (Aggarwal et al., 2013). The shiverer mouse is a natural MBP null mutant and is unable

to form compact myelin in the CNS (Bird et al., 1978; Privat et al., 1979; Roach et al., 1985).

MBPdeficient mice still have compacted myelin in the peripheral nerves, as myelin protein zero

(MPZ/P0) can partially compensate due to its positively charged cytoplasmic domain (Kirschner

andGanser, 1980; Ding and Brunden, 1994; Martini et al., 1995). MPZ is themost abundant myelin

protein in the PNS, adding up to 21% of the total myelin content (Patzig et al., 2011), and is not

found in oligodendrocytemyelin. PMP22 is another myelin protein of the PNS (Snipes et al., 1992).

Remarkably, 80% of the protein are readily degraded via the proteasome after translation (Pareek

et al., 1997; Notterpek et al., 1999), and a finely balanced expression is essential for successful

myelination (Adlkofer et al., 1995; Thomas, 1999; RobagliaSchlupp et al., 2002). In the CNS,

the Xlinked proteolipid protein (PLP1) is the major myelin protein (Jahn et al., 2009). PLP1 is a

part of compact myelin, and can even be detected at lower levels in SCs, while MPZ is exclusively

found in PNS myelin (Jahn et al., 2009; Patzig et al., 2011). OLs express two alternatively spliced

isoforms, PLP1 and DM20. PLP1 is required for cholesterol accumulation in the myelin membrane

and its deletion leads to marked pathological changes in adult mice (Luders et al., 2019, reviewed

by Edgar and Garbern, 2004), but does not lead to severe hypomyelination (Rosenbluth et al., 2006;

Werner et al., 2013). Only when another tetraspan proteolipid protein –M6B – is knocked out along

with PLP1, axons in the CNS are severely hypomyelinated (Werner et al., 2013). Both PLP1 and

M6B have a high affinity for cholesterol and are likely to have a function in providing cholesterol

in the secretory pathway during myelin biogenesis (Werner et al., 2013).

10
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Contrary to PLP1, M6B is only found in negligible amounts in the myelin sheath (Werner et

al., 2013). 2’,3’cyclic nucleotide phosphodiesterase (CNP1) and Myelin associated glycoprotein

(MAG) are two further proteins found in noncompact myelin of the CNS and to a lesser extent also

in the PNS (Jahn et al., 2009; Patzig et al., 2011). CNP1 is a peripheral membrane enzyme (Braun

et al., 1991; Agrawal et al., 1990) and required for axonal support in the CNS (LappeSiefke et al.,

2003; Edgar et al., 2009). MAG is a type1 singlespan transmembrane protein like MPZ and has

five extracellular Ig domains (reviewed by Trapp, 1990). At least in the PNS, MAG is required

for long term axonal support, although it is apparently dispensable for developmental myelination

(Montag et al., 1994; Fruttiger et al., 1995). MAG mediates axonglial signaling and is part of

an inhibitory signaling to repress axonal regeneration in the CNS (reviewed by McKerracher and

Rosen, 2015).

3.1.3. Schwann Cells (SCs)

The SC lineage entails four major developmental stages. The SC precursors give rise to immature

SCs. At this stage, they either differentiate to nonmyelinating SCs or to promyelinating SCs,

which finally mature to myelinating SCs (Fig. 3.3).

Schwann Cell Precursors

SC precursors (SCPs), the earliest stage in the SC lineage, originate from migrating neural crest

cells, which delaminate from the neural folds at the dorsal side of the developing neural tube and

migrate ventrally (reviewed by Jessen and Mirsky, 2005). SCPs are interdigitated between the ax

ons in developing peripheral nerves. They are fully dependent on axonderived survival signals,

most importantly Neuregulin1 (Nrg1), which is also essential for migration (Dong et al., 1995;

Lyons et al., 2005). SPCs express desert hedgehog (dhh), which is widely used as an SCPmarker

and has a role in the formation of the epi, peri and endoneurium (Parmantier et al., 1999). SCPs

display multipotent, stemcelllike features, and have the potential to generate nonglial cell lin

eages including neurons, melanocytes, mesenchymal stem cells and fibroblasts (EspinosaMedina

et al., 2014; Dyachuk et al., 2014; Adameyko et al., 2009; Kaukua et al., 2014; Joseph et al., 2004),

comprehensive review by Furlan and Adameyko, 2018).
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Figure 3.3: Differentiation of the SC Lineage (a)Neural crest cells ventrally migrate from the folding fringes
of the neural tube and give rise to numerous cell types including the SC lineage. Neural crest cells can differentiate
into SC precursors (SCPs), which proliferate and distribute along the axons from E12 to E13 in mice. SPCs
differentiate into immature SCs, which are widely abundant in peripheral nerves by E16. Several immature SCs
surround bundles of axons and provide mutual trophic support. Multiple small caliber axons remain engaged by
single immature SCs, which will later develop into nonmyelinating SCs to form Remak bundles. As immature
SCs engage with larger caliber axons (~>1 µm in diameter when measured in adult animals) in a 1:1 relation
in a process called radial sorting, they progress to the promyelinating stage. The promyelinating SC activates
the myelination program and quickly begins wrapping myelin around the axon segment. Radial sorting and
onset of myelination therefore gradually progress during the first weeks after birth in a mouse, and radial sorting
is virtually complete before mice reach 2 weeks of age. Illustration modified from Jessen et al. (2015) (b)
Exemplary electronmicrographs of mouse sciatic nerves at P2 and P60. At P2, nerves display bundles of unsorted
axons (B), sorted, but not yet myelinated axons (S) and few myelinated axons (M). At P60, larger caliber axons
are myelinated (M). Smaller axons appear embedded in SC cytoplasma as Remak bundles (R)

Immature & ProMyelinating SCs

Promoted by Notch1signalling (Woodhoo et al., 2009), SCPs further differentiate into immature

SCs (iSCs) inmice, which ensheath large groups of axons. iSCs produce a basal lamina and develop

autocrine survival circuits (Dong et al., 1995; Meier et al., 1999; Weiner and Chun, 1999; Dowsing

et al., 1999). Numbers of iSCs are finely adjusted by proliferation, survival and cell death (reviewed

by Jessen and Mirsky, 2019). ECMactivated cAMP signaling through Gprotein coupled receptor

126 (Gpr126) stimulates iSC proliferation (Monk et al., 2009; ArthurFarraj et al., 2011; Guo et al.,

2013a). Axonmediated Notch1 signaling promotes proliferation of iSCs (Woodhoo et al., 2009).

The mitogenic impact of Nrg1 signaling has been demonstrated in vitro but not fully resolved in

vivo (Morrissey et al., 1995; Dong et al., 1995; Garratt et al., 2000).
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3.1. The Nervous System

Transforming growth factor beta (TGFβ) performs a dual function. It induces cell death by itself,

but promotes proliferation in combinationwithNrg1 signaling (Parkinson et al., 2001; D’Antonio et

al., 2006). iSCs extend processes and selectively engage with a single largecaliber axons (>1 µm in

diameter when measured in adult mice) in a onetoone relationship – referred to as radial sorting –

and become promyelinating SCs. Radial sorting requires a drastic cytoskeletal reorganization, and

largely depends on the integration of signaling derived from the ECMwith signals presented by the

axon (reviewed by Feltri et al., 2016). Zeb2 is a transcriptional repressor of inhibitors of maturation,

which is essential for SC differentiation and radial sorting to occur (Quintes et al., 2016). Small

caliber axons that are not sorted remain in the bundle. iSCs and the remaining axons subsequently

mature to a Remak bundle. Remak SCs individually ensheath multiple axons such that each axon

in a Remak bundle is separated from the surrounding axons by the Remak SC.

Myelination

Axonal Nrg1III (membranebound form of Nrg1) triggers myelination in a thresholddependent

manner by activating ErbB2/3 signaling, and thus controls myelin growth (Michailov et al., 2004).

Early growth response2 (Krox20/Egr2) is the central transcription factor that activates myelin gene

expression in SCs (Topilko et al., 1994). Myelination is strictly controlled by positive and negative

regulators. SRYrelated HMGbox10 (Sox10), an essential transcription factor for SC generation

(Britsch et al., 2001), is also required during myelination (Finzsch et al., 2010), and acts together

with several other regulators to promote the myelination program. POU class 3 homeobox 1/2

(Oct6/Brn2) and Sox10 synergistically induce the expression of Krox20 and suppresses expres

sion of negative regulators of myelination (Jaegle et al., 1996; Bermingham et al., 1996; Jaegle

et al., 2003; Ghislain and Charnay, 2006; Jagalur et al., 2011). Nuclear factor of activated T cells,

cytoplasmic, calcineurindependent4 (NFATc4) activates Krox20 expression also in association

with Sox10 (Kao et al., 2009). Ying Yang (YY1) is another transcriptional activator of Krox20 (He

et al., 2010). Histone deacetylase 2 (HDAC2) promotes expression of genes driving myelination,

including Sox10, Krox20 and MPZ (Jacob et al., 2011). Krox20 transcriptionally activates NGFI

A binding protein 1/2 (Nab1/2), an essential set of transcription factors to start myelination (Le

et al., 2005b). Myelination is a metabolically demanding process and is inherently dependent on

massive membrane synthesis. Sterol regulatory element binding proteins (SREBPs) are a group of

transcription factors that regulate lipid metabolism.
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SREBPs are essential for proper myelination (Verheijen et al., 2009), and in synergy with Krox20

promote transcription of genes that are part of the cholesterol biosynthesis pathway (Leblanc et al.,

2005). Anabolic regulation by mTORC1 has a dual role in SCs. High mTORC1 activity negatively

regulates Krox20 to suppress differentiation before the onset of myelination, and is later required

for correct myelin growth (Norrmen et al., 2014; Figlia et al., 2017; Beirowski et al., 2017; Jiang

et al., 2018). Negative regulators of myelination include SRYBox 2 (Sox2, Le et al., 2005a; Florio

et al., 2018; Roberts et al., 2017), inhibitor of DNA binding 2 (Id2, Florio et al., 2018) and Notch1

signaling (Woodhoo et al., 2009).

Maintenance

Adult myelinating and Remak SCs remain highly adaptive. In consequence, their differentiated

state must be actively maintained. Additionally, myelin is not an inert structure and requires active

maintenance by the myelinating SCs. Krox20 (Decker et al., 2006) and Sox10 (Bremer et al.,

2011) are required beyond development, including in adult SCs, to prevent demyelination and de

differentiation in adult mice. Yap/Taz is another key factor for myelin maintenance, as conditional

double knockout mice displayed demyelination and abnormal, vacuolecontaining myelin profiles

(Grove et al., 2017). HDAC1/2 regulate expression of MPZ, which interacts with Neurofascins and

is ultimately required to maintain the nodal integrity (Brugger et al., 2015). Adult myelinating and

Remak SCs also have to provide sustained trophic support to the axons they are engagedwith. Liver

kinase B1 (LKB1), a metabolic regulator, is essential for the longterm support of axons (Beirowski

et al., 2014). Interestingly, nonmyelinated sensory axons are most affected, which emphasizes the

necessity of axonal support by both myelinating and Remak SCs.

Regeneration after Injury

Peripheral nerves have an outstanding regenerative capacity, as differentiated SCs remain remark

ably plastic. In case of an injury, regeneration is not dependent on a nerveresident stem cell niche,

but instead is mediated by transdifferentiation of myelinating and Remak SCs (Stierli et al., 2018).

In both crush injuries and nerve transections, axons degenerate and elicit a similar repair program

in the distal nerve segment. Injurymediated axonal degeneration triggers an adaptive cellular re

programming of myelinating and Remak SCs into repair SCs, a specialized cell type to encourage

axonal regeneration before remyelination can occur.
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cJun is a major regulator of the cellular reprogramming of myelinating and Remak SCs to repair

SCs and the subsequent repair program (ArthurFarraj et al., 2012; ArthurFarraj et al., 2017).

cJun is rapidly upregulated in SCs upon injury (Shy et al., 1996; Norrmen et al., 2018), and is in a

crossantagonistic relationship with Krox20 to switch between the myelinating and repair programs

(Parkinson et al., 2004; Parkinson et al., 2008). cJun directly decreases expression of myelin genes

(Parkinson et al., 2008) and promotes expression of neurotrophic factors (Fontana et al., 2012). The

injury response is also shaped by HDAC2, which is highly expressed shorty after injury (Brugger

et al., 2017). HDAC2 delays the initial cellular reprogramming of SCs and axonal regrowth, but is

later required for efficient remyelination (Brugger et al., 2017).

Shortly after the injury, axons locally translate placental growth factor (PlGF, distal to the lesion

site) and promote the formation of constricting actin spheres in SCs via vascular endothelial growth

factor receptor (VEGFR)signaling, which ultimately accelerates the disintegration of injured ax

ons (Catenaccio et al., 2017; Vaquie et al., 2019). Cytokines such as interleukin1α (Il1α), Il1β

and tumor necrosis factor α (TNFα) are highly expressed in SCs at 1 day after injury to attract

macrophages and promote an innate immune response (Rotshenker, 2011) to support myelin phago

cytosis (myelinophagy, reviewed by Hirata and Kawabuchi, 2002). Myelinophagy by SCs and

macrophages peaks around 5 days after injury (GomezSanchez et al., 2015). In response to the

injury, repair SCs undergo dramatic morphological changes, during which they elongate by 2 to

3fold in comparison with myelinating or Remak SCs (GomezSanchez et al., 2017), and align in

columns inside the basal lamina tubes to form regeneration tracks (bands of Büngner, Büngner,

1890). These tracks provide a supportive environment and guidance for regenerating axons, in

part due to the expression of neurotrophic factors that promote axon survival and regeneration (Eg

gers et al., 2010). These factors include glialderived neurotrophic factor (GDNF), brainderived

neurotrophic factor (BDNF) and neurotrophin3 (NT3).
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3.1.4. Oligodendrocytes (OLs)

Origin

OLs are one of the glial cell types in the CNS. Glia (from Greek “γλια“, glue) were first de

scribed as neural connective tissue (“cement”) until its cellular components were identified. OLs

belong to the class of macroglia along with astrocytes. Macroglia are generated from neuroep

ithelial cells, which are of ectodermal origin. Neuroepithelialderived neural stem cells are the

primary progenitors of neurons and macroglia. Neurogenesis starts around embryonic day 9 (E9)

and largely finishes at E13 in the mouse spinal cord. Remaining neural stem cells give rise to OLs

and astrocytes. Dorsoventral morphogenic gradients and their crossregulatory signaling activi

ties initiate the domainpatterning and consequently the specification of the differentiating neurons

and macroglia. Winglesstype MMTV integration site family proteins (WNTs) and bone mor

phogenic proteins (BMPs) are highly expressed by dorsal roof plate cells, while sonic hedgehog

(SHH) is highly expressed by cells in the floor plate (Wilson and Maden, 2005; Ulloa and Marti,

2010; Briscoe and Novitch, 2008; Chizhikov and Millen, 2005; Liu and Niswander, 2005). SHH

signaling is required to specify the ventral domains, including the pMN domain harboring cells

expressing the bHLH transcription factors Olig1 and Olig2 (Lu et al., 2000, Fig. 3.4a). Olig2 is

essential for further differentiation of these cells to either motor neuron progenitors or oligodendro

cyte precursors (OPCs, Lu et al., 2000; Zhou et al., 2000; Zhou et al., 2001). Among other factors,

Notchsignaling is permissive to drive the cells into the oligodendroglial fate (reviewed by Row

itch and Kriegstein, 2010). These OPCs are generated around E12.5, after which they migrate and

populate the whole neural tube (reviewed by Rowitch and Kriegstein, 2010). It is known that OPCs

arise from two subsequent waves in the embryonic spinal cord (Cai et al., 2005; Vallstedt et al.,

2005; Fogarty et al., 2005; Tripathi et al., 2011, Fig. 3.4a). OPCs emerging in the second wave at

E15.5 from dorsal domains are less numerous than the ventrally derived OPCs, but are most preva

lent in the dorsal funiculus in adult mice (Tripathi et al., 2011). In the brain, OPCs arise during

three waves in the telencephalic ventricular zone (Kessaris et al., 2006, Fig. 3.4b): The first wave

starts at E12.5, the second at E15.5 and the third at birth. OPCs from the first wave are largely

replaced by those generated in later waves (Kessaris et al., 2006).
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Figure 3.4: Oligodendrocyte lineage (a) Domain organization of the spinal cord and origin of OPCs. Dorsoventral
domains are largely defined by SHH and BMP/WNT from cells at ventral and dorsal roof plates, respectively. Pro
genitor cells in the pMN domain give rise to OPCs in a first wave at E12.5. A second wave of OPCs is generated from
dorsal domains at E15.5. (b) Three waves of OPC generation in the telencephalic ventricular zone have been identified:
At E12.5, E15.5 and at birth. (c) Stages of the oligodendrocyte lineage. OPCs initially arise from neural stem cells,
migrate, and proliferate. Cell numbers are matched by limited availability of growth factors and self repulsion. Most
OPCs differentiate postnatally to premyelinating oligodendrocytes, which reach out to axons by multiple processes in
a dynamic manner. During the process of maturation, selected axonal internodes finally become myelinated by myeli
nating oligodendrocytes. Illustrations in (a) & (b) modified from Rowitch and Kriegstein (2010), (c) modified from
Goldman and Kuypers (2015)

Oligodendrocyte Precursors

OPCs are migratory and highly proliferative precursors of the oligodendrocyte lineage (Fig. 3.4c),

identified by their expression of Olig2, Sox10 and Pdgfrα. Within the oligodendrocyte lineage only

OPCs express Pdgfrα, which mediates mitogenic signaling together with αvβ3 integrins (Baron

et al., 2002). OPC numbers are partially matched to the requirement in the tissue by the limited

availability of growth factors like PDGFA, IGF1, NT3 and CNTF (Calver et al., 1998; Barres

et al., 1993; Ye et al., 1995; Zeger et al., 2007; Barres et al., 1994; Cohen et al., 1996; Barres et al.,

1996; Louis et al., 1993). In addition, neuronal activity has been shown to positively stimulate

OPC proliferation (Barres and Raff, 1993; Gibson et al., 2014). Excess OPCs are subsequently

eliminated by apoptosis (Trapp et al., 1997; reviewed by Raff et al., 1993; Barres and Raff, 1994).
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The correct density of OPCs is further achieved by densitydependent feedback inhibition and self

repulsion (Zhang and Miller, 1996; Kirby et al., 2006; Hughes et al., 2013). Starting around E18.5

in mice, OPCs start to differentiate into OLs. OL generation peaks in mice at ~23 weeks after

birth (Kang et al., 2010). It continues up to 8 months in the mouse corpus callosum and cortex,

although at a low rate (Rivers et al., 2008). Intrinsic and extrinsic signals are responsible for OPC

differentiation. Chromatin remodeling by BRG1/SMARCA4 and HDAC1/2 are essential for OPC

differentiation (MarinHusstege et al., 2002; Shen et al., 2005; Lyssiotis et al., 2007; Ye et al.,

2009; Wu et al., 2012b; Yu et al., 2013). HDAC activity is required to repress the repressors of

differentiation and thereby ‘release the brakes’ for differentiation (Swiss et al., 2011, reviewed by

Zuchero and Barres, 2013). Among others, HDACs are required to relieve βCatenin mediated

repression of differentiation, likely by interacting with the transcription factor Tcf7l2 (Fancy et al.,

2009; Ye et al., 2009). Another binding partner of Tcf7l2 is Kaiso, a repressor of βCatenin depen

dent activation of transcription (Zhao et al., 2016). Furthermore Tcf7l2 is required in cooperation

with Sox10 to promote myelination in a Wnt/βCatenin independent manner (Hammond et al.,

2015; Zhao et al., 2016). Differentiation (transition from OPCs to postmitotic OLs) is repressed

by a reciprocal repression of Olig2 and Nkx2.2 (Sun et al., 2001; Sun et al., 2003; Weider et al.,

2018). NFAT proteins are dephosphorylated by Calcineurin, which allows them to translocate into

the nucleus and relieve the reciprocal repression between Olig2 and Nkx2.2 (Weider et al., 2018).

Nkx2.2 then represses PDGFRα expression and promotes differentiation (Qi et al., 2001; Zhu et

al., 2014). Remarkably, Olig2, NFAT and NKX2.2 are under the transcriptional control of Sox10

(Weider et al., 2015; Weider et al., 2018).

Postmitotic OLs and CNS Myelination

The transition fromOPCs to postmitotic OLs (“differentiation”) is followed by pronounced changes

in morphology and protein expression, upon which OLs reach out with their cytoplasmic processes

and finally myelinate up to 60 axons (“maturation”, Matthews and Duncan, 1971; Chong et al.,

2012). OLs do not require molecular cues from axons to initiate myelination. They can ensheath

chemically fixed axons (Rosenberg et al., 2008) as well as artificial fibers (Bullock and Rome,

1990; Howe, 2006; Lee et al., 2012a; Mei et al., 2014; Bechler et al., 2015). OLs produce MBP+

sheaths around fibers larger than 0.4 µm and adjust the sheath length according to the fiber diameter

(Lee et al., 2012a; Bechler et al., 2015). Extrinsic signals that adapt myelination include Neuregulin

and BDNF (Lundgaard et al., 2013), as well as electrical activity of axons, at least in part via Ca2+
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transients in the OLs (Wake et al., 2011; Baraban et al., 2018; Krasnow et al., 2018). Transcrip

tionally active myelin regulatory factor (MYRF) trimers that act synergistically with Sox10 are a

key factor promoting the myelination program (Emery et al., 2009; Bujalka et al., 2013; Hornig

et al., 2013; Muth et al., 2016). MYRF is expressed in postmitotic OLs and initially anchored to the

ER by a transmembrane domain (Emery et al., 2009; Li et al., 2013). It associates to homotrimers

and forms the transcriptionally active form by autoproteolytic cleavage (Bujalka et al., 2013; Muth

et al., 2016; Kim et al., 2017).

Analysis and Convention

Differentiation and maturation are two separate, consecutive processes in the OL lineage progres

sion (Fig. 3.4c). In this thesis, I will refer to OLs in different developmental stages according to the

following convention. All Olig2expressing cells are considered as cells of the OL lineage. Expres

sion of Pdgfrα defines OPCs and Pdgfrαneg cells delineate differentiated OLs. Pdgfrαneg cells that

are not positively labelled using the CC1 antibody comprise early stages of differentiated OLs (re

ferred to by others as premyelinating or intermediateOLs, Kang et al., 2010; GonzalezFernandez

et al., 2018; Kirby et al., 2019). Differentiated OLs in later stages of maturation, including fully

mature myelinating OLs, are CC1pos.

Metabolic Support

Themain energy sourcemetabolized by the TCA cycle in the central nervous system is glucose (Hui

et al., 2017). Neural activity is maintained with different metabolites including glucose, pyruvate

and lactate (Brown et al., 2001; Wyss et al., 2011), but lactate metabolism and oxidative phosphory

lation are essential for neurons themselves (Trevisiol et al., 2017; Fukui et al., 2007; Funfschilling

et al., 2012). Astrocytes do not depend on oxidative phosphorylation and play an important role in

the metabolic support of neurons via lactate shuttling (Supplie et al., 2017; Jha andMorrison, 2018;

Barros and Weber, 2018). Moreover it has become clear that OLs are largely glycolytic and can

also metabolically support axons by providing lactate through the monocarboxylate transporter 1

(MCT1, Funfschilling et al., 2012; Lee et al., 2012b). This concept of metabolic support has been

also shown in Drosophila (Volkenhoff et al., 2015), suggesting it is a conserved mechanism.
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The axonalmetabolic demandmay be sensed by glutamate release through oligodendroglial NMDA

receptors as a surrogate signal for electrical activity, which triggers the incorporation of additional

glucose transporters (Glut1) in the plasma membrane of OLs (Saab et al., 2016).

3.1.5. Neuropathies and Neurodegenerative Diseases

A number of diseases of the central and peripheral nervous system directly involve SCs or OLs. For

example, the demyelinating form of CharcotMarieTooth neuropathy (CMT1) is the most preva

lent peripheral neuropathy (Fridman et al., 2015). Most frequently, patients with CMT1 display a

duplication of the Pmp22 gene or a mutation in the Mpz gene (Saporta et al., 2011; Cornett et al.,

2017). Neurodegenerative disorders in the central nervous systems also display a potential link to

OL function: Spinal muscular atrophy (SMA) is characterized by selective motor neuron dysfunc

tion and loss, with Smn1 deletions or lossoffunction mutations as the underlying cause of SMA

(Lefebvre et al., 1995). In SMA, the role of OLs remains controversial (O’Meara et al., 2017;

Ohuchi et al., 2019). Multiple systems atrophy (MSA) is a rapidly progressing, fatal neurodegen

erative disorder. Glial cytoplasmic inclusions containing αSynuclein have been identified in OLs

and are causative for the pathology, leading to demyelination and eventually secondary axonal de

generation (reviewed by Stefanova and Wenning, 2016). Multiple Sclerosis is an CNSspecific

disabling disease, leading to demyelination, oligodendrocyte loss and finally axonal degeneration

(reviewed by Compston and Coles, 2008; Dobson and Giovannoni, 2019).

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS, also known as Charcot’s disease or Lou Gehrig’s disease)

is a neurodegenerative disease mainly affecting motor neurons (reviewed by Swinnen and Rob

berecht, 2014). The main feature of ALS is a progressive evolution of motor deficits. The clinical

presentation is heterogenous, as any voluntary muscle can be affected (reviewed by Swinnen and

Robberecht, 2014). Initially affected regions are either bulbar upper motor neurons or lower spinal

motor neurons (reviewed by Es et al., 2017). ALS is not a pure motor neuron disease, but rather

a multisystem condition. Neurons in the brain may also be affected and patients display charac

teristics on a spectrum from classical ALS to frontotemporal dementia (FTD; Rippon et al., 2006;

Burrell et al., 2011; Rascovsky et al., 2011; Mioshi et al., 2014, reviewed by Ling et al., 2013;

Swinnen and Robberecht, 2014).
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ALS is a fatal disease, with a mean survival time of about 3 years from diagnosis and with respira

tory failure being the most common cause of death (reviewed by Swinnen and Robberecht, 2014).

ALS is slightly more common in men than in women, and symptoms usually appear between 65 to

74 years of age (Logroscino et al., 2010). Historically, ALS has been classified as sporadic (sALS)

or, if a family history has been identified, familial (fALS). fALS accounts for 510% of all cases,

but may be underestimated. In most cases of fALS, mutations in four genes have been identified.

Most commonly C9orf72, Sod1, Fus and Tardbp (protein: TDP43). Regional differences are ob

served between European and Asian patients (Zou et al., 2017): For example, mutations in Sod1

are most common in Asia (30%) but not Europe (14.8%). Conversely, mutations of C9orf72 are

found in 34% of fALS cases in Europe and only 2% in Asian cases. Also, mutations in Tardbp

are more common in Europe (4% vs 1.5%). With modern sequencing technologies, a plethora of

potentially causative genes has been identified (reviewed by Mathis et al., 2019). Prominently af

fected processes involve axonal transport, protein turnover, RNA metabolism, and mitochondrial

function (reviewed by Robberecht and Philips, 2013; Turner et al., 2013; Mathis et al., 2019).

Among the discovered genes, a substantial number encode RNAbinding proteins, including those

encoded by Tardbp, Fus, Atxn2 (Ataxin2), Taf15, Tia1, Hnrnpa1 and Hnrnpa2/b1 (reviewed by

Kapeli et al., 2017; Zhao et al., 2018): Most of these proteins contain an arginine/glycinerich do

main, in which most mutations have been discovered. This largely unstructured, prionlike region

is suspected to mediate the formation of toxic aggregates (Wang et al., 2012a; Hergesheimer et al.,

2019). Intriguingly, TDP43 has been identified as a major component of pathological aggregates

in FTD and ALS even if not mutated (Arai et al., 2006; Neumann et al., 2006; Davidson et al.,

2007). In many cells containing these pathological aggregates, TDP43 is efficiently cleared from

the nucleus, where it is mostly located in healthy conditions (Neumann et al., 2006; Davidson et

al., 2007; Mackenzie et al., 2007). This peculiar finding leads to the question of whether loss of

nuclear TDP43 function or aggregatemediated toxicity is detrimental in the context of the pathol

ogy (reviewed by Lee et al., 2011). Numerous studies have bolstered the hypothesis that TDP43

aggregates are toxic. However, cytotoxic effects have also been observed in the absence of aggre

gates, even whenmutated forms of TDP43 still displayed nuclear localization (Hergesheimer et al.,

2019). This points out the multifaceted pathological mechanisms involving TDP43. One notable

exception among the variety of underlying mutations in ALS patients is the group of cases harbor

ing mutations in the Sod1 gene, where TDP43 is absent in aggregates (Mackenzie et al., 2007).
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Although a lot of research has been carried out to unravel the genetic and molecular basis of ALS,

available drugs are scarce and at best delay the progression of the disease: Riluzole is the most

common and only widely approved drug (first preclinical study by Mizoule et al., 1985). Clinical

studies have shown that Riluzole prolongs the survival of ALS patients by two to three months

(Miller et al., 2012). Edaravone is a free radical scavenger and delays the progression of functional

decline (Rothstein, 2017, reviewed by Es et al., 2017). The drug has been approved consecutively

by South Korea, U.S., Canada, Switzerland and China from 2015 onwards, but has not been sub

mitted for approval in the European Union (EU). Nuedexta does not extend the lifespan but appears

to improve the quality of life due to dampened pseudobulbar affects, i.e. episodes of uncontrolled

laughing or crying, in ALS (Brooks et al., 2004). Finally, antisenseoligonucleotides for sod1 have

emerged as promising treatment, as they extended the lifespan in the SOD1G93A mouse model of

ALS (McCampbell et al., 2018).

Role of Schwann cells & Oligodendrocytes in ALS

Although the major affected cell types are motor neurons, glial cells potentially modulate the dis

ease or directly contribute to neuronal cell death (reviewed by Valori et al., 2014; Philips and

Rothstein, 2014; Trias et al., 2017; Gentile et al., 2019). Based on presence of aggregates positive

for (phosphorylated) TDP43, OLs are also affected in ALS patients (Tan et al., 2007; Nishihira

et al., 2008; Philips et al., 2013; Brettschneider et al., 2014; Rohan et al., 2014; Fatima et al.,

2015; Takeuchi et al., 2016a; Takeuchi et al., 2016b). Moreover, it has been shown that OLs mod

ulate the pathogenesis in the SOD1G93A mouse model (Kang et al., 2013): Ablation of SOD1G93A

specifically in NG2+ OPCs delayed the disease progression and extended survival. Contribution

of nonneuronal cell types in ALS mouse models is further reflected by the extended lifespan of

wt/mutant SOD1 chimeras (Clement et al., 2003). SOD1basedmousemodels are the first andmost

studiedmodels of ALS (reviewed by Tan et al., 2017). In SOD1G93Amice, axonal pathology includ

ing denervation and axonal loss preceded behavioral symptoms or loss of motor neurons (Fischer

et al., 2004; Verheijen et al., 2014). These studies each analyzed postmortem biopsies from ALS

patients and confirmed their observations, suggesting that peripheral, noncell autonomous neuro

toxicity is involved. Conditional deletion of transgenic expression of mutant SOD1 in SCs further

suggested a contribution specifically by SCs: Dismutase inactive SOD1G85R transgenic mice dis

played delayed pathology and extended survival in mice with conditionally diminished transgene

expression in SCs (Wang et al., 2012b).
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Conversely, deletion of dismutase active SOD1G37R transgene expression accelerated the disease

progression and shortened the life expectancy of mice (Lobsiger et al., 2009). The authors con

cluded that both SOD1 gain or loss of function in SCs modulates ALS pathogenesis. In summary,

there is evidence that both OLs and SCs might be involved in the pathogenesis of amyotrophic

lateral sclerosis.

3.2. RNAbinding proteins

RNAbiology is largely governed by RNAbinding proteins (RBPs), assembling to ribonucleo

proteins (RNPs) together with RNA. Heteronuclear ribonucleoproteins (hnRNPs) are an evolution

ary conserved, major subclass of RNPs and primarily found in the nucleus. The hnRNPs assemble

with (pre)mRNA and provide a processing center for many aspects of RNA biology, such as splic

ing, polyadenylation, nuclear export, localization, stability, and translation. Historically, RBPs are

classified as hnRNPs when they are in complex with RNA Polymerase II derived RNA and not

part of other known stable RNP complexes such as small nuclear ribonucleoproteins (snRNPs, re

viewed by Dreyfuss et al., 1993). This classification of hnRNPs has thereby been largely based on

the availability of experimental techniques. However, a strict distinction from other RNP classes

like splicing factors is not fully established (reviewed by Dreyfuss et al., 2002). Most hnRNPs

contain a conventional nuclear localization signal and are usually composed of an RNA binding

domain (RBD) and an auxiliary domain (reviewed by Bandziulis et al., 1989; Geuens et al., 2016).

The most notable RBD is the RNA recognition motif (RRM): It contains two highly conserved

RNP consensus sequences termed RNP1 and RNP2 (Adam et al., 1986; Swanson et al., 1987).

The RRM forms a βαββαβ domain structure (β: βsheets, α: αhelix), positioning RNP1 and

RNP2 into close proximity to each other and the nucleic acid (Wittekind et al., 1992; Oubridge

et al., 1994). Some hnRNPs are also able to interact with singlestranded DNA (ssDNA, reviewed

by Dreyfuss et al., 1993; Dickey et al., 2013). Auxiliary, i.e. nonRBD, domains add another layer

of diversity to the interactions with other proteins. The combination of two RRMs and glycinerich

auxiliary domain has been identified as a prevalent eukaryotic structure of hnRNPs (Matunis et al.,

1992). More complexity is added by posttranslational modifications.
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The hnRNPs are known to be posttranslationally modified by phosphorylation (Wilk et al., 1983;

Karn et al., 1977; Holcomb and Friedman, 1984; Dreyfuss et al., 1984; Habelhah et al., 2001;

OstareckLederer et al., 2002), methylation (Beyer et al., 1977; Karn et al., 1977; Williams et al.,

1985; Merrill et al., 1986; Kim et al., 1997; OstareckLederer et al., 2006) and sumoylation (Li

et al., 2004; Vassileva and Matunis, 2004).

3.2.1. TDP43

TDP43 is an hnRNPlike protein with multifaceted functions in RNA biology. It was discovered

in HeLa cells as a protein of 43 kDa binding to HIV1 TAR DNA sequence motifs (Ou et al.,

1995). Mouse and human TDP43 protein have 96% sequence identity (from mouse transcript

NM_145556.4 and human transcript NM_007375.3).

Structure

Themain isoform of human andmouse TDP43 consists of 414 amino acids (Fig. 3.6a). The protein

can be roughly separated into three regions: 1) The Nterminal domain consists of a ubiquitinlike

fold and is able to interact with ssDNA (Qin et al., 2014). The first ten Nterminal residues are

required for homodimerization, which is vital for splicing activity (Fig. 3.6b1, Zhang et al., 2013;

Jiang et al., 2017). 2) TwoRNA recognitionmotifs (Fig. 3.6b2, Ou et al., 1995; Buratti and Baralle,

2001). 3) The Cterminal sequence is an amyloidogenic, prionlike region that consists of a glycine

rich, low complexity domain (Ou et al., 1995) with a transient αhelix in the middle (Fig. 3.6b3,

Jiang et al., 2013; Mompean et al., 2014; Mompean et al., 2015). TDP43 is widely detected in

the cell nucleus and bears two nuclear localization signals between the Nterminal domain and the

RNAbinding domain (Ayala et al., 2008; Winton et al., 2008). Although a putative nuclear export

signal has been identified, nuclear export is predominantly driven by passive diffusion independent

of exportins 1 and 5 (Pinarbasi et al., 2018; Ederle et al., 2018). TDP43 is generally expressed

at high levels during embryonic development and is essential for early embryonic development

(Sephton et al., 2010; Wu et al., 2010). It regulates itself posttranscriptionally though binding

to its own 3’UTR and destabilizing the transcript (Ayala et al., 2011; Polymenidou et al., 2011;

AvendanoVazquez et al., 2012).
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Figure 3.5: TARDNA Binding Protein 43  TDP43 (a) Domains of TDP43. The Nterminal domain (ND) is
required for dimerization, particularly the first 10 amino acids (dark blue). Two nuclear localization signals (NLS) are
located between the ND and the tandemRNA recognitionmotifs (RRMs). The second RRM contains a putative nuclear
export signal (NES). The Cterminal, glycinerich domain (GRD) is largely unstructured andmediates interactions with
other proteins. (b) Protein structure of TDP43. Resolved molecular structures of the Nterminal domain (1), the RRM
domains (2) and the Cterminal domain (3). Separate domains are connected by dashed lines. NLS and NES sequences
are shown in purple boxes. The Nterminal domain harbors an ubiquitinlike fold. The structure of the RRMs is shown
in complex with RNA (pink line drawing). Illustration modified from Sun and Chakrabartty (2017).
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Figure 3.6: Functional spectrum of TDP43 TDP43 is mostly located in the nucleus (ac), but also influences
RNA metabolism in the cytoplasm (df). (a) TDP43 is located in transcriptionally active nuclear regions and in one
case reportedly binds to the promoter region and represses transcription. (b) The moststudied function of TDP43
entails alternative splicing and repression of noncanonical, cryptic splicing. (c) TDP43 interacts with proteins of the
microprocessor and is involved of miRNA biogenesis of selected miRNAs. (d) The stability of some mRNAs is either
promoted or lowered through binding of TDP43 to their 3’UTR. TDP43 binds to its own transcript and promotes
destabilization, in order to regulate its own expression in a negative feedbackloop. (e) In neurons, TDP43 is also
located in RNA transport granules. ALSrelated mutations impair the transport function of TDP43. (f) Upon diverse
cellular conditions, TDP43 locates to stress granules and influences their assembly.

Function

TDP43 is well described as RNAbinding protein that is involved in several functional aspects

of RNA biology. It binds to UGrich repeats of intronic premRNAs in the nucleus or to 3’UTRs

of mRNAs in the cytoplasm (Buratti and Baralle, 2001; Buratti et al., 2001; Buratti et al., 2004;

Polymenidou et al., 2011; Tollervey et al., 2011; Xiao et al., 2011; Sephton et al., 2011; Narayanan

et al., 2013). TDP43 interacts with transcripts of up to several thousand proteincoding genes,

which represent a substantial part (~30%) of the transcriptome (Polymenidou et al., 2011; Tollervey

et al., 2011; Sephton et al., 2011). To a minor extent TDP43 additionally interacts with long non

coding RNAs (lncRNA, Tollervey et al., 2011). In the nucleus, TDP43 colocalizes with sites of

active transcription and associates with nascent transcripts (Casafont et al., 2009). Interaction with

genomic DNA has been reported for the acrv1 gene, where TDP43 binds to the promoter region

and represses transcription (Lalmansingh et al., 2011). Most notably, TDP43 globally regulates

splicing, particularly alternative and noncanonical, cryptic splicing (Buratti and Baralle, 2001;

Buratti et al., 2001; Buratti et al., 2004; Polymenidou et al., 2011; Tollervey et al., 2011; Ling

et al., 2015; Vogler et al., 2018).
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Nuclear functions of TDP43 are further reflected by its protein interactome: In the nucleus it

mainly interacts with hnRNPs and splicing complexes (Freibaum et al., 2010; Ling et al., 2010;

Sephton et al., 2011). In addition, TDP43 interacts at least in vitro with Drosha/Dicer and other

miRNA processing associated proteins, and is involved in miRNA biogenesis (Gregory et al., 2004;

Ling et al., 2010; Kawahara andMiedaSato, 2012; Di Carlo et al., 2013). In the cytoplasm, TDP43

binds to the 3’UTR of mRNAs and either promotes or lowers their stability to regulate expression

(Ayala et al., 2011; Colombrita et al., 2012; Costessi et al., 2014; Strong et al., 2007). Interestingly,

TDP43 destabilizes its own transcript and thereby regulates its protein levels in a negative feedback

loop (Ayala et al., 2011). TDP43 in the cytoplasm interacts with proteins largely involved in

translation and localizes to RNP granules (Elvira et al., 2006; Freibaum et al., 2010; Blokhuis et al.,

2016). RNP granules are membraneless organelles and differently influence posttranscriptional

regulation, including storage of translationally repressed transcripts (stress granules, processing

bodies) or transport of transcripts to specific sites (transport granules, reviewed by Anderson and

Kedersha, 2009). As demonstrated in neurons, TDP43 forms RNP granules in association with

bound mRNA and is transported along axons (Alami et al., 2014, not yet peerreviewed: Wong

and Tsai, 2019). TDP43 is found in stress granules under acute cellular stress inductions and

potentially contributes to their formation (Freibaum et al., 2010; Dewey et al., 2011; Colombrita

et al., 2009; McDonald et al., 2011). Stress granules transiently form and store a particular set of

transcripts in the cytoplasm under a variety of stress conditions (Anderson and Kedersha, 2008).

Posttranslational Modifications

A variety of posttranslational modifications have been reported for TDP43 and include phospho

rylation, ubiquitinylation, cysteine oxidation, proteolytic cleavage, and acetylation (Buratti, 2018).

Most of these modifications have been studied in a diseasefocused manner due to the prominent

manifestation of aggregated TDP43 in neurodegenerative diseases (see subsection 3.1.5). Several

phosphorylation sites have been identified (Neumann et al., 2009; Kametani et al., 2016), most

notably S48 (Wang et al., 2018a) and S409/410 (Hasegawa et al., 2008; Inukai et al., 2008; Kim

et al., 2015). A phosphomimetic S48E mutation impaired the oligomerization and consequently

the splicing function of TDP43 (Wang et al., 2018a), while phosphomimetic mutants of S408/409

are toxic to cells (Kim et al., 2015). The E3 ligase Parkin ubiquitinylates TDP43 (Hebron et al.,

2013) and a variety of targeted lysine residues have been identified in diverse contexts (Seyfried

et al., 2010; Dammer et al., 2012; Wagner et al., 2011; Kim et al., 2011).
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TDP43 is mainly degraded via the ubiquitinproteasome system (UPS, Scotter et al., 2014).

Ubiquilin2, an ubiquitinlike protein involved in UPS and autophagy (Ko et al., 2004; N’Diaye

et al., 2009a; N’Diaye et al., 2009b), binds with high affinity to the Cterminus of TDP43 and was

suggested to mediate the degradation of TDP43 (Cassel and Reitz, 2013). Remarkably, mutations

in the Ubqln2 gene cause ALS and FTD (Deng et al., 2011; Daoud et al., 2012; Synofzik et al.,

2012; Williams et al., 2012). Oxidative stress can lead to cysteine oxidation and result in both

both inter and intramolecular disulphide bonds (Cohen et al., 2012). Cysteine oxidation located

within the RRMs generally leads to loss of function and aggregation (Chang et al., 2013; Rabdano

et al., 2017). Oxidation of Nterminal cysteines (C39,C50) reduces TDP43 tetramerization and

may influence aggregation (Jiang et al., 2017; Bozzo et al., 2016).

Although it remains controversial and most likely depends on the exact experimental system, ag

gregation is also observed when TDP43 is overexpressed (Igaz et al., 2011; Shan et al., 2010;

reviewed by Hergesheimer et al., 2019). Aggregates contain Cterminal fragments (CTF) of ap

proximately 25 and 35 kDa. These cytoplasmic fragments lack the NLS and when generated in the

nucleus are efficiently exported (Pesiridis et al., 2011). These fragments are most likely generated

proteolytically, e.g. upon cellular stress (Dormann et al., 2009; Wobst et al., 2017), and are closely

related to pathology. Potential proteases include caspases 3,4 and 7 (Zhang et al., 2007; Huang

et al., 2017; Li et al., 2015), but also AEP (Herskowitz et al., 2012) and calpain (Yamashita et al.,

2012) have been reported to cleave TDP43.

TDP43 in MyelinationCompetent Glia

TDP43 (TBPH) knockdown in Drosophila glial cells results in agedependent motor deficits, pre

mature lethality, and defects in motor neuron wrapping (Ghosh et al., 2013; Diaper et al., 2013;

Romano et al., 2015). These data suggest that TDP43 might be essential also in glia cells of other

species. As elaborated above, mutations in TDP43 have also been associated with severe human

disorders like ALS, and OLs have also been implicated in TDP43 ALS/FTLD pathology (subsec

tion 3.1.5). Furthermore, mice harboring TDP43 deficient OLs display progressive motor deficits

and premature lethality, at least in part associated with the death of differentiated oligodendrocytes

(Wang et al., 2018b).
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3.3. RNA splicing
Transcribed pre messenger RNA (premRNA) undergoes three major modifications in eukaryotes:

5’ capping, splicing and 3’ polyadenylation. During splicing, separated blocks of coding or regula

tory sequences are joined and the separating sequences (introns) are removed (Berget et al., 1977;

Chow et al., 1977). While introns do not contribute to the mRNA, they can contain functional

noncoding RNA species such as miRNAs and snoRNAs, or serve functions amongst others as

regulatory sequences for transcription factors at the genomic level or for splicing regulatory fac

tors at the transcript level (reviewed by Jo and Choi, 2015). There are some forms of noncanonical

splicing generating retained introns, recursive splicing, circular RNAs, microexons and cryptic ex

ons. The latter will be subsequently explained in more detail.

3.3.1. RNA Splicing by the Spliceosome
Splicing mediated by the spliceosome is a widely conserved process among eukaryotes, although

the proportion of premRNAs having introns is highly variable among different eukaryotic organ

isms: Unicellular eukaryotes, as for example trypanosomes, have an extremely low prevalence for

introncontaining genes. In yeast (S. Cerevisiae), it is estimated that only 5% of all premRNAs

contain introns (~300 genes, Liang et al., 2003; Morgan et al., 2019). On the other hand, pre

mRNAs of mammalian organisms are widely spliced (mice ~85%, humans ~90%; Cunningham

et al., 2019). The spliceosome is a ribozyme that mediates splicing dependent on two catalytic di

valent metal ions (Fica et al., 2013; Steitz and Steitz, 1993). It is assembled stepwise and changes

composition along with the splicing process, which essentially consists of two subsequent SN2

type transesterifications (reviewed by Shi, 2017): First, the phosphoester bond at the 5’ splice site

(5’SS) is broken and the free 5’end of the intron is linked to the branch site located on the same

intron, resulting in a free 3’end of the 5’ exon and an intronlariat 3’ exon intermediate. Second,

the intronlariat is detached and the exons are ligated. The core of the spliceosome consists of five

small nuclear ribonucleoproteins (snRNPs), containing uridinerich small nuclear RNAs (snRNAs

U1, U2, U4, U5 and U6) and their associated proteins. The snRNAs interact with the premRNA

and position it for the splicing. In addition, U2, U5 and U6 form the active site together with the

two associated Mg2+ ions. The spliceosome is a complex and proteinrich ribozyme, containing

~45 snRNPassociated proteins and a total of ~170 spliceosomeassociated proteins (Wahl et al.,

2009).

29



3. INTRODUCTION

3.3.2. Alternative splicing

The presence of introns not only gives rise to additional regulatory features, but also allows to differ

ently combine the exons from one gene and thereby increase the genome coding capacity. Another

evolutionary benefit is the possibility to combine exons from different ancestor genes to form new

genes, commonly referred to as exon shuffling (Hynes, 2012). In line with the low prevalence

of introns in Yeast (S. Cerevisiae), there are only very few reported cases of alternative splicing

(Morgan et al., 2019). Conversely, it is estimated that about 95% of human multiexon genes are

alternatively spliced (mice ~79%, Pan et al., 2008; Cunningham et al., 2019). However, the contri

bution of alternative splicing events towards functionally distinct isoforms is controversial, and is

estimated to only hold true for a minority of genes (Bhuiyan et al., 2018; Saudemont et al., 2017).

Differential usage of exons is controlled by regulatory elements, their associated proteins and the

splice sites themselves. A strong splice site is very similar to the consensus sequence and thereby

has a higher affinity to splicing factors than a weak splice site with lower consensus. Usually,

strong splice sites are used constitutively, whereas the usage of weak splice sites is variable. The

alternative use of splice sites involves alternative cassette exons (sometimes mutually exclusive),

alternative 5’ or 3’ splice sites, or retention of alternative introns. Cisacting splicing regulatory

elements (SREs) are found on exons or introns to both promote (enhancers) or repress (silencers)

splicing. These elements are often targeted by transacting factors (regulatory RBPs), such as Ser

Argrich (SR) proteins as well as proteins of the hnRNP family. Regulatory RBPs always exert

their function via the core splicing machinery through regulating snRNP assembly, recruitment of

limited core components to the splice site, or modulating key steps of the splicing cycle (Fu and

Ares, 2014). Despite the identification of many transacting factors and regulatory sequences, a

‘splicing code’ to predict the splicing outcome could not be deciphered and the specific context

matters (Fu and Ares, 2014): The decision between competing splice sites may be reached due to

relatively more efficient interaction with the splicing machinery. In many cases SR proteins are

positive splicing factors promoting exon inclusion, and hnRNPs repress splicing. The location of

the SRE also changes the outcome, and it is decisive whether it is located in the exon or intron,

and where exactly. For example, the position of an intronic SRE relative to the exon determines

whether a transacting factor either promotes or inhibits exon inclusion. Splicing factors may bind

cooperatively or compete for the same binding site.
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3.3.3. Noncanonical splicing

Noncanonical splicing is a collection of various kinds of splicing events. Some are likely physio

logical and constitute a posttranscriptional regulation of gene expression, while others have detri

mental effects and have to be generally suppressed. As an example discovered in Arabidopsis,

exonic introns (exitrons) are introns within protein coding exons and affect protein structure (Mar

quez et al., 2015). If splice sites are weak or introns are very short, it may be retained in the mRNA

(retained introns). Retained introns are proposed to be another global layer of regulation to tune

gene expression (Yap et al., 2012; Wong et al., 2013; Braunschweig et al., 2014; Boutz et al., 2015).

These transcripts are either directly degraded in the nucleus (Yap et al., 2012) or after export in the

cytoplasm by nonsensemediated mRNA decay (NMD, Wong et al., 2013). NMD is one of the

quality control systems of a cell and typically targets mRNAs with a termination codon within

the open reading frame, commonly referred to as premature termination codon (PTC, one form of

NMDactivating codons; reviewed by LykkeAndersen and Jensen, 2015). To efficiently trigger

NMD, PTCs must be located 5055 nucleotides upstream of the last exonexon junction (reviewed

by LykkeAndersen and Jensen, 2015).

ASNMD and Cryptic Splicing

Introns comprises a large sequence space, so it is not unlikely that a canonical splice site motif

appears by pure chance. These cryptic splice sites do not necessarily lead to efficient splicing

and mostly only appear once a repressive RBP is removed or the site has become stronger due to

genomic mutations. If cryptic splice sites are used by the splicing machinery, intronic sequence

is incorporated as a cryptic exon. Cryptic exons often result in a frameshift and emergence of

pretermination codons (PTCs), finally leading to the degradation of the transcript by NMD (Eom

et al., 2013; Ling et al., 2015; Ling et al., 2016; Humphrey et al., 2017). Cryptic exons are usually

defined as nonannotated exons that impair the function of themRNA sequence, e.g. by introducing

frameshifts (Sibley et al., 2016). However there are also functional NMD exons or poison cassettes

(Jangi et al., 2014), which introduce PTCs as a regulatory mechanism to tune the transcript levels.

Interestingly, splicing regulatory RBPs themselves are not only part of the splicing dynamics but

also prominent members of proteins regulated by ASNMD (Lewis et al., 2003; Mendell et al.,

2004; Baek and Green, 2005; Lareau et al., 2007; Ni et al., 2007; Jangi et al., 2014; Yan et al.,

2015).
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A distinct feature of alternatively spliced NMD exons is their high conservation, indicating a phys

iological function (Lareau et al., 2007; Ni et al., 2007). Less conserved exonization (emergence of

cryptic exons) occurs due to transposable elements (TEs, Sorek et al., 2002; Vorechovsky, 2010;

Lin et al., 2009; Sela et al., 2010; Shen et al., 2011). Alu elements, which are short interspersed

elements (SINEs) found in primates, are strikingly numerous and cover about 11% of the whole

human genome (Lander et al., 2001). Their incorporation into the genome often creates polypyrim

idine tracts and few mutations generate potential splice sites (Sorek, 2007; Keren et al., 2010). The

polypyrimidine tracts (polyU) serves as binding site for regulatory factors such as U2AF2 and TIA

proteins, which thereby promote the cryptic splicing (GalMark et al., 2009; Zarnack et al., 2013).

If mutations lead to a weak splice site, it may remain without deleterious effect as the majority

of the transcripts are still properly spliced. hnRNP C has been identified as a safeguard against

unwanted exonization (Zarnack et al., 2013): It binds to the Alu element derived polypyrimidine

tracts (polyU) and thereby directly competes with U2AF65, an essential factor for recruitment

of the U2 snRNP. Other RNA binding proteins that act as safeguards of the transcriptome have

been described in the last years: TDP43 (Ling et al., 2015), PTBP1/2 (Ling et al., 2016), hnRNP

L (McClory et al., 2018) and RBM17 (Tan et al., 2016). hnRNP L represses cryptic splicing of

exons containing (CA)n repeats. TDP43 and PTBP1/2 act via intronic, Urich repeats of (UG)n
and (CU)n respectively. While these proteins do have conserved targets not associated with cryptic

splicing, cryptic exons are only poorly conserved (Ling et al., 2015; Ling et al., 2016; Humphrey

et al., 2017). Due to the complex mechanism of alternative splicing itself and incidentally its low

predictability, it is not surprising that also cryptic splicing events are highly variable depending on

the cellular context (Jeong et al., 2017). Two recent studies focused on motor neurons have identi

fied an essential TDP43mediated repression of cryptic splicing of stmn2 (stathmin2) premRNA,

which encodes a microtubulinassociated protein required for normal axonal outgrowth and regen

eration (Melamed et al., 2019; Klim et al., 2019): Cryptic splicing produced a ten times shorter

transcript due to an alternative 3’UTR in the second, cryptic exon. Remarkably, reconstitution of

Stathmin2 expression could restore the impairments in cells without TDP43 function, indicating

that TDP43 is required in these cells to a large extent to safeguard against cryptic splicing of stmn2.
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3.4. Motivation and Aim of the Study

3.4. Motivation and Aim of the Study
There is evidence fromDrosophila that TDP43 performs a vital function in glial cells, and recently

evidence regarding mouse oligodendrocytes. TDP43 is mutated in some cases of ALS, and is a

hallmark component of pathological aggregates in the vast majority of ALS patients. Possibly due

to its implication in ALS, previous studies of TDP43 have been highly focused on neurons, and

the current available literature on the relationship between myelinating cells and TDP43 is limited

and fragmentary. Most mouse models of ALS are based on mutations of the Sod1 gene (Tan et al.,

2017) and mouse models based on TDP43 disease mutations have not been very successful in en

tirely mimicking the disease. OLs and SCs are known to modulate the pathological progression in

a SOD1mutant ALS mouse models, emphasizing that these cells have a potential impact in neurode

generative diseases like ALS, which might also include the majority of ALS cases with aggregates

containing TDP43. Functionally, TDP43 is involved in many aspects of RNA biology and inter

acts with a plethora of transcripts in mouse and human cells. Considering the available findings,

we hypothesize that TDP43 plays a fundamental role in myelinationcompetent glia.

In this study, we want to elucidate the physiological function of TDP43 in myelinationcompetent

glia. In our analysis, we will investigate the function of TDP43 during cell differentiation and

homeostasis. To this end, we will conditionally delete TDP43 in both OLs and SCs separately dur

ing development and after developmental myelination. Ultimately, we aim to gain knowledge about

the cellintrinsic functional role of TDP43, and further consider potential noncell autonomous im

pact on other cells in the nervous system, including neurons.

Our findings will help in understanding the basic function of this globally acting RNAbinding

protein in myelinationcompetent glia. Moreover, the knowledge gained could feed into our un

derstanding of the lossoffunction component of TDP43 proteinopathies such as ALS.
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3.5. Frequently used Abbreviations & Genes
SC Schwann cell
OL oligodendrocyte
SN sciatic nerve
SpC spinal cord
CC corpus callosum
CB cerebellum
WM white matter
GM grey matter

TARDNA Binding Protein 43
gene Tardbp
mRNA tardbp or TDP43 mRNA
Protein TDP43

Neurofascin
gene Nfasc
mRNA nfasc
Protein NFASC

Glial Isoform
mRNA nfasc155
protein NF155 (or glial Neurofascin)

Neuronal Isoform
mRNA nfasc186
protein NF186
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4. Methods
Parts of the methods described here were already described in my master thesis “RNAi in Schwann Cell Development:

The Role of the Lin28/let7 Axis, 2014” and were partly transferred to this section.

4.1. Animal Procedures

4.1.1. Transgenic Mice
Mice harboring floxed alleles of TDP43 (B6(SJL)Tardbptm1.1Pcw/J ; Chiang et al., 2010) were obtained from The

Jackson Laboratory (stock no 017591). Mice carrying a Cre transgene under control of the Dhh (Jaegle et al., 2003),

Mpz (Feltri et al., 1999), Cnp (LappeSiefke et al., 2003) orOlig2 (Schuller et al., 2008) promoter regulatory sequences

were used to delete TDP43 during development. To induce recombination in a temporally controlled manner, mice

carrying a CreERT2 transgene under control of the Plp1 orMpz promoter regulatory sequences (Leone et al., 2003) were

used. Mice expressing EGFP under control of the Pdgfrα promoter (B6.129S4Pdgfratm11(EGFP)Sor/J ; Hamilton et

al., 2003) were obtained from The Jackson Laboratory (stock no 007669), as well as mice carrying a loxStoplox

tdTomato cassette in the Rosa26 locus (B6.CgGt(ROSA)26Sortm9(CAGtdTomato)Hze/J , stock no 007909; Madisen

et al., 2010).

To conditionally delete TDP43 in Schwann cells, dhhCre or mpzCre positive mice were crossed with TDP43 floxed

mice (dhhcKO and mpzcKO). Deletion of TDP43 in oligodendrocytes was achieved through crossing cnpCre or

olig2Cre positive mice with TDP43 floxed mice (cnpcKO and olig2cKO). mpzCreERT2 and plpCreERT2 positive mice

were crossed with TDP43 floxedmice to investigate the inducible deletion of TDP43 in Schwann cells (mpziKO) and

oligodendrocytes (plpiKO), respectively. Reporter lines were crossed in for some experiments to label recombined

cells. cnpCre TDP43mice were crosses with LSLtdTomato and pdgfrαH2BEGFPmice. plpCreERT2 andmpzCreERT2

TDP43mice were crossed with LSLtdTomato mice. Recombination of plpCreERT2 andmpzCreERT2 mice was induced

between 8 to 10 weeks of age by daily intraperitoneal injections of tamoxifen (2mg, MERCK) dissolved in 10%

Ethanol and sunflower seed oil (MERCK) over five consecutive days. Control mice for experiments were Creneg

TDP43fl/fl or fl/wt, and Crepos TDP43wt/wt tdTomatotg/wt if tdTomato was additionally used. Animals were maintained

on a C57BL/6 inbred background. Experimental animals were on a mixed background between C57BL/6 and B6SJL

due to the generation of the TDP43 floxed mice. Mice of either sex were used in the experiments. A maximum of five

animals were housed together in individually ventilated cages (type II long, TECNIPLAST) in a 12 h lightdark cycle

with standard chow ad libitum. Experimental mice were euthanized using one of the following methods: a) a lethal

intraperitoneal injection of pentobarbital (150 µg/gBW, Esconarkon, Streuli Pharma SA), b) inhalation of CO2 (only for

animals older than 2 weeks) or d) decapitation of young mice (P0 – P10). All animal experiments were performed with

the approval of the Zurich Cantonal Veterinary Office (permits ZH161/2014, ZH090/2017 and ZH234/2015).
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4. METHODS

4.1.2. Genotyping
Biopsies from nongenotyped mice were obtained by clipping either a toe or an earcookie in older animals. Alka

line lysis buffer (200 µl; 25mM NaOH, 0.2mM EDTA, pH 12) was added and the toeclipped biopsies were quickly

spun down (1min at 17’000 rcf, Heraeus Pico 17 Centrifuge, Thermo). All samples were boiled on a heatblock (Ther

momixer Compact, 25min at 95 ◦C, 800 rpm). Neutralization buffer was added (200 µl; 40mM TrisHCl, pH 5) at

the end. The solution was used as source for the genomic DNA. Primer pairs indicated in Tab. 4.1 were used in the

reaction mix (Tab. 4.2), and the reaction was performed in a thermal cycler (Tab. 4.4, T3000, Biometra). Agarose gels

(22.5%) were prepared using 1x TAE buffer (100ml; 40mM Tis Base, 11% acetic acid, 1mM EDTA). SYBR Safe

DNA Gel Stain (7.5µl, Invitrogen) was added to the cooled, handwarm solution. The gel was poured into a standard

gel cast (PerfectBlue Gelsystem Mini L, Peqlab). PCR samples were mixed with appropriate amounts of 6x orangeG

loading buffer (Tab. 4.3) before loading into the wells. 6 µl of Log2 DNA ladder (New England Biolabs) were used.

PCR samples were separated at 100V (5 V/cm) using either a PowerPac 3000 or 300 (BioRad) and fluorescent signals

were acquired (Ebox, Vilber Lourmat).

Name Forward (5′–3′) Reverse (3′–5′)
Tardbp AACTTCAAGATCTGACACCCTCCCC GGCCCTGGCTCATCAAGAACTG

Cre unspecific ACCAGGTTCGTTCACTCATGG AGGCTAAGTGCCTTCTCTACA
cnp GATGGGGCTTACTCTTGC CATAGCCTGAAGAACGAGA
dhh ATACCGGAGATCATGCAAGC GGTGGTGTGGTAGAGCAGGT
mpz ACCACCACCTCTCCATTGCAC GCTGGCCCAAATGTTGCTGG

CreERT2 plp CACTCTGTGCTTGGTAACATGG TCGGATCCGCCGCATAACC
mpz CTGCACAGACATGAGACCATAGG TCGGATCCGCCGCATAACC

Rosa26 wt AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC
LSLtdtomato GGCATTAAAGCAGCGTATCC CTGTTCCTGTACGGCATGG

Pdgfrα wt CCCTTGTGGTCATGCCAAAC GCTTTTGCCTCCATTACACTGG
egfp CCCTTGTGGTCATGCCAAAC ACGAAGTTATTAGGTCCCTCGAC

Table 4.1: Mouse Genotyping Primer Sequences

Substance Amount Final
10x PCR Buffer (Gibco) 3 µl 1 x
MgCl2 50mM 0.9 µl 1.5 mM
Primers, each 5μM 3 µl 0.5 μM
dNTPs, each 25mM 0.24 µl 200 μM
Taq (LifeTech, 5 U/µl) 0.09 µl 1.5 U/100µl
ddH2O 20.77 µl
Sample (DNA) 2 µl
Total Reaction Volume 30 µl

Table 4.2: PCR Reaction Mix

Substance Concentration
Ficoll 400 2.5 %
EDTA 11 mM
TrisHCl 3.3 mM
SDS 0.017 %
Orange G 0.15 %

Table 4.3: 6x OrangeG Loading Buffer
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4.1. Animal Procedures

a regular
Cycles Time (s) Target (◦C)

1 120 94
30 45 94

30 60
60 72

1 300 72
∞ 4

b Rosa26 tdTomato
Cycles Time (s) Target (◦C) ∆◦C/cycle

1 120 94
10 45 94

30 65 0.5
60 72

30 45 94
30 60
60 72

1 300 72
∞ 4

Table 4.4: Program for genotyping PCRs. (a) Cre, TDP43, pdgfrαH2BEGFP. For plpCreERT2 and mpzCreERT2, the
annealing temperature was set to 53 ◦C. (b) Program used for the tdTomato reporter line.

4.1.3. Behavioural Analysis

To assess the motor performance of mice, we applied the inverted grid hanging test (Deacon, 2013 from Kondziella,

1964). Mice were placed on the lower side of a suspended wire mesh (28x28cm, meshsize of 13mm, mounted on a

28x28cm frame). The hanging time until mice fell into a padded landing zone 30 cm below the wire mesh was recorded.

Three trials with at least 30min inbetween trials were performed. The maximum score was set to 10min, mice holding

onto the grid beyond this time were removed from the grid.
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4. METHODS

4.1.4. In vivo electrophysiological analysis

The sciatic and the tibial nerve were used for analysis as described (Zielasek et al., 1996). Anaesthesia was induced by

injection of ketamine (Ketanest, 90 µg/gBW) and xylazine (Rompun, 9 µg/gBW). Anaesthesia was controlled and adjusted

by the loss of the pedal withdrawal reflex. The bodytemperature was continuously controlled and maintained at 32

34 ◦C using a heatlamp. One pair of nearnerve electrodes (proximal stimulation) were inserted into the left sciatic

notch, a second pair of nearnerve electrodes (distal stimulation) was inserted subcutaneously along the tibial nerve

just above the ankle. The distance between proximal and distal electrodes was used to calculate the nerve conduction

velocity (NCV). A third pair of electrodes (muscle recording) was inserted in the skin close to the hallux and between

the second and third digit of the left foot. Waves were recorded and processed using a Neurosoft Evidence 3102

electromyograph (Schreiber and Tholen Medizintechnik, Germany) upon supramaximal stimulation. See Tab. 4.5 for

used values and calculations.

sciatic 
nerve

proximal 
stimulus

earth

distal 
stimulus

record

di
st

an
ce

sciatic 
nerve Type/Calculation Stimulating Recording Derived Parameter

motor proximal proximal recording Hwave
motor distal distal recording cMAP
cs latency distal proximal cSNAP
∆latencymotor(prox.−dist.)

distance motor NCV
latencycs(dist. to prox.)

distance csNCV

Table 4.5: Electrophysiology.
(left) Schematic of electrode placement. (right) Settings for recordings, calculations of NCVs and parameters used.

4.1.5. Surgical procedures (nerve crush)

Mice were subjected to unilateral sciatic nerve crush two months post tamoxifen injection. Mice were injected with

buprenorphine for analgesia (0.1mg/kg; Temgesic). A first preemptive injection was given before the procedure and

two daily injections 46 h apart in the following 48 hours. In the same peridod, drinking water was supplemented

with buprenorphine (0.3mg/ml) during the nights. Anesthesia was induced and maintained with isoflurane (Provet

AG) inhalation. After blunt dissection to reveal the sciatic nerve, it was crushed for 30 s with blunt forceps (S&T

JF5 TC, FST). Bupivacaine (0.025%) was administered for local anesthetic treatment. The wound was subsequently

closed and the skin incisure was closed with histoacryl tissue adhesive (B.BraunSSC AG). Morphological analysis

was performed~2mm distal to the crush site.
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4.2. Cell Sorting

4.2. Cell Sorting

Substance Amount

Trypsina 0.15 %

Collagenase, Typ IIb 0.29 %

Hyaluronidasec 1 U/µl

DNaseId 80 μ/ml

in HBSS

Table 4.6: Dissociation Buffer aT9201,
Merck; bLS004174 and cLS005477,

Worthington; dD4527, Merck

Mice were either directly decapitated (P5 – P10) or after euthana

sia using pentobarbital (>P10), and the spine was cut in the proxi

mal sacral segments of the spinal cord. A syringe filled with cold

PBS was inserted into the sacral spinal cavity using eroded 21G

canules, and the spine was straightened using mild pressure with

a finger. The spinal cord was subsequently extruded by hydraulic

pressure. Spinal cords are shortly transferred to dishes with cold

PBS and gently tapped on a dry surface to remove excess liq

uids. Using straight scalpel blades (2335474, VWR), the spinal

cord was finely minced and dissociation buffer was added (490 µl,

Tab. 4.6). Themixwas subsequently transferred to 15ml tubes and

incubated at 37 ◦C for 20min with occasional shaking (1’000 rpm for 15 sec per 4min, ThermoMixer C, Eppendorf).

The dissociated tissue was triturated by carefully pipetting 30x with a 1ml pipette tip followed by 20x with a 200µl

pipette tip. The digestion was stopped by adding 9.5ml cold ‘stop buffer’ (10% FBS, 5mM EGTA, DMEM GLuta

max). The suspension was centrifuged at 4 ◦C (5min at 450 g, for singlecell sequencing 100 g) and the supernatant was

carefully aspirated. The pellet containing cells was carefully resuspended in FACS flow buffer (400 µl; 0.5% BSA,

5mM EGTA in PBS). For protein analysis, only 0.1% BSA was used in the flow buffer. Up to 20min before sorting,

the suspension was passed through a 50 µm filter (CellTrics, Sysmex). Sorting itself was performed on a Sony SH800

sorter. A pressure of 3 to 5 was applied to use cells for OPC cultures and singlecell RNA sequencing, for collection of

cells in lysis buffers we used a pressure of 6 to 7. Gating was performed according to the specific experiment, however

the last gate always positively selected single cells determined by the forward scatter area versus height. Sorting was

performed in purity mode.

4.3. Biochemical Analysis

4.3.1. RNA Extraction and Analysis

We used the AllPrep RNA/DNA Kit in combination with precedent use of QIAshredder tubes (Qiagen) for

peeled – i.e. maximum removal of the epi & perineurium – P5 sciatic nerves which were analysed by RNA se

quencing. Total RNA from all other samples was extracted using Qiazol (Qiagen). Whole tissue was ground at 80 ◦C

(metal tube rack on dry ice) in 1.5ml plastic tubes using precooled plastic pestles (Argos Technologies). Triazol was

added the suspension, which was further mixed until the tissue dissolved completely. Cells from culture were washed

once with cold PBS. Qiazol (1 mL/cm2) was added, and transferred to tubes after gentle shaking.
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4. METHODS

Samples were left at room temperature for 5min before chloroform (200 µL/mL Qiazol) was added. Samples were vortexed

(15 s) and placed at room temperature for 2min for phase separation. The supernatant was collected after centrifugation

(15min at 17’000 rcf, 4 ◦C, Heraeus Fresco 17 Centrifuge, Thermo) in a new tube. Glycogen (40 µg/ml Qiazol, Life

Technologies) was added as a coprecipitant along with one volume of isopropanol (20 ◦C). After shortly vortexing

(15 s) and incubation (10min at RT), the precipitated RNA was spun down (30min at 17’000 rcf, 4 ◦C). Subsequently,

the supernatant was removed by aspiration, and the pellet was washed twice with precooled 70% ethanol. Finally,

the pellet was allowed to airdry at room temperature (510min) and resuspended in nucleasefree H2O (20 µl). The

RNA concentration was measured using a spectrophotometer (Nanodrop Lite, Thermo Scientific) or the Qubit RNA

HS Assay (Thermo Scientific). RNA was stored at 80 ◦C.

cDNA was prepared using the “Maxima First Strand cDNA Synthesis Kit for RTqPCR” (Thermo Scientific). The

reagent mix was prepared according to the manufacturer’s instructions (Tab. 4.7), and the reverse transcription was

performed in a thermal cycler (TProfessional TRIO, Biometra) with the indicated temperature program (Tab. 4.8).

cDNA was diluted to 4 µl/ng RNA input with nucleasefree H2O and stored at 20 ◦C. The relative abundance of specific

transcripts was analysed by realtime quantitative polymerase chain reactions (qPCR). Primers were designed using

PrimerBlast (Tab. 4.9, Ye et al., 2012).

Sampleswere always analyzed in technical triplicates. cDNAand the reactionmixwere filled 384well plates (Tab. 4.10).

The plates were sealed afterwards with adhesive foil and the plate was shortly centrifuged (max. 2800 rpm, Centrifuge

5804 R, eppendorf). The qPCR itself was performed in a Light Cycler 480 II (Roche, Tab. 4.11). Ct values were

normalized to gapdh or βactin (4.1). Linearized ∆Ct values were further normalized to the average of all control

samples (4.2). Statistics were performed on the normalized linear ∆Ct values.

Substance Amount
5x Reaction Mix 4 µl
Maxima Enzyme Mix 2 µl
RNA 100 ng*
H2O, nucleasefree: fill up to 20 µl
Total Reaction Volume 20 µl

Table 4.7: Reverse Transcription Reaction Mix
*min. amount, up to 1 µg was used.

Time Temperature
10 min 25 ◦C
15 min 50 ◦C
5 min 85 ◦C
Pause 4 ◦C

Table 4.8: Reverse Transcription
Temperature Program

linear∆Ct, x = 2−∆Ct, x = 2−(Ct, x−Ct, housekeeper) (4.1)

normalized linear∆Ct, x =
linear∆Ct, x

<linear∆Ct, x,control>
(4.2)
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4.3. Biochemical Analysis

Gene Forward (5′–3′) Reverse (3′–5′)
actb CTTTGCAGCTCCTTCGTTGC CCTTCTGACCCATTCCCACC
enpp6 GGATGGTTTTCGCTCAGACTACA GTTGCCGATCATCTGGTGGA
gapdh GAGAGTGTTTCCTCGTCCCG ATGAAGGGGTCGTTGATGGC
heyl AGAGAAACGGCGCAGAGAC GTGATCCACGGTCATCTGCAA
itpr2 CCAGCTTCCTCTACATTGGGG TTCTTGGGTGGGTTGGCAAG
klk6 CCTGGCAAGATCACCCAGAG GAGGCGACCCCCACATACTA
lgr4 TCGTGGACTGAGTGCTTTGC AGATGCCGCAACTGAACGAG
mag CTGCCTTCAACCTGTCTGTG CTGCCTTCAACCTGTCTGTG
mog CGTGCAGAAGTAGAGAATCTCCAT ATCACTCAAAAGGGGTTTCTTAGCT
nfasc155 GGAGAGAGACCCGAGAGACTT CGGATTTTAACTTCAGTGGGCG
olig2 ACAGACCGAGCCAACACCAG ATCATCGGGTTCTGGGGACG
pdgfra CACAATAACGGGAGGCTGGT TATACACAGTCTGGCGTGCG
plp1 GCAAGGTTTGTGGCTCCAAC GCGAAGTTGTAAGTGGCAGC
pnpla3 GCTATCGCTGCAGTCCACA ACACCCTGGGCCCAAGTATT
tardbp CTGTGCTTCCTCCTTGTGCT CAACACCGTCCCATCGTCTT
tardbpexon 3 TCCCCTGGAAAACAACTGAGC TTACAGTCACACCATCGCCC
tcf7l21 CCTCCGCACCCTCCAGATAT CCTAGACATAGATGCGTTGACTGT
tdp43 CTGTGCTTCCTCCTTGTGCT CAACACCGTCCCATCGTCTT
tmem199 CGGCAGTACGTGATGCTCAT TTCAGGGAACGAGGATGGGT
wwp2 CGGAAGTGGAGCGGAGTTAG GCTGACACCACTTTCAGGGT

Table 4.9: qPCR Primer Sequences

Substance Amount
FastStart Essential DNA Green Master 5 µl
Primer Forward (5 μM) 0.5 µl
Primer Reverse (5 μM) 0.5 µl
cDNA (4 µl/µg RNA input) 4 µl
Total Reaction Volume 10 µl

Table 4.10: qPCR Reaction Mix

Name Cycles Time (mm:ss) Target (◦C) Ramp Rate ( ◦C
s
)

Preincubation 1 10:00 95 4.4
Amplification 50 00:10 95 4.4

00:20 60 2.2
+HRM Dye* Detection 00:20 72 4.4
Melting Curve 1 00:05 95 4.4

01:00 60 2.2
 95 0.11

Cooling 1 00:30 40 2.2

Table 4.11: Temperature Program for qPCR *High resolution melting dye
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4. METHODS

4.3.2. Western Blotting
Frozen mouse tissue (peeled sciatic nerves or spinal cords) was ground before and after adding lysis buffer (Tab. 4.12).

Cells were washed with cold PBS before lysis buffer (PN2 Tab. 4.12 or 1x Laemmli Tab. 4.13) was added. The

large end of a pipette tip was used to scrape the cells and the obtained lysate was afterwards transferred into 1.5ml

tubes. The protein concentration of lysates in PN2 buffer was determined using the Micro BCA Protein Assay Kit

(Thermo Scientific) andmeasurement of the absorption at 560 nm on amicroplate reader (GloMaxDiscover, Promega).

Afterwards, 10x Laemmli buffer (Tab. 4.13) was added to these lysates in appropriate volumes to get a 1x dilution.

The lysates were stored at 20 ◦C.

Substance Amount
SDS 0.1 %
TrisHCla 25 mM
NaCl 95 mM
EDTAb 10 mM
Inhibitorsc 1 x

Table 4.12: PN2 Protein Lysis Buffer afrom 1M
stock solution, pH7.4 bfrom 500mM stock solution,
pH8 c c0mplete protease inhibitor and phosphorStop
(11844600, 04906837001, Roche)

Substance Amount
TrisHCl pH 6.8 62.5 mM
glycerol 10 %
βmercaptoethanol 5 %
SDS 2 %
1% Bromophenol Blue 2 ‰

Table 4.13: 1x Laemmli Buffer

Separation by SDSPAGE

Separation and blotting were performed using theMini TransBlot Cell system (BioRad). Protein lysates in 1x Laemmli

buffer were boiled (5min at 95 ◦C, 800 rpm) and subsequently loaded into an SDSPAGE gel (MiniProtean TGX, 4

15%, BioRad). All empty wells were filled with 1x Laemmli buffer. Electrophoretic separation was performed at

110mA using SDS running buffer (Tab. 4.14). PVDF membranes (Merck) were activated in methanol for 30 s. Mem

branes, filter paper and sponges were equilibrated in transfer buffer (Tab. 4.15) before they were used for assembling.

The gel with the membrane directed towards the anode was inserted into a sandwich of thick filter paper and sponges

on the outside. A 50ml tube was used to roll over the stack and thereby remove air bubbles. The whole mount was

filled with transfer buffer and tapped until no more air bubbles appeared. Blotting was performed at 70V for 90min

at 4 ◦C.

Substance Amount
Tris Base 30.2 g
Glycine 144 g
SDS 10 g
H2O: fill up to 1 l

Table 4.14: 10x SDS running buffer

Substance Amount
Tris Base 2.4 g
Glycine 24.4 g
MeOH 200 ml
H2O: fill up to 1 l

Table 4.15: Transfer buffer
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4.3. Biochemical Analysis

Verification of Transfer

To confirm that proteins were successfully blotted onto themembrane or tomake them visible for cutting themembrane,

they were stained with staining solution (0.5%w/v Ponceau S, 1%v/v acetic acid). The membranes were incubated with

staining solution (20ml for 5min at RT) and washed with distilled H2O until the background was removed. Before

proceeding with detection, the membranes were washed once with H2O followed by TBST (20mMTrisBase, 137mM

NaCl, 0.05% Tween20 in H2O) until the staining largely disappeared.

Protein Detection

Themembranes were washed once with TBST (20ml, 5min at RT) and incubated in blocking buffer (5ml TBST con

taining 5% BSA, Sigma) for 1 h at RT. Membranes were subsequently incubated with 3ml blocking buffer containing

the primary antibody (Tab. 4.16) in 15 or 50ml tubes on a roller mixer (overnight at 4◦C). The membranes were washed

three times (20ml TBST, 5min at RT) and subsequently incubated with 3ml milk blocking buffer (5% skimmed milk

powder instead of BSA) containing the secondary antibody (1 h at RT). Incubation with antibodies against loading

control proteins (βActin, αTubulin & GAPDH) and the corresponding secondary antibody were reduced to 30min,

and performed in milk blocking buffer. Membranes were washed three times (20ml TBST, 5min at RT). Detection

reagent (ECL Prime, VWR or CDPStar, Merck; 1ml per full membrane) was added and membranes were imaged after

5min at room temperature using a FusionFX7 (Vilber Lourmat). If membranes were used to further detect proteins,

they were washed three times (20ml TBST with 0.1% NaN3, 5min at RT) before proceeding.

Target Species Dilution Company Catalog Nr
αTubulin m 1/10’000 Sigma T5168
βActin m 1/10’000 Sigma A5316
Cont1 gt 1/1’000 R&D AF904
H3 rb 1/2’000 Cell Signaling Technology 4499
KV1.2 m 1/1’000 abcam ab192758
MBP rt 1/500 Serotec MCA409s
Nfasc rb 1/5’000 R&D AF3235
Pdgfrα rb 1/1’000 Cell Signaling Technology 3174
TDP43 rb 1/1’000 ProteinTech 128921AP

Table 4.16: Primary Antibodies used for western blots.
Species include mouse (m), rat (rt), rabbit (rb) and goat (gt).

Computational Analysis

The quantification was performed using ImageJ. The background of the bands was optionally subtracted (Rolling ball,

no smoothing) to avoid bias from manual border determinations. The quantification was performed using the gel

analysis tool as described in the software manual. Values were normalized individually to the selected loading control

signal and to the average of control samples.
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4. METHODS

4.4. Immunofluorescent Analysis
Tissue Preparation

Animals were euthanized and dissected. For spinal cords, mice were first perfused with PBS and subsequently 4%

paraformaldehyde (PFA, Electron Microscopy Sciences) in PBS. Sciatic nerves were dissected immediately after eu

thanization and fixed for one hour at room temperature, followed by one hour in 10% sucrose in PBS, and finally

over night 20% sucrose in PBS at 4 ◦C, before embedding in O.C.T (TissueTek). Spinal cords were postfixed over

night in 4% PFA in PBS at 4 ◦C and cryoprotected in 30% sucrose in PBS for 24 h at 4 ◦C before embedding in

OCT. Blocks with embedded tissues were sectioned (sciatic nerves: 5 µm, spinal cord: 10 µm) with at least 100 µm in

between crosssections. Sections were incubated in PBS for 5min before using.

Antigen Retrieval

When using TDP43 or CC1 antibodies, sections were incubated in alkaline antigen retrieval buffer (10mM TrisBase,

1mM EDTA, 0.05% Tween20; in ddH2O, pH 9) for 20min at 95 ◦C and another 20min at to cool down to room

temperature.

Staining and Imaging

Sciatic nerve sections were permeabilized prior to blocking (20min in 0.5% TX100 in PBS). Blocking buffer (spinal

cords: 10% goat/donkey serum, 1%TX100 in PBS; sciatic nerves: 10% goat/donkey serum, 1%BSA, 0.1%TX100

in PBS) was added for one hour before incubating slides with primary antibodies (Tab. 4.16) in blocking buffer at 4 ◦C

over night. Thereafter, slides were washed 3 times in PBS before adding fluorophorecoupled secondary antibodies

(1:300 in blocking buffer) for one hour at room temperature. DAPI (2 µg/ml in PBS) was added for 10min. After

three times washing in PBS for 5min, few drops of Immumount (Fisher Scientific) were added and covered with a

glass coverslip for imaging. Immunofluorescence stainings of tissue crosssections were imaged using a widefield

microscope (Axio ImagerM2, Carl Zeiss). Longitudinal sections (sciatic nerves) for nodal analysis were imaged on a

confocal microscope (SP8, Leica) using a 40x water objective.

Analysis

Nodes of Ranvier: A minimum of 43 control and 65 mpzcKO nodes of Raniver were counted per animal (Fig. 5.6f).

Sciatic nerves: 3 sciatic nerve crosssections were quantified for each animal (Fig. 5.11d,e).

Spinal cords: Analysis entailed the quantification of hemisections from 3 spinal cord crosssections (>100 µm apart

from each other) per animal.

Spinal cord motor neuron analysis: At least 84 control and 63 plpiKO motor neurons wer counted per animal in at

least three crosssections (>100 µm apart from each other, Fig. 6.13i).
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4.4. Immunofluorescent Analysis

Target Species Dilution Company Catalog Nr
CC1 m 1/500 ab16794/OP80 abcam/Calbiochem
ChAT gt 1/200 ab144P Millipore
Contactin1 gt 1/80 AF904 R&D
GFAP ch 1/300 ab5541 Chemicon
hSox10 gt 1/200 AF2864 R&D
Iba1 rb 1/300 01919741 Wako
KV1.2 m 1/300 75008 NeuroMab
NF186 rb 1/300 ab31719 abcam
Olig2 m 1/600 MABN50 Millipore
Olig2 rb 1/500 ab9610 Millipore
Pdgfrα rb 1/400 3174 Cell Signalling Technology
TDP43 rb 1/1000 128921AP ProteinTech

Table 4.17: Primary Antibodues used for immunofluorescence.
Species included mouse (m), rabbit (rb) and goat (gt).

45



4. METHODS

4.5. Morphological Analysis

4.5.1. Preparation of Specimens
Sciatic nerveswere placed on a thick paper and fixedwith PFA (4%, ElectronMicroscopy Sciences) and glutaraldehyde

(2.5%, MERCK) in PBS. For root nerves, spinal cords and brain tissue animals were perfused with PBS followed by

fixative before dissection. Tissues were postfixed for at least 12 hours. They were further treated with osmium

tetroxide (2%, EMS), dehydrated over a series of acetone gradients, infiltrated and embedded in Spurr’s resin (EMS).

Ultrathin sections (99 nm) were used to contrast with uranyl acetate and lead citrate, and imaged with a Zeiss Merlin

SEM.Quantificationwas performed onwhole cross sections of sciatic nerves and root nerves and random fields in CNS

areas (Tab. 4.18).

Tissue Feature Quantification Total Area
SN Whole crosssection
L4 Root Nerves Whole crosssection
SpC ventral WM 3 random fields 2’700 µm2

SpC ventral GM 3 random fields 2’700 µm2

SpC dorsal GM Myelinated axons 3 random fields 2’700 µm2

SpC dorsal GM Vacuoles 3 random fields 27’000 µm2

CC % Myelinated axons 3 random fields 675 µm2

CC % Vacuolar Area 2 random fields 2’500 µm2

Cortical GM Myelinated axons 5 random fields 2’000 µm2

Table 4.18: EMAnalysis Sciatic nerve (SN), spinal cord (SpC), corpus callosum (CC). Features are only indicated if
analysed differently within the same tissue. Random fields were placed in order to include similarly composed regions
regarding axon calibres, cell bodies and in brains the density of myelinated axons.

4.5.2. gratio  Analysis of Myelin Thickness
The gratio was quantified as ratio of axon diameter to fiber diameter. The axon area was measured to calculate the

axon diameter in assumption of a perfect circle. Myelin thickness was measured and added to the axon diameter to get

the fiber diameter. For manual quantification of spinal cord white matter fibers, the myelin thickness was averaged

from measurements at two different loci of compact, wellpreserved myelin. At least 100 fibers were measured per

animal. Automated quantification was performed on peripheral nerves using a modified version of AxonSeg (Zaimi

et al., 2016). Main changes include the calculation of gratio as described above and implementing a more robust

measurement of myelin thickness. To this end the average of the second sextile of myelin measurements from at least

180 radial projections was used for further calculations. Measurements were computationally and manually filtered,

yielding at least 1’200 gratio measurements for sciatic nerves.
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4.6. RNASequencing

4.6. RNASequencing

Bulk RNA sequencing (RNAseq) experiments were performed using four samples per condition. Peeled sciatic nerves

were sequenced at P5 from control and mpzcKO mice. Oligodendrocytes (cnpCre+ TDP43wt/wt or f/f tdTomatoT/wt)

were sorted by FACS (section 4.2) and collected separately according to their size (Fig. A.6). Without splitting by size,

the same genotypes and strategy were used to collect oligodendrocytes for singlecell RNA sequencing (scRNAseq)

of one control and one cnpcKO mouse. To this end, a target number of 5’000 cells was used for the scRNAseq library

preparation. Total RNA or cells used for sequencing experiments and processed according to specified parameters of

each experiment (Tab. 4.19). Initial number of reads are enlisted in Tab. 4.20.

Bioinformatic processing of RNAseq experiments

Reads were preprocessed using Trimmomatic (Bolger et al., 2014) as builtin part of the pipeline. Reads were further

either aligned to the genome using STAR (Dobin et al., 2013) and counts were subsequently extracted using Feature

Counts (Liao et al., 2019), or processed using the more recent tool Kallisto (Bray et al., 2016) was used. Except for

specific purposes, we used the ensembl mouse genome annotation (GRCm38.p5). Specifications of the processing are

given in Tab. 4.21. For whole gene level analysis, counts were analysed with edgeR (Robinson et al., 2010) using

a generalized linear model (glm) and quasilikelyhood (QL) test for differentially expressed genes. Background ex

pression was set to 10. Counts were normalized using the TMM (trimmed mean of M values, Robinson and Oshlack,

2010). To analyse the sequencing data on junction and exonlevel, we used JunctionSeq (Hartley and Mullikin, 2016)

with fdrthreshold 0.05 and minimal count 6.

Experiment P5 mpzcKO P10 cnpcKO P10 cnpcKO
sciatic nerves RNAseq oligodendrocytes RNAseq oligodendrocytes scRNAseq

Type total RNA total RNA single cell sequencing

RNA extraction Qiagen Allprep RNA/DNA Trizol 

Library TruSeq RNA stranded TruSeq RNA stranded 10X Genomics Single Cell, V3

Enrichment Ribosomal Depletion, Ribo Zero Ribosomal Depletion, Ribo Zero Gold 

Instrument HiSeq 4000 HiSeq 4000 NovaSeq

Sequencing 2x150bp 2x150bp 90bp

Table 4.19: Parameters of RNA sequencing experiments ”2x” indicates pairedend sequencing.
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4. METHODS

Condition Sample Mio.
Reads

P5 mpzcKO sciatic nerves RNAseq
Control Ctl 1 82

Ctl 2 85
Ctl 3 63
Ctl 4 44

mpzcKO cKO 1 76
cKO 2 69
cKO 3 88
cKO 4 81

P10 cnpcKO oligodendrocytes RNAseq
Control Ctl 1 FSClow 98

Ctl 2 FSClow 107
Ctl 3 FSClow 100
Ctl 4 FSClow 108
Ctl 1 FSCHigh 95
Ctl 2 FSCHigh 65
Ctl 3 FSCHigh 107
Ctl 4 FSCHigh 87

cnpcKO cKO 1 FSClow 118
cKO 2 FSClow 109
cKO 3 FSClow 102
cKO 4 FSClow 126
cKO 1 FSCHigh 96
cKO 2 FSCHigh 208
cKO 3 FSCHigh 90
cKO 4 FSCHigh 82

P10 cnpcKO oligodendrocytes scRNAseq
Control Ctl 1 516
cnpcKO cnpcKO 1 422

Table 4.20: Total reads from RNA se
quencing experiments

.

Options for Parameter Value

Trimmomatic trimAdapter TRUE
trimLeft 4
trimRight 4a, 20b
minTailQuality 10a, 0b
minAvgQuality 10
minReadLength 80

STAR Mode twopassMode TRUE

Alignments alignIntronMax 1e6
and Seeding alignMatesGapMax 1e6

alignSJDBoverhangMin 1
alignSJoverhangMin 8

Chimeric chimJunctionOverhangMin 15
Alignments chimScoreMin 15

chimScoreSeparation 10
chimSegmentMin 15

Output: outFilterMatchNmin 30
Filtering outFilterMismatchNmax 10

outFilterMismatchNoverLmax 0.05
outFilterMultimapNmax 50
outFilterType BySJout

Output: SAM/BAM outSAMstrandField intronMotif

Table 4.21: Parameters of RNA alignment using
STAR aused for FeatureCounts and EdgeR, bused for
JunctionSeq

Processing of Single cell sequencing

The analysis was performed using the Seurat R package (version 3, Butler et al., 2018; Stuart et al., 2019) and Dou

bleFinder (McGinnis et al., 2019). Counting matrices from CellRanger count were used as input. Cells having more

than 15% mitochondrial genes or less than 2’500 identified genes were removed from the analysis. Gene counts were

further lognormalized: For each cell, counts were divided by the total counts for that cell and multiplied by 104. The

numbers were subsequently naturallog transformed using log1p (calculates log(1+x)). Control and cnpcKO data sets

were integrated and merged using the first 20 dimensions of the canonical correlation analysis. Data was scaled and

clustered at high resolution. Duplicate cells were identified using DoubletFinder (McGinnis et al., 2019). We removed

these duplicates as well as clusters containing more than 50% duplicate cells. The resulting dataset was considered as

final filtered set and used for the analysis. First, the data set was scaled, clustered and used to calculate a UMAP projec

tion. Marker genes for each cluster were extracted and used to assign a cell type and state. Clusters were subsequently

merged to a minimum of biological clusters. FindMarkerswas further used to determine differentially expressed genes

between cells from different genotypes in each cluster separately.
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4.7. OPC Cultures

4.7. OPC Cultures
Preparation of Medium and Culture Dishes

Stock solutions were prepared as described (Emery and Dugas, 2013) with few changes: Nacetyl cysteine, putrescine,
progesterone and sodium selenite were prepared as 100x concentrated stock, Transferrin and BSA were stored as
separate 100x concentrated stock at 80 ◦C. 1x Sato medium was freshly prepared and stored at 4 ◦C for maximum
two weeks (Tab. 4.22). Growth factors were added immediately before use: CNTF (10 ng/ml; AF45013, Peprotech)
for every condition. For OPCs, Sato medium was further supplemented with Pdgfα (10 ng/ml; 10013A, Peprotech). In
differentiating conditions, T3 (3 µg/ml; T6397, Merck) was added. Cell culture dishes were coated with PDL (20min
with 0.1 mg/ml; P6407, Merck), washed twice with water and dried.

Substance CatalogSerial Concentration
Human apoTransferrin T1147a 0.1 mg/ml
BSA A4161a 0.1 mg/ml
Nacetylcysteine A8199a 368 μM
Putrescine P5780a 100 μM
Progesterone P8783a 200 nM
Sodium Selenite S5261a 300 nM
Insulin I6634a 50 µg/ml
Trace Elements B 1’000x 15343641b 0.1 %
Forskolin F6886a 10 μM
B27 50X 17504044c 1 x
PenicillinStreptomycin P0781a 1 %
In DMEM Glutamax 31966c

Table 4.22: 1x Sato Buffer for oligodendrocyte cultures Suppliers: aMerck, bCorning, cThermoFisher

Generation and Manipulation of OPC Cultures

Mice expressing the tdTomato reporter were used around P7 (P5P8) to generate OPC cultures. OPCs were isolated
from spinal cords using FACS (section 4.2, Fig. A.6) and collected in FACS flow buffer containing 11.5e5 tdTomatopos

OPCs (‘small’ fraction of cells; see Fig. A.6a) were seeded per 3.5cmdish and allowed to attach for 2030min. Sub
sequently, the FACS flow buffer was replaced by freshly prepared Sato medium with double concentration of Pdgfα.
50% of the medium was exchanged every 23 days with full supplement of growth factors.
For passaging, OPCs were detached for 5min at 37 ◦C using Trypsin (0.25% plus EDTA diluted 10x in EBSS, Life
Technologies) after one wash with EBSS (Gibco). Trypsinisation was stopped by adding 30% FBS (in PBS, 16000044,
Gibco; 150% of the added volume of Trypsin buffer). Cell suspensions were subsequently centrifuged at room tem
perature (10min at 200 rpm) and the supernatant was aspirated. OPCs were resuspended in 1x Sato medium and plated
(6’600 cells/cm2).

OPC Differentiation

For differentiation experiments, OPCs were collected from expanded cultures as described above and seeded at a
density of 26’500 cells/cm2. Cells were cultures for 4 days under differentiating conditions (T3 instead of Pdgfα).
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4. METHODS

4.8. Data Processing and Statistical Analysis

4.8.1. Replicates and Statistical Analysis
Replicates are indicated in the corresponding figure legends. If not further specified, they correspond to the number of

analysed tissues from independent mice per group (e.g. per genotype). Tests used to determine statistical significance

are indicated individually for each analysis in the corresponding figure legend. Significance is displayed on graphs

as described in the corresponding figure legend. Generally, the following criteria were used to determine which test

should be applied:

twotailed, unpaired Student’s ttest:

Generally used simple comparison of two conditions

Mann Whitney test:

Nonparametric comparison of two conditions, applied when values of one group were close to 0.

one sample ttest with hypothetical mean of zero:

Applied, when the majority of values in the control group were equal to 0

Variants of the twoway ANOVA using multiple comparisons

twoway ANOVA with Šídák’s multiple comparisons test:

Specific comparison between groups (e.g. genotypes) within the same factor (e.g. axoncaliber bin, timepoint)

twoway ANOVA with Tukey’s multiple comparisons test:

Comparison between all groups and factors

4.8.2. Software
Image quantification: Adobe Photoshop

Densiometry (western blot): ImageJ

Automated gratio: Matlab

Analysis of RNA sequencing data: RStudio

Sequence analysis: CLC genomics workbench

Table calculations: Microsoft Excel

Statistical tests and graph generation: Graphpad Prism

Illustrations: Adobe Illustrator

Figure Panels: Adobe Indesign
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Results
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5. TDP43 in Schwann cells

5.1. Function of TDP43 in Schwann Cells

during PNS Development
TDP43 is widely expressed in cells from various tissues of adult mice and in a more restricted

pattern during embryonic development (Sephton et al., 2010). In mouse brains, TDP43 protein

levels are highest during embryonic development and decrease within the first weeks of age (Seph

ton et al., 2010). So far, there are no coherent data about the expression of TDP43 in the Schwann

cell (SC) lineage. Therefore, we collected sciatic nerves (SNs) from wildtype mice at different

timepoints after birth and analyzed TDP43 mRNA and protein levels. TDP43 was highly ex

pressed during the first postnatal days. While protein levels were gradually reduced, mRNA levels

at P30 were still around 50% of its maximum expression at P1 (Fig. 5.1ac). In order to study

the function of TDP43 in SCs, we employed a mouse model deleting TDP43 specifically in the

Schwann cell lineage. To this end, mice harboring a floxed allele of the TDP43 gene (Tardbp)

were crossed with mice expressing Cre recombinase under control of the regulatory sequences of

the Mpz promoter (mpzTDP43cKO, hereafter mpzcKO; Fig. 5.1d). The mpzCre transgene mostly

drives recombination of immature Schwann cells between E13.5 and E16 (Feltri et al., 2002; Yu

et al., 2005; Woodhoo et al., 2009). First, we assessed the efficiency of the mouse model in ab

lating expression of TDP43. The mRNA and protein levels of TDP43 in SNs of P5 mpzcKO

animals were strongly reduced compared to controls, indicating efficient recombination and pro

tein degradation (Fig. 5.1eg). Using this mouse model, we first asked to what extent Schwann

cells depend on TDP43 to perform their function during postnatal development, i.e. radial sorting,

and myelination. We analyzed control and mpzcKO mice between the first postnatal day and P60,

when developmental myelination is expected to be largely finished. Within the timeframe of the

analysis, no behavioral differences could be qualitatively observed between mpzcKO mice and

their control littermates. Moreover, mpzcKO mice had normal bodyweights and similar motor

performance assessed by the inverted grid hanging test (Fig. 5.1h,i).  
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5.1. Function of TDP43 During Development

0.0

0.5

1.0

1.5

2.0

TDP-43

Age (d)

re
la

tiv
e

TD
P-

43
m

R
NA

1 5 14 30

Number of families
Number of comparisons per family
Alpha

Tukey's multiple comparisons test
  P1 vs. P5
  P1 vs. P14
  P1 vs. P30
  P5 vs. P14
  P5 vs. P30
  P14 vs. P30

1
6
0.05

Mean Diff.
0.3001
0.4639
0.5815
0.1638
0.2814
0.1176

95.00% CI of diff.
-0.02620 to 0.6264
0.1376 to 0.7902
0.2552 to 0.9078
-0.1625 to 0.4901
-0.04490 to 0.6077
-0.2087 to 0.4439

Significant?
No
Yes
Yes
No
No
No

Summary
ns
**
**
ns
ns
ns

Adjusted P Value
0.0719
0.0081
0.0020
0.4264
0.0931
0.6692

Tukey's multiple comparisons test
  P1 vs. P4
  P1 vs. P14
  P1 vs. P30
  P4 vs. P14
  P4 vs. P30
  P14 vs. P30

Mean Diff.
-0.1011
0.6316
0.9145
0.7327
1.016
0.2829

95.00% CI of diff.
-1.053 to 0.8511
-0.3206 to 1.584
-0.03764 to 1.867
-0.2195 to 1.685
0.06346 to 1.968
-0.6692 to 1.235

Significant?
No
No
No
No
Yes
No

Summary
ns
ns
ns
ns
*
ns

0.0

0.5

1.0

1.5

2.0

TDP-43

Age (d)

TD
P-

43
Pr

ot
ei

n

1 4 14 30

TDP-43

αTubulin

P1 P4 P14 P30

37 kD

50 kD

no
rm

al
iz

ed
TD

P-
43

 m
R

N
A

no
rm

al
iz

ed
TD

P-
43

 p
ro

te
in

**
***

0.0

0.5

1.0

tdp43 (total)
Significant?
Yes

P value
<0.00001

Mean of P5 Ctl
1.000

Mean of P5 Mut
0.2636

P5_tdp_bact

no
rm

al
iz

ed
TD

P-
43

m
RN

A P5 Ctl
P5 Mut

1.25

0.25

0.0

0.5

1.0

P5_TDP43

no
rm

al
iz

ed
TD

P-
43

pr
ot

ei
n

Column B
vs.
Column A

Unpaired t test
    P value
    P value summary
    Significantly different (P < 0.05)?
    One- or two-tailed P value?
    t, df

mpzTDP-43 KO
vs.
Ctl

<0.0001
****
Yes
Two-tailed
t=16.32, df=12

1.25

0.25

genomic arrangement
mouse model

translated protein

Ctl cKO
TDP-43

αTubulin

50 kD

50 kD

Ctl F
em

ale
s

Mut
Fem

ale
s

Ctl M
ale

s

Mut
Male

s
0

10

20

30

Column B
vs.
Column A

Unpaired t test
    P value
    P value summary

Mut Females
vs.
Ctl Females

0.3084
ns

Column D
vs.
Column C

Unpaired t test
    P value
    P value summary

Mut Males
vs.
Ctl Males

0.9721
ns

Sidak's multiple comparisons test
  Ctl Females vs. Mut Females
  Ctl Males vs. Mut Males

Mean Diff.
-0.7800
0.03125

95.00% CI of diff.
-3.041 to 1.481
-1.835 to 1.898

Significant?
No
No

Summary
ns
ns

Adjusted P Value
0.6609
0.9990

mpzTDP_P60_bw
g

B
od

yw
ei

gh
t

♂♀

bo
dy

w
ei

gh
t (

g)

Alllll
0

200

400

600

mpzTDP_P60
hanging_test

merged

ha
ng

in
g

tim
e

(s
)

Table Analyzed

Column B
vs.
Column A

Unpaired t test
    P value
    P value summary
    Significantly different (P < 0.05)?

mpzTDP_P60_hanging_test_merged

cKO
vs.
Ctl

0.3998
ns
No

Cre

ND RRM1 RRM2

NLS
Stop

NES

GRD

Cre

1 2 3 4 5 6

Exon CDS frtloxP

1 2 4 5 6TDP-43 cKO

Tardbp f/f

mpzTDP-43cKO mpzTDP-43cKOControl ControlP60P5

*** ***

a b c

d

he igf

Figure 5.1: TDP43 is expressed by Schwann cells and efficiently ablated in the mpzcKO mouse. (ac) Ex
pression profile of TDP43 in wildtype SNs at various timepoints between P1 and P30, showing higher expression
in early postnatal life. (a) Quantification of TDP43 mRNA by RTqPCR. (b) Profile of TDP43 protein abundance.
(c) Quantification of (b). (d) Schematic representation of the floxed allele of TDP43 and the consequences for the
expressed protein after recombination. Excision of exon 3 results in a frameshift and numerous emerging stop codons
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recombined transcripts are readily routed to degradation via NMD. (eg) Validation of TDP43 deletion in mpzcKO
mice compared to controls, analyzed at P5. (e) RTqPCR reveals a strong reduction of TDP43 mRNA in mpzcKO
compared to control SNs. (f) Detection of TDP43 protein on western blots from control and mpzcKO SN lysates.
(g) Quantification of (f) displays a strong reduction of TDP43 protein in mpzcKO compared to control SNs. (h)
Bodyweights of control and mpzcKO mice at P60 are comparable. (i) Hanging time on inverted grid of control and
mpzcKO mice at P60. (Statistics) Bar graphs represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001. (a,c) n = 3
mice, twoway ANOVA with Tukey’s multiple comparisons test. (e,i) n = 5 mice, twotailed, unpaired Student’s ttest.
(g) n = 7 mice, twotailed, unpaired Student’s ttest. (h) n = 5 ♀ ctl, 6 ♀ mpzcKO; 8 ♂ ctl and mpzcKO, twotailed,
unpaired Student’s ttest
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5. TDP43 IN SCHWANN CELLS

Developmental Myelination Is Marginally Affected in TDP43cKO Mice

Cells of the SC lineage are tightly involved in several processes during development, including ra

dial sorting, onset of myelination, and myelin growth. To learn more about the function of TDP43

in SCs during postnatal PNS development, SN cross sections from control andmpzcKOmice were

analyzed by electron microscopy (EM) at P1, P5 and P60. Morphological analysis of EM micro

graphs of control and mpzcKO SNs from postnatal day one to sixty did not reveal a major failure

during development (Fig. 5.2a). At postnatal day one and five, the number of sorted axons in a 1:1

relation with SCswith or without myelin was not detectably changed between control andmpzcKO

animals, indicating a normal progression of radial sorting upon loss of TDP43 (Fig. 5.2b). Despite

comparable numbers of total sorted axons, there were proportionally fewer fibers already myeli

nated in mpzcKO SNs compared to controls (Fig. 5.2c). Among the myelinated population, we

detected axons that were not in complete contact with the myelinating SC, leading to the impression

that the axon and myelin ring blistered from each other. These structures are further referred to as

“blistered axons” and sometimes they contained myelin debris in the space that separates the axon

from the compact myelin ring. Blistered axons were prominently enriched in mpzcKO, but not in

control nerves at P5 (Fig. 5.2d), or at other timepoints analyzed (not shown). After onset of myeli

nation, SCs produce consecutive wraps to create compact myelin that is proportional in thickness to

the axonal diameter. In order to assess whether deletion of TDP43 impacts myelin growth in SCs,

we quantified the gratio in SNs at P60. Overall, no major differences could be detected (Fig. 5.2e),

although detailed inspection of different axon calibers revealed mild hypomyelination of large di

ameter axons (≥5 µm) and minor hypermyelination of very small axons (12 µm) in mpzcKO SNs

compared to controls (Fig. 5.2f). Taken together, our data suggests that TDP43 is required for the

timely onset of Schwann cell myelination, and potentially also influences the correct proportions

of the myelin sheath. 
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Figure 5.2: TDP43 is required for a timely onset of myelination. (a) Exemplary electron micrographs of control
and mpzcKO sciatic nerves at different timepoints, showing sorted, nonmyelinated (white arrowheads) and myeli
nated axons (black arrowheads). Moreover,mpzcKO nerves contain blistered axons (black arrows). scalebar 5 µm (b)
Quantification of total sorted axons (includes myelinated and 1:1 nonmyelinated SCaxon units) reveals no significant
changes between mpzcKO and control nerves. (c) Ratio of myelinated over the total number of sorted axons reveals
fewer myelinated axons in mpzcKO compared to control nerves at P1 and P5. (d) Occurrence of blistered axons at
P5 is significantly elevated in mpzcKO compared to control nerves. Exemplary EM images depict blistered axons
(magnified and rotated) of mpzcKO SNs at P5 shown in panel (a). scalebar 2 µm (e) Average gratio in sciatic nerves
at P60 is not significantly different between mpzcKO and control nerves. (f) Histogram showing mild differences
between P60 mpzcKO and control SNs in the gratio of axons at specific diameter bins. (Statistics) Bar graphs rep
resent mean±SEM; *p<0.05, **p<0.01, ***p<0.001. (b,c) P1 n = 4 mice (all animals are littermates), P5/P60 n = 3
mice, twoway ANOVA with Šídák’s multiple comparisons test. (d,e) n = 3 mice, twotailed, unpaired Student’s ttest.
(f) n = 3 mice, twoway ANOVA with Šídák’s multiple comparisons test.
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5. TDP43 IN SCHWANN CELLS

Our observations in mpzcKO mice did not indicate radial sorting defects. However, they also did

not rule out the possibility that TDP43 does play a functional role in the regulation of radial sorting

in SCs, which might be revealed if recombination was induced earlier in embryonic development.

To tackle this hypothesis, and to provide orthogonal evidence for our findings in mpzcKO nerves,

mice expressing Cre under control of the Dhh regulatory sequences were used to generate con

ditional knockout mice (dhhTDP43cKO, hereafter dhhcKO), in which recombination is already

observed at E12.5 (Jaegle et al., 2003). dhhcKO animals were kept until ~35 days age, but not for

longer due to animal welfare considerations. The aggravated impact in dhhcKO mice might be

related to potential off target recombination in cell types other than SCs (Jaegle et al., 2003). As

the dhhcKO mice did not reach P60, we focused our analysis on P5 using EM (Fig. 5.3a). The

morphological findings in the dhhcKO SNs were largely in line with those in the mpzcKO ani

mals: the number of sorted axons was comparable to that in control animals, while the fraction of

myelinated axons was reduced (Fig. 5.3b,c). Excitingly, we also observed blistered axons signifi

cantly enriched in dhhcKO SNs compared to controls (Fig. 5.3d). Considering our findings in both

mpzcKO and dhhcKO mice, we conclude that TDP43 is required for the onset of myelination,

and to protect the axonmyelin units from aberrant blistering at P5. However, we could not detect

evidence for a critical requirement of TDP43 during radial sorting.
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Figure 5.3: dhhcKO mice confirm that TDP43 is dispensable for radial sorting (a) Exemplary electron mi
crographs of sciatic nerve cross sections of dhhcKO and control SNs showing nonmyelinated sorted axons (white
arrowheads) and myelinated sorted axons (black arrowheads). A blistered axon (black arrow) is highlighted in the
dhhcKO image. scalebar 5 µm (b) Quantification of sorted axons (includes myelinated axons and 1:1 nonmyelinated
SCaxon profiles) at P5 shows no significant difference between controls and dhhcKO nerves. (c) Ratio of myelinated
per the total number of sorted axons reveals a lower fraction of myelinated axons in dhhcKO nerves compared to con
trols. (d) Occurrence of blistered axons is significantly higher in dhhcKO nerves compared to controls. (Statistics)
Bar graphs represent mean±SEM; **p<0.01, ***p<0.001. (bd) n = 3 mice, twotailed, unpaired Student’s ttest.
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Impact of TDP43 on the Transcriptome of Schwann Cells

TDP43 is an RNA binding protein, widely described as a regulator of alternative splicing and a

repressor of cryptic splicing. We therefore hypothesized that TDP43 also acts to regulate RNA

splicing in SCs. To evaluate the extent of transcriptome dysregulation upon loss of TDP43 in

SCs, we compared total bulk RNA sequencing data obtained from control and mpzcKO SNs at P5

(Fig. 5.4). We selected P5 for analysis, as it was the timepoint with themost pronounced phenotypic

changes observed thus far in mpzcKO animals compared to controls. Globally, loss of TDP43

did not dramatically affect the levels of gene expression, and only few genes were significantly

(pValue < 0.01) increased or decreased by a greater factor than 1.5 fold (Fig. 5.4a). Gene ontology

analysis of biological processes inmpzcKO SNs over controls revealed mainly proliferation as the

affected process among the significantly upregulated genes, and lipid metabolic transport among

the significantly downregulated genes (Fig. 5.4b). Inspection of selected genes known to act as

transcriptional regulators of SC differentiation did not indicate a clear coherent change in transcript

abundance inmpzcKO nerves compared to controls (Fig. 5.4c). As we observed fewer myelinated

fibers in mpzcKO nerves at P1 and P5, we wondered whether transcript levels of genes related to

myelin proteins and lipid biosynthesis, which are key structural components of the myelin sheath,

were reduced in mpzcKO mice. Except for pmp2, transcripts related to all selected myelin protein

genes were detected at lower levels in mpzcKO SNs compared to controls (Fig. 5.4d). Along with

fatty acid synthase (fasn), transcripts derived from genes of the cholesterol biosynthetic pathway

were also less abundant in mpzcKO compared to control SNs (Fig. 5.4e). Taken together, the

transcriptional profile of mpzcKO SNs corroborates the fewer myelinated axons quantified in EM

micrographs, but the plain assessment of transcript abundance did not resolve or indicate changes

in transcript variants.  
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Figure 5.4: Differentially regulated transcripts inmpzcKOSNs compared to controlsmainly reflect
delayed onset of myelination. Total RNA from peeled P5 control and mpzcKO SNs was sequenced.
(a) Volcano plot displaying edgeR quantified gene levels of mpzcKO versus control SNs. For reasons of
clear presentation, only genes with an average coverage of at least 10 FPKM in control ormpzcKO nerves
are shown (n = 4 littermates). (b) Gene ontology analysis of biological processes of significantly changed
genes (p≤0.01, log ratio ≥0.5). Bars represent significance (log10(pValue)) and points display the number
of significant genes that are contained in each category. (ce) Heatmap representation of row zscore
processed normalized counts. The color key applies to all three graphs. (c)Genes involved in regulation of
Schwann cell differentiation do not show coherent differences between genotypes. (d) Expression of genes
encoding myelin proteins except pmp2 is reduced in mpzcKO SNs compared to controls. (e) Expression
of fatty acid synthase (fasn) and genes of the cholesterol biosynthesis pathway is lower in mpzcKO SNs
compared to controls. fdps and ggps1 (asterisks) perform the same enzymatic reactions within the choles
terol biosynthetic pathway. Based on FPKM values, fdps is expressed >11fold than ggps1 in controls and
>6fold in mpzcKO SNs.
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5.1. Function of TDP43 During Development

TDP43 Guards Against Cryptic Splicing in Schwann Cells

Beyond regulating canonical alternative splicing, TDP43 is a well described repressor of cryptic

splicing (Fig. 5.5a, Ling et al., 2015). UGrich intronic sequences act as recognition sites, where

TDP43 binds and suppresses the aberrant retention of neighboring intronic sequences in mature

mRNAs. These cryptic splicing events often result inmalicious changes in themature transcript and

may ultimately result in frameshifts and premature termination codons (Humphrey et al., 2017). To

identify these cryptic splicing events in a global manner, we analyzed individual exons and splice

junctions in the RNA sequencing data with the JunctionSeq package (Hartley and Mullikin, 2016,

Fig. 5.5b). We focused our analysis on splice junctions that meet the following 3 criteria: They

are 1) not yet annotated, i.e. ‘novel’, which is expected for cryptic incorporation; 2) only detected

in control nerves at very low levels, since they are predicted to be suppressed in the presence of

TDP43; and 3) highly upregulated in mpzcKO nerves (red box in Fig. 5.5b). We hypothesized

that those ‘novel’ events comprise cryptic splice junctions due to the relief of TDP43 mediated

repression. Manual inspection of these candidates revealed cryptic splicing events to variable de

grees (Fig. 5.5c). For cyth3 andwtip, coverage of the cryptic exon (i.e. retained intronic sequences)

was clearly lower than that of the canonical exons, indicating that only part of the transcripts have

been spliced aberrantly. Conversely, coverage of the cryptic exon in ube2d1 and adnp2 was only

slightly lower to that of the canonical exons, indicating that most transcripts have been spliced

aberrantly.

Among the cryptic splicing events, we also identified neurofascin (nfasc), which also displayed

similar abundance of the cryptic exon and of canonical exons. When cDNA was used to amplify a

segment covering parts of the neighboring exons by PCR, the resulting amplicons from P5 and P60

mpzcKO SNs were consistently longer than expected from canonically spliced nfasc (Fig. 5.5d).

Moreover, the expected amplicon was observed in control samples, but was barely detectable when

using mpzcKO cDNA. To learn more about the identity of the cryptic exon retained in nfasc upon

TDP43 deletion, we sequenced the shifted amplicon frommpzcKO cDNA. The sequence properly

aligned to the flanking exons and exposed an additional 104bp of intronic sequence retained in

between. The retained sequence causes a frameshift of 2bp. As a consequence of the frameshift, 9

premature termination codons emerge in the CDS, of which 5 aremore than 50 nucleotides upstream

from the next exonexon junction, likely routing the transcript to nonsensemediated RNA decay

(NMD).
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5. TDP43 IN SCHWANN CELLS

Beyond our observations with cryptic incorporation, we also noted that nfascwas the most strongly

reduced gene in mpzcKO SNs compared to controls (Fig. 5.4a). Taken together, these findings

indicate that the majority of nfasc transcripts had been cryptically spliced and were consequently

degraded.

TDP43 represses cryptic splicing through direct interaction with transcripts. To find potential ev

idence that cryptic splicing of nfasc is a direct consequence of TDP43 deletion, we analyzed the

intronic sequence flanking the identified cryptic exon. The cryptic sequence aligned with the highly

covered intronic region in the sequencing data and was located directly upstream of a stretch of 19

UGrepeats, which comprises a bona fide binding motif of TDP43 (Fig. 5.5e). Transcripts directly

interacting with TDP43 have been previously identified in brain tissue of mice (Polymenidou et

al., 2011). Neurofascin is expressed in SCs in the PNS, and by both neurons and oligodendro

cytes in the CNS. Therefore, we could use the public TDP43 UVCLIP data (Polymenidou et al.,

2011) to find a potential direct interaction. Indeed, the UGrich, downstream flanking region of

the cryptic exon displayed high coverage in the TDP43 UVCLIP data (Fig. 5.5e). Collectively,

our findings indicate that nfasc was almost entirely incorrectly spliced due to loss of TDP43 me

diated repression of cryptic splicing in mpzcKO mice. These findings support the conclusion that

TDP43 normally binds to UGrepeats in the intronic regions of nfasc and prevents the retention of

deleterious cryptic exons on its mature mRNA.
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Figure 5.5: Neurofascin as a major target of TDP43 in Schwann cells among identified cryptic splicing events.
(a) Schematic showing the function of TDP43 as a repressor of cryptic splicing events, modified from (Ling et al.,
2015). Intronic UGrepeats serve as binding sites for TDP43, allowing it to suppress incorporation of neighboring
intronic sequences into mRNA. (b) Quantification of exons and splice sites from RNAsequencing data. Novel splice
sites that are only present in mpzcKO nerves served as candidate events of cryptic splicing (red box). (c) Confirmed
cryptic splicing events in mpzcKO SNs but not in controls (black arrowheads). Bars represent coverage aligned to
genomic sequence. Height of bars is scaled individually. Annotation shows exons (thick bars) and 3’ UTRs (thin
bars). All genes are presented in sense orientation. (d) PCR amplification confirms presence of cryptic nfasc exons
in SNs of mpzcKO but not of control mice at both P5 and P60. Sequencing of the resulting amplicon confirms the
incorporation of 104bp intronic sequence, leading to a frameshift and nine premature termination codons in the coding
sequence. (e) Detailed analysis of cryptic splicing of neurofascin transcripts. Sequences of (UG)≥4 are considered as
UGrepeats (blue boxes). A stretch of 19 consecutive UGrepeats is located directly downstream of the cryptic exon.
TDP43 CLIP represents coverage of TDP43 from reanalyzed UVCLIP data from brain tissue of 8week old mice
(Polymenidou et al., 2011), indicating direct interaction between TDP43 and the transcript.
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Altered Nodes of Ranvier in mpzTDP43cKO Mice

Neurofascin is expressed by neurons and myelinationcompetent glia (SCs and oligodendrocytes)

as different isoforms. Neurons express NF186 (186kDa) while SCs and oligodendrocytes express

NF155 (155kDa). In spite of the evidence presented so far, cryptic splicing of nfasc could poten

tially also have appeared due to secondary events, leading to expression of aberrant transcripts in

neurons. Isoformspecific qPCR and protein analysis confirmed an immense reduction of nfasc155

and its protein NF155 already at P5 (Fig. 5.6ac). Conversely, neuronal NF186 was not reduced in

mpzcKO SNs compared to controls at P5 and P60 (Fig. 5.6b,d). Together, these results indicate

that the reduction in the bulk sequencing data was due to SCspecific changes in nfasc expression.

Considering that NF155 is required to interact with Contactin1 in the paranodal regions (Pillai et

al., 2009), the reduction of NF155 could lead to defective paranodal junctions, which might further

disturb the organization of the nodal area, comprising the node of Ranvier, the paranodal region,

and the juxtaparanodes. To test this hypothesis, we analyzed nerves from control and mpzcKO

mice at P60, when developmental myelination is mature and nodal region organization well estab

lished (Vabnick et al., 1999; Custer et al., 2003). Longitudinal sections of control and mpzcKO

SNs were labelled with KV1.2 to mark the juxtaparanode, Contactin1 to mark the paranode, and

NF186 to mark the node of Ranvier. Nerves from mpzcKO mice consistently displayed incor

rectly localized KV1.2 and Contactin1 immunofluorescence (Fig. 5.6e,f). The immunofluores

cence signalintensity of KV1.2 and Contactin1 also appeared to be lower inmpzcKO nerves than

in control nerves, although total protein levels analyzed by western blotting were not markedly dif

ferent (Fig. 5.6g,h). This indicates that the lower staining intensity of KV1.2 and Contactin1 seen

in Fig. 5.6e in mpzcKO nerves was not because the proteins were overall less abundant, but rather

they were improperly localized and not concentrated in the specific domains. A higher density

of nodes in mpzcKO mice with lower levels of both KV1.2 and Contactin1, could potentially

also explain the observed lack of change on the overall levels on western blots. However, two

independent findings did not lend support to this hypothesis. First, NF186 protein levels were

not significantly upregulated in mpzcKO SNs at P60 (Fig. 5.6d). Second, the fraction of nuclei

of myelinating SCs compared to the total number of myelinated axons (i.e. among SCs myeli

nating each internode), was only trendwise marginally higher (and not statistically significant) in

crosssections from mpzcKO compared to control SNs analyzed by EM (Fig. A.1).
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This indicates that the overall internodal length cannot be drastically shorter in mpzcKO nerves,

which is consequently not consistent with a pronounced increase in the number of nodes.

 

Electrophysiological Properties are Impaired in mpzcKO Nerves

According to previous studies, deleting components of the nodal region (including NF155) impairs

the conduction properties of myelinated axons (Pillai et al., 2009; Boyle et al., 2001; Saifetiarova et

al., 2017). We therefore hypothesized that the reduction of NF155, and consequential disturbance

of the nodal region domains, would lead to electrophysiological defects in mpzcKO SNs. To

test this hypothesis, we evaluated the electrophysiology of mpzcKO and control SNs in vivo at

P60 (Fig. 5.6i). The compound muscle action potential (cMAP) peakamplitude (Fig. 5.6j,k), as

well as the compound sensory nerve action potential (cSNAP) amplitude (Fig. 5.6m) were both

significantly reduced in mpzcKO mice compared to controls. In addition to the amplitude defects,

mpzcKO nerves also displayed a reproducible reduction of the nerve conduction velocity (NCV) by

roughly 50% compared to controls. The reduced NCVwas evident in the specific analysis of motor

fibers (motor NCV, Fig. 5.6j,l) as well as in the compound sensory NCV (csNCV, Fig. 5.6n), which

includes orthodromic sensory conduction and antidromic motor conduction. The Hreflex, which

consists of the motor response elicited via the reflex arch upon costimulation of sensory fibers

in the SN, was very consistently delayed in mpzcKO animals compared to controls (Fig. 5.6o).

In summary, the coherently impaired conduction velocity and amplitude signals observed in the

nerves of mpzcKO mice at P60 contrasts with the nearnormal appearance of the myelinated axon

profiles at this age. Thus, such electrophysiology defects in the absence of prominent demyelination

or of drastically thinner myelin, and without detectable loss of axons, are very likely related to the

changes in the nodal region present in these mice.
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Overall, we propose the interpretation that TDP43 normally interacts with UGrepeats in intronic

regions of nfasc and thereby prevents the retention of cryptic exons on the mature mRNA form

of nfasc155 in SCs. This TDP43mediated protection of nfasc155 is essential for the proper ex

pression of NF155, and consequently the appropriate localization of components of the paranodal

and juxtaparanodal regions, which in turn is essential for proper electrophysiological conduction

of action potentials along axons.

Figure 5.6 (facing page): Neurofascin 155 is strongly reduced inTDP43cKO Schwann cells, leading to impaired
nodal architecture and impulse conduction properties. (ad) RNA and protein analysis of Neurofascin isoforms in
control and mpzcKO sciatic nerves at P5 and P60. (a) qRTPCR analysis of nfasc155 transcripts shows a reduction
in the sciatic nerve of mpzcKO mice compared to controls at both ages. (b) Protein detection of Neurofascin (NF)
isoforms and αTubulin by western blotting shows a reduction of NF155 in mpzcKO compared to control SNs at
both ages. (c) Quantification of NF155 and (d) quantification of NF186 in sciatic nerves at P5 and P60 normalized
to αTubulin revealed a significant reduction of NF155 but not NF186 in mpzcKO SNs compared to controls. (e)
Longitudinal sections of control and mpzcKO sciatic nerves. Immunofluorescent images display potassium channel
KV1.2 (green) in the juxtaparanode, Contactin1 (white) in the paranode and NF186 (red) in the node of Ranvier.
Note the abnormal localization of KV1.2 and Contactin1 in mpzcKO mice. scalebar: 20 µm (f) Quantification of
the nodal architecture. Proportion of quantified nodes that display a clear separation of the KV1.2 signal from NF186
by a gap, indicating that KV1.2 is located in close proximity to the node of Ranvier in mpzcKO nerves. (g) Protein
detection of KV1.2 and Contactin1 (Cont1) by western blotting in control and mpzcKO sciatic nerves at P60. (h)
Quantification of (g), displaying no evidence for differences between genotypes for each protein. (i) Schematic of
in vivo electrophysiological analysis setup. For motor unit and H reflex analysis, proximal and distal stimuli were
recorded by the recording electrode in the foot muscle. For compound sensory analysis, the proximal stimulating
electrode was repurposed to record stimuli from the distal stimulating electrode. (jo) Electrophysiological analysis of
control and mpzcKO mice at P60. (j) Representative electrophysiological traces of the compound muscle response
upon proximal and distal stimulation of the sciatic nerve in control and mpzcKO mice. Traces show the direct motor
response (Mwave, first peak) and the Hreflex (Hwave, second peak marked by ‘H’). The colored columns illustrate
the difference in latency between distal and proximal stimuli. The yaxis represents the compound muscle potential
(cMAP) and the xaxis represents time. (k) The cMAP peakamplitude evoked by distal stimulation is reduced in
mpzcKOmice compared to controls. (l)Nerve conduction velocity (NCV) in motor axons innervating the foot muscle
is decreased inmpzcKOmice compared to controls. (m)Compound sensory action potential (cSNAP) peakamplitude
is variable but significantly reduced in mpzcKO SNs compared to controls. (n) Compound sensory nerve conduction
velocity (csNCV) is decreased mpzcKO SNs compared to controls. (o) Latency of Hreflex evoked by proximal
stimulation, displaying a consistent increase in mpzcKO compared to control mice. (Statistics) Bar graphs represent
mean±SEM; *p<0.05, **p<0.01, ***p<0.001. (a) P5 n = 5 mice, P60 n = 4 mice, twotailed, unpaired Student’s ttest.
(c,d) P5 n = 7 mice, P60 n = 5 mice, twotailed, unpaired Student’s ttest. (h) n = 5 mice, twotailed, unpaired Student’s
ttest. (ko) n = 9 mice, twotailed, unpaired Student’s ttest.
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5. TDP43 IN SCHWANN CELLS

5.2. LongTerm Impact

of Loss of TDP43 in Aging Animals
The analysis of mpzcKO mice up to P60 revealed the functional impact of TDP43 during devel

opmental myelination. Past this stage, continuous neuroglial interaction is still required to maintain

the healthy myelinated state and protect both glial cells and axons from damage and degeneration.

We therefore asked whether TDP43 in Schwann cells continues to contribute towards homeostasis

in the PNS as the mice age. To this end, we analyzed mpzcKO and control mice beyond 60 days

of age.

Aging mpzcKO Mice Develop Severe Abnormalities in Large Caliber Axons

For several months after P60, mpzcKO mice appeared normal in gross appearance, and without

an evident impairment in free cage behavior. Since we did not observe additional signs pointing

to a striking phenotype progression, we allowed the mice to age further to 12 months of age. At

this age, mpzcKO mice developed a pronounced motor dysfunction and consistently clasped their

hind limbs when lifted by the tail (Fig. 5.7a). Weight measurements revealed a lower body mass

of mpzcKO mice compared to controls (Fig. 5.7b). Assessment of motor performance with the

inverted grid hanging test displayed clearly decreased performance of mpzcKO mice compared to

controls (Fig. 5.7c). This contrasts with the assessment at P60, in which mpzcKO mice and con

trols did not differ on this test. In order to evaluate histological features in peripheral nerves that

could be related to the worsening condition ofmpzcKO mice, we investigated the SN morphology

at 12 months of age by EM. Through qualitative appreciation, SNs ofmpzcKOmice did not appear

dramatically affected when compared to control nerves (Fig. 5.7d). However, detailed quantifica

tions of EM panoramas scanning the whole nerve section area revealed an approximate reduction

of 300 myelinated axons (7%) in mpzcKO SNs compared to controls (Fig. 5.7e). The gratio

analysis showed comparable values between control andmpzcKO mice in small and larger caliber

axons, however it also revealed that axons between 2 and 5 microns in diameter were enveloped

by myelin that was apparently too thick for the corresponding axonal caliber (Fig. 5.7f). Detailed

inspection of all measurements did not reveal a segregated population of thinly myelinated axons

(Fig. A.2a). Remarkably, during gratio analysis, we consistently observed fewer large caliber

axons in mpzcKO SNs than in control SNs.
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5.2. LongTerm Impact of Loss of TDP43 in Aging Animals

The gratio analysis in peripheral nerves including SNs was performed using automated identifi

cation and axon segregation of myelinated fibers in whole nerve cross sections, providing at least

several hundred individual measurements per animal without a potential limitation by the selec

tion of random fields. To assess whether this observation indicated a genuine reduction of large

diameter axons in mpzcKO SNs, the diameters of all myelinated axons in EM crosssections were

quantified (Fig. 5.7g,h). The number of myelinated axons with small calibers (13 µm) were obvi

ously higher inmpzcKO SNs compared to controls, while axons larger than 4 µm in diameter were

consistently reduced in the same cKO mice (Fig. 5.7h). The reduction in axon numbers seemed

proportionally more drastic with increasing axon diameter, and axons larger than 8 µm in diameter

were almost absent in mpzcKO SNs. In summary, mpzcKO animals aged to one year display

an impaired motor performance and dysfunction when compared to controls, concomitant with an

overall reduction of myelinated large caliber axons in SNs. Besides a marginal effective reduction

of the total number of axons, SNs from mpzcKO animals additionally display an evident shift on

the diameter of remaining myelinated axons, with an enrichment of small caliber and a reduction of

large caliber axons. When further considering that myelin was apparently too thick on intermediate

diameter axons of mpzcKO animals, we favor the interpretation that some degree of axonal atro

phy might occur in large caliber axons, surrounded by correspondingly thick myelin, ultimately

causing a reduction of their diameter and giving the appearance as being hypermyelinated after

shrinking.  
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Figure 5.7: Deletion of TDP43 in Schwann cells results in motor dysfunction and loss of large caliber axons
in oneyearold mpzcKO mice. (a) Tailsuspension test showing an example of consistent hind paw clasping by
mpzcKO mice. (b) Bodyweight of control and mpzcKO mice at one year of age, depicting lower weight in mpzcKO
mice of both sexes. (c) Hanging time in the inverted grid test reveals a decreased motor performance of mpzcKO
mice compared to controls. (d) Representative EM micrographs of control and mpzcKO SNs in oneyearold mice.
scalebar: 5 µm. (e) Quantification of total myelinated axons in SN cross sections. SNs from mpzcKO mice have
approximately 7% fewer myelinated axons than control SNs. (f) Quantification of the myelin thickness in relation to
the axon diameter (gratio), showing apparently too thick myelin in middlecaliber axons of mpzcKO mice compared
to controls. (g) Exemplary visualizations of axon caliber analysis of a control and mpzcKO sciatic nerve. Axons are
colored individually according to their diameter (scale on right side). scalebar 100 µm. (h) Diameter measurements of
all axons in EM micrographs of entire SN cross sections reveal a decrease in axons with larger diameters and a con
comitant enrichment of smaller caliber axons in mpzcKO mice compared to controls. Axons smaller than 1 µm occur
only seldom and are not displayed. (Statistics) Bar graphs represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001
(b) ♀ n = 12 control and 27 mpzcKO mice, ♂ n = 14 control and 6 mpzcKO mice, twoway ANOVA with Šídák’s
multiple comparisons test. (c) ♀ n = 6 control and 20 mpzcKO mice, ♂ n = 9 control and 4 mpzcKO mice, twoway
ANOVA with Šídák’s multiple comparisons test. (e) n = 5 mice, twotailed, unpaired Student’s ttest. (f,h) n = 5 mice,
twoway ANOVA with Šídák’s multiple comparisons test.
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5.2. LongTerm Impact of Loss of TDP43 in Aging Animals

The axonal impact detected inmpzcKO animals at one year of age raises intriguing possibilities in

light of the established literature relationship between TDP43 and motor neurons. At least in the

context of ALS, retention of TDP43 in cellular aggregates is thought to contribute towards motor

neuron degeneration. Considering these premises, and that sciatic nerves contain axons from both

sensory and motor neurons, we entertained the possibility that motor axons were particularly af

fected in the mpzcKO SNs. In order to analyze sensory and motor axons separately, we harvested

the fourth lumbar (L4) root nerves from control and mpzcKO mice at 12 months of age. L4 root

nerves provide two advantages: First, root nerves consist of pairs and exit the spinal cord ven

trally and dorsally. Ventral root nerves contain only motor fibers and dorsal root nerves are solely

composed of sensory fibers. Second, the L4 root nerve is the largest root nerve contributing to the

sciatic nerve and thereby it is likely the most representative to compare with our previous results.

In mpzcKO mice, both ventral and dorsal root nerves were robustly affected (Fig. 5.8a). Ventral

root nerves from mpzcKO mice displayed fewer myelinated and fewer total axons compared to

controls, indicating axonal loss (Fig. 5.8b,c). Two prominent features were almost uniquely ob

served in mpzcKO mice relative to controls: First, the occurrence of highly vacuolated fibers,

mostly splitting the myelin sheath (Fig. 5.8d). Second, being a pure motor nerve, L4 ventral roots

only contain myelinated axons and no Remak bundles. Nevertheless, nonmyelinated fibers were

present in mpzcKO L4 ventral roots but virtually absent in controls, which is highly indicative of

motor axon demyelination (Fig. 5.8d). In dorsal root nerves, myelinated and total axons (>1 µm

in diameter) also tended to be less numerous in mpzcKO mice compared to controls, but without

statistical significance (Fig. 5.8e,f). Vacuolated fibers and nonmyelinated axons (>1 µm in diame

ter) were also found inmpzcKO dorsal root nerves, but virtually absent in controls (Fig. 5.8g). We

considered the dorsal phenotype substantially milder than the one in the ventral roots, given that

the occurrence of vacuolated or non myelinated fibers was less frequent in absolute numbers, and

even fewer if related to the total numbers of axons in each respective nerve. The different extent

of phenotypic features was also reflected in the myelin sheath thickness analysis: The mpzcKO

ventral roots were consistently hypomyelinated across axons of all diameters compared to controls

(Fig. 5.8h, Fig. A.2b). Myelinated axons in the mpzcKO dorsal roots were globally hypomyeli

nated in small caliber axons, with statistical significance up to 2 µm in diameter (Fig. 5.8i). How

ever, sporadic axons with thin myelin (high gratio) were also detected in the mpzcKO mice up to

approximately 6 µm in diameter (Fig. A.2c).
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5. TDP43 IN SCHWANN CELLS

As previously shown, the sciatic nerve in mpzcKO mice lost mainly large caliber axons compared

to controls. Diameter analysis of all myelinated axons in mpzcKO ventral and dorsal root nerves

revealed that myelinated axons larger than 6 µm were also substantially reduced compared to con

trols (Fig. 5.8jl), even though we acknowledge that this impact might be more pronounced in the

ventral roots. Similar results were obtained when vacuolated and nonmyelinated axons were in

cluded in the analysis (Fig. A.3). The observations in root nerves are therefore consistent with the

SN, and further indicate that both sensory and motor nerves are in principle affected due to loss

of TDP43 in SCs. In summary, mpzCremediated deletion of TDP43 also has an impact dur

ing moderate aging, and most strikingly affected ventral root nerves. The motor dysfunction in

mpzcKO mice developed only gradually and was not completely evident without performing be

havioral experiments at one year of age. This potentially indicates that, besides the developmental

defects depicted in our analysis up to P60, SCs ultimately fail to maintain myelination and axonal

support over the course of longer periods of time.  

Figure 5.8 (facing page): Ventral root nerves are particularly affected in oneyearold mpzcKO mice. L4
ventral and dorsal root nerves were analyzed in oneyearold control and mpzcKO mice. (a) EM micrographs dis
playing typical morphological features of control and mpzcKO root nerves. Ventral and dorsal mpzcKO root nerves
display myelinated fibers with vacuoles, sometimes splitting the myelin sheath (black arrowheads). In control mice,
nonmyelinated axons are not expected in ventral root nerves and only expected in dorsal root nerves for axons in Re
mak bundles (below 1µm in diameter). However, mpzcKO dorsal and ventral L4 root nerves display nonmyelinated
axons, some of which larger than 1 µm in diameter (white arrowheads). scalebar 10 µm. (bd) Quantification of fea
tures per ventral root nerve cross section. The number of myelinated axons (b) and total axons (c) were both decreased
in mpzcKO ventral roots compared to controls. Vacuolecontaining fibers as well as nonmyelinated axons were both
elevated inmpzcKO ventral roots compared to controls (d). (eg)Quantification of features per dorsal root nerve cross
section. Similar to the ventral root nerves, the number of myelinated axons (e) and total axons (f) trend towards a re
duction in mpzcKO dorsal roots compared to controls, albeit without statistical significance. The vacuolecontaining
fibers as well as nonmyelinated axons (g) were also increased in mpzcKO dorsal roots compared to controls. A min
imum calibercutoff of 1 µm was applied when nonmyelinated axons were counted. (h) Quantification of the myelin
sheath thickness in ventral root nerves, plotted as a function of gratio versus axon diameter. Axons in mpzcKO are
robustly hypomyelinated across all axon calibers compared to controls. (i) gratio of myelinated fibers in dorsal root
nerves mainly highlight thinner myelin on small diameter axons in mpzcKO mice compared to controls, among other
minor changes. (j) Exemplary visualizations of axon caliber analysis of control and mpzcKO root nerves. Axons are
colored individually according to their caliber (scale on bottom). scalebar 100 µm. (k,l) Quantification of calibers
from all intact, i.e. nonvacuolated, myelinated fibers in the ventral (k) and dorsal (l) root nerves, generally depicts a
reduction of axons with large diameters and an increase of axons with small diameters in mpzcKO mice compared to
controls. Axons smaller than 1 µm occur only seldom in ventral root nerves (k) and are not displayed. (Statistics) Bar
graphs represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001. (b,c,e,f) n = 5 mice, twotailed, unpaired Student’s
ttest. (e) p=0.06, (f) p=0.07. (d,g) n = 5 mice, Mann Whitney test. (h,i,k,l) n = 5 mice, twoway ANOVA with Šídák’s
multiple comparisons test.
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5. TDP43 IN SCHWANN CELLS

TDP43cKO Leads to a Progressively Aggravated Condition Without Recovery

Our data at one year showed an aggravated phenotype of mpzcKO mice relative to P60. However,

it was not clear whether this phenotype at one year represented a stable steady peak of symp

toms, or whether it could further deteriorate in older animals. To evaluate whether the phenotype

progresses further, mice were allowed to age beyond one year. We performed our analysis at 16

months of age and mainly focused on histological analysis of EM micrographs, since these en

able a detailed evaluation of the phenotype. An overview over these micrographs immediately

indicated widespread changes in mpzcKO SNs when compared to controls (Fig. 5.9a), appar

ently more severe than features observed at one year. The SNs, ventral nerve roots, and also

dorsal nerve roots from mpzcKO mice exhibited an even greater reduction in the total number

of axons than was seen at one year (Fig. 5.9b,d,f). In addition to the missing axons, we ob

served striking accumulation of axons without myelin, suggestive of widespread demyelination

in all tissues assessed (Fig. 5.9c,e,g). Among the myelinated fibers in mpzcKO L4 root nerves,

a significant fraction displayed aberrant vacuolated profiles (Fig. 5.9e,g). A distinct feature of

mpzcKO dorsal root nerves was the presence of onion bulb profiles, i.e. multiple layers of cells

and matrix surrounding a central axon that may or not be myelinated, which were not detected

in control nerves (Fig. 5.9h). The reduction of motor axons in mpzcKO mice likely reflects ax

onal degeneration. Together with the potentially persistent impairment of impulse conduction in

mpzcKO nerves, we hypothesized that TDP43 deletion in SCs might result in reduced innerva

tion of muscles or reduced neuronal signaling through the present neuromuscular junctions. Both

of these conditions are expected to lead to muscle wasting, as it was previously shown in ex

perimental models (Sacheck et al., 2007) or neuropathies, e.g. spinal muscular atrophy (SMA)

and CharcotMarieTooth neuropathy type 1 (CMT1A) (reviewed by Thomas, 1999; Kolb and

Kissel, 2011). To this end, we analyzed gastrocnemius (GN), tibialis anterior (TA) and soleus

(Sol) muscles of mpzcKO and control mice at 16 months of age. Qualitatively, all muscles ap

peared smaller in mpzcKO mice compared to controls (Fig. 5.9i). The mass of GN muscles

from mpzcKO mice was at about 50% of the mass of GN muscles from control mice (Fig. 5.9j).
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5.2. LongTerm Impact of Loss of TDP43 in Aging Animals
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Figure 5.9: Loss of TDP43 ultimately leads to widespread demyelination and axonal loss. Control andmpzcKO
mice were analyzed at 16 months of age by electron microscopy. (a) Exemplary EM micrographs illustrating the mor
phology of sciatic and L4 root nerves. mpzcKO nerves display nonmyelinated axons (white arrowheads) and highly
vacuolated myelinated fibers (black arrowheads). Onion bulb structures (black arrows) are observed in mpzcKO dor
sal roots. scalebar: 10 µm (b,c) Quantification of the sciatic nerve, displaying reduced numbers of total axons >1 µm
(b) and increased numbers of nonmyelinated axons (c) inmpzcKOmice compared to controls. (dh)Quantification of
ventral L4 root nerves (d,e) and of L4 dorsal root nerves (fh). The total numbers of axons are reduced (d,f), whereas
the numbers of axons without myelin and the occurrence of vacuoles in myelinated fibers is increased (e,g) inmpzcKO
nerves compared to controls. Furthermore, onion bulb structures were prominently observed in dorsal root nerves of
mpzcKO mice but virtually absent in controls (h). (i,j) Muscular atrophy in mpzcKO mice compared to controls.
Exemplary pictures of the gastrocnemius (GN), Soleus (Sol) and tibialis anterior (TA) muscle (i). The mpzcKO gas
trocnemius muscle weight is strongly reduced compared to controls (j). (Statistics) Bar graphs represent mean±SEM;
##p<0.01, *p<0.05, **p<0.01, ***p<0.001. (all graphs) n = 5 mice; (b,c,d,f,j) twotailed, unpaired Student’s ttest.
(e,g) *twotailed, unpaired Student’s ttest, #Mann Whitney test. (h) one sample ttest with hypothetical mean of zero.
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5. TDP43 IN SCHWANN CELLS

Taken together, we reason that the condition of peripheral nerves continuouslyworsened inmpzcKO

mice, ultimately resulting in severe axonal loss in all nerve tissues assessed and concomitant mus

cular wasting. Furthermore, remaining axons were partially demyelinated and highly vacuolated

in the root nerves. Based on these observations, we concluded that loss of TDP43 during de

velopment also impairs adult SC biology such that emerging signs of damage (including failure to

prevent axonal degeneration and failure to protect the myelinated state) appear slowly, but progres

sively worsen as the mice age. When conceptually considering the stage of SC life impacted by

TDP43 that could result in the late defects described above, we can enumerate three speculative

possibilities. First, mpzcKO Schwann cells may not develop properly in the first place, carry

ing impairments not covered or identified by our analysis that ultimately lead to lateonset defects.

Second, SCsmay also be susceptible to an impairment specifically in the adult stage, thereby failing

to maintain myelination and axonal support due to the lack of TDP43 in their fully differentiated,

myelinating state. Third, when SCs fail to maintain their stable myelinated state in the absence of

TDP43, the process of de and remyelination may also in itself be further impaired due to the lack

of TDP43, leading to formation of myelin aberrations and lack of efficient myelin repair.
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5.3. Regeneration and Maintenance in mpzTDP43iKO Mice

5.3. Regeneration and Maintenance

in mpzTDP43iKO Mice

Nerve Regeneration Is Largely Successful in mpziKO Mice

Our analysis on mpzcKO mice revealed problems with the protection of axonal survival, altered

myelin proportions, and also widespread presence of demyelinated axons. These observations raise

the question of whether TDP43 expressed by SCs is specifically required for nerve repair follow

ing nerve injury in adult animals, especially considering that following a PNS injury healthy SCs

normally play key roles in promoting regeneration, and subsequent remyelination. To specifically

address this question we utilized thempzCreERT2 mouse line (Leone et al., 2003), in which the abla

tion of TDP43 can be temporally controlled and only induced after developmental myelination is

complete. In this setup, mpziKO (mpzTDP43iKO) and control mice were injected with tamoxifen

between 810 weeks of age to induce recombination, and 2 additional months were allowed for

recombination and protein depletion (Fig. 5.10a).

The recombination was assessed by RTqPCR for TDP43 mRNA, designed such that one primer

binds to exon 3 in order to only amplify nonrecombined TDP43 transcripts and serve as a sen

sitive indicator of TDP43 recombination. Abundance of TDP43 exon 3 mRNA was reduced in

mpziKO SN cDNA at 2mpT compared to controls (Fig. 5.10b), suggesting successful recombi

nation of TDP43. To further control for loss of TDP43 function, we evaluated nfasc155 levels,

which are potentially under direct protection by TDP43mediated repression of cryptic splicing.

Abundance of nfasc155was also reduced inmpziKO compared to control SNs (Fig. 5.10c), which

is in agreement with reduced expression of TDP43 and suggests a loss of function in recombined

mpziKO SCs at 2mpT. To induce demyelination, a crush injury was performed two months after

the tamoxifen injection (2mpT) in both control and mpziKO mice. The key repair phases follow

ing peripheral nerve injury follow a wellestablished temporal pattern, and we tuned the timing of

the analysis to evaluate the progression of these main stages. We selected 5 days post crush (dpc)

to investigate myelin breakdown, 12dpc to evaluate the onset of remyelination and 30dpc to assess

complete remyelination including myelin growth (Fig. 5.10a,d).
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5. TDP43 IN SCHWANN CELLS

The number of intact appearing myelin rings was comparable between control and mpziKO mice,

although we noted considerable variation within each genotype (Fig. 5.10e). At 12 days post crush,

control andmpziKO SNs contained similar numbers of axons, but fewer were already remyelinated

inmpziKOmice (Fig. 5.10f,g). These observations suggest a defect in the timely onset of remyeli

nation without evidence for differential axon regrowth in mpziKO mice compared to controls. To

evaluate whether the impairment at the onset of remyelination consists of a transient delay or a more

durable defect, we analysed mpziKO mice at 30dpc, a time point in which controls should be fully

remyelinated. Surprisingly, mpziKO animals showed a very slight but significant increase in the

number of myelinated axons (Fig. 5.10h), indicating that the impairment at 12dpc was a transient

delay. Analysis of myelin thickness towards axonal diameter revealed a nearly identical gratio

for control and mpziKO mice (Fig. 5.10i,j). The diameter distribution of the axons analyzed was

also very similar betweenmpziKO and control mice (Fig. 5.10k). In summary, mpziKO mice dis

played a capacity to regenerate after a nerve crush injury, at least in the main events up to 30 days

post nerve crush, similar to that seen in control mice. Nonetheless, our observations indicate that

TDP43 in SCs is required for timely onset of remyelination, and we cannot exclude that lateonset

defects would arise in mpziKO nerves at later time points after remyelination.  

Figure 5.10 (facing page): Schwann cell TDP43 contributes to a timely onset of remyelination following nerve
crush injury. (a) Schematic representation of the experimental design. Tamoxifen was injected in 810 weekold
control and mpziKO mice to induce TDP43 deletion. Two months later, mice were subjected to a sciatic nerve crush
injury and analyzed at different days post crush injury (dpc). (b) Abundance of TDP43 exon 3 (i.e. nonrecombined)
mRNA is reduced in SNs of mpziKO mice at 2mpT compared to controls. (c) Abundance of nfasc155, a transcript
potentially protected via TDP43mediated repression of cryptic splicing, is reduced in mpziKO SNs compared to
controls, consistent with a loss of TDP43 function in SCs. (d)Representative EMmicrographs of control andmpziKO
sciatic nerves at 5, 12 and 30 dpc. Contralateral nerves were also extracted from mice at 30dpc. White arrowheads
point at two exemplary intact myelin profiles. scalebar: 10 µm. (e) Quantification of intact appearing myelin rings at
5dpc to analyze myelin breakdown following the injury reveals no significant changes between control and mpziKO
mice. (f,g) Analysis of numbers of regenerated axons and onset of remyelination at 12dpc. For this purpose, the
number of axons larger than 1 µm (f) as well as their proportion with myelin sheaths (g) was quantified. No changes
were detected in the number of regenerated axons, butmpziKO mice contain proportionally fewer remyelinated fibers
than controls. (h) Total numbers of myelinated axons per SN cross section at 30dpc reveal no significant reduction in
mpziKO compared to controls mice at a stage of expected complete remyelination. (ik) Analysis of myelin thickness
and axonal diameters at 30dpc. The average gratio (i) and the gratio plotted against different bins of axon diameters
(j) was not detectably changed between control and mpziKO mice. The axonal diameter measurements used in the
quantification of (j) were also used to assess the frequency distribution of axon diameters (k), which did not reveal
major differences between the different genotypes. (Statistics) Bar graphs represent mean±SEM; *p<0.05, **p<0.01,
***p<0.001. (a,b) n = 5 mice, (e) n = 3 mice, (f,g) n = 5 mice, (hk) n = 4 mice; (b,c,ei) twotailed, unpaired Student’s
ttest. (j,k) twoway ANOVA with Šídák’s multiple comparisons test.
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5. TDP43 IN SCHWANN CELLS

Maintenance in mpziKO Mice

Our previous observations revealed major defects in the peripheral nerves of mpzcKO mice dur

ing aging, clearly detectable at one year and substantially aggravated at 16 months of age. This

phenotype might derive from a specific role of TDP43 in adult myelinating SCs, but alternatively

they could derive frommolecular defects triggered much earlier in SC development, but only trans

lated to a phenotype in later life. To evaluate whether TDP43 is required to maintain myelination

and axonal support specifically in adult SCs, we induced the recombination of TDP43 after de

velopmental myelination is largely completed. To this end, we used the aforementioned mpziKO

mouse line and agematched control animals, and performed tamoxifen injections between 8 and

10 weeks of age. Due to the observations in the mpzcKO animals, we hypothesized that a pheno

type would develop slowly, and possibly only become detectable several months after induction.

In addition, inducible systems such as the one we employ are known not to trigger 100% recom

bination (Ribeiro et al., 2013; Brugger et al., 2015), and therefore non recombined Schwann cells

might replace some of the recombined Schwann cells over time, further dampening the possibility

of these animals developing strong impairments. Consequently, we analyzed control and mpziKO

mice six and twelve months after the tamoxifen injection (Fig. 5.11a). To investigate the recom

bination and degree of turnover of Schwann cells in sciatic nerves, animals were bred with the

Credependent tdTomato reporter line (Madisen et al., 2010), and the SNs were analyzed by im

munofluorescence at 6 and 12mpT (Fig. 5.11b,c). Using Sox10 as marker, no obvious differences

in SC numbers were detected between genotypes (Fig. 5.11bd). The proportion of recombined,

tdTomatopos Schwann cells was similar at 6mpT and then reduced in mpziKO mice compared to

controls at 12mpT (Fig. 5.11b,c,e). This suggests that some of the recombined, tdTomatopos SCs

were lost in mpziKO SNs, potentially via apoptosis, and were in the meantime replaced by the

pool of nonrecombined SCs. At 6mpT, when recombined SCs are not yet reduced, we evaluated

to which extent TDP43 was functionally lost inmpziKO SNs by investigating the previously iden

tified cryptic splicing of nfasc155. cDNA endpoint PCR analysis indicated that a part of the nfasc

transcripts incorporated the cryptic exon in mpziKO mice (Fig. 5.11f). Since cryptic nfasc tran

scripts are likely degraded by NMD, band intensities of canonical and cryptic amplicons cannot be

compared to infer the total proportion of misspliced transcripts. However, we could screen for a

reduction of total nfasc155mRNA in SNs, which provides an indication regarding the contribution

of cryptic splicing due to loss of TDP43 in recombined SCs (Fig. 5.11g).
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5.3. Regeneration and Maintenance in mpzTDP43iKO Mice

Our observations confirm that mpziKO SNs displayed significantly reduced levels of nfasc155

compared to controls, indicating that a major fraction of nfasc155 has been cryptically spliced.

Nevertheless, mpziKO animals appeared normal and not distinguishable from controls at 6mpT.

By 12mpT, 8 out of 12 mpziKO mice showed hindlimbclasping when suspended by the tail,

indicative of PNS dysfunction (Fig. 5.11h). Nevertheless, the body weight and motor performance

on the inverted grid hanging test did not significantly differ from that of control mice (Fig. 5.11i,j).

Collectively, SCs derived frommpziKOmice efficiently recombine and functionally lose TDP43,

based on the evidence at 2 and 6 mpT. As expected, a phenotypic impact on the animals develops

slowly, and only by 12mpT couldwe detect a partial turnover of recombined SCs in SNs ofmpziKO

mice, along with aberrant hindlimb spreading (a symptom of PNS dysfunction) in some of these

mutant mice.  

The initial assessment described above prompted us to focus our subsequent analysis of nerve

morphology at 12mpT, when the phenotype is detectable. The overview electron micrographs

depict SNs that appear largely normal in control and mpziKO mice (Fig. 5.12a). Numbers of

myelinated axons were not reduced in mpziKO SNs, and the myelin sheath thickness was highly

comparable to that in control SNs (Fig. 5.12b,c). Inspection of scatter plots with all individual

gratio measurements plotted against the axonal diameter did not reveal a noteworthy number of

thinly myelinated axons in mpziKO SNs, which would indicate remyelination (Fig. A.4). We

previously observed a clear reduction of large caliber axons in oneyearold mpzcKO SNs and

wondered whether this could be detected inmpziKOmice as well. The gratio analysis inmpziKO

mice at 12mpT provided a minimum of 1’200 measurements per SN, which we consider as a robust

sampling to estimate the axon diameter composition in the analyzed SNs (Fig. 5.12d). The thickest

axons (>8 µm in diameter) were only trendwise, marginally reduced inmpziKO mice compared to

controls, suggesting that the function of TDP43 specifically in adult SCs is not crucial to protect

axons from degeneration within the timeframe of analysis. In summary, SNs of mpziKO mice at

12mpT do not recapitulate the defects seen in mpzcKO mice at one year of age. We reason that

there are two possible explanations contributing to these observations: First, the lack of TDP43

during SC development may somehow compromise myelinated fibers, resulting in substantial loss

and atrophy of axons much later in life. Second, it is possible that the nonrecombined SCs in SNs

of mpziKO mice provide enough support to prevent axonal degeneration.  
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Figure 5.11: Induced deletion of TDP43 mildly affects motor function and elicits turnover of Schwann cells (a)
Schematic representation of the experimental design. Tamoxifen was injected in 810 weekold control and mpziKO
mice to induce recombination. For immunofluorescent analysis, transgenic mice additionally harboring the Cre
dependent tdTomato reporter were used to label recombined cells. Mice were analyzed after 6 and 12 months post
tamoxifen (mpT). (b,c) Exemplary immunofluorescence images of SNs at 6mpT (b) and 12mpT (c). Sox10 was se
lected to label all Schwann cells and tdTomato was used as an indicator for their recombined state (white arrowheads).
Black arrowheads indicate exemplary tdTomatoneg SCs. scalebar: 20 µm. (d) Density of Sox10pos Schwann cells in
control and mpziKO sciatic nerve cross sections at 6 and 12mpT reveals no significant changes between genotypes.
(e) Proportion of tdTomatopos Schwann cells among all Schwann cells quantified in (d) depicts a specific reduction of
tdTomatopos SCs in mpziKO SNs at 12mpT. (f,g) Analysis of nfasc cryptic splicing in control and mpziKO mice at
6mpT. (f) Endpoint PCR analysis after amplifying from exons neighboring the cryptic exon reveal the occurrence of
cryptic splicing in mpziKO but not in control mice. (g) Expression of nfasc155 is reduced in mpziKO sciatic nerves
at 6mpT, in line with the detection of cryptic nfasc shown in (f). (h) Tailsuspension triggered hindlimb spreading
in control but not mpziKO mice at 12mpT, which is indicative of a PNS dysfunction. (i) Bodyweight of control
and mpziKO mice at 12mpT, displaying very similar body mass between genotypes. (j) Performance of control and
mpziKO mice in inverted grid hanging test at 12mpT. Mice from both genotypes show a similar performance with
out statistical differences, despite a slight trend for reduced performance in mpziKO ♀ mice. (Statistics) Bar graphs
represent mean±SEM; **p<0.01. (d,e) 6mpT n = 3 mice, 12mpT n = 6 mice, twoway ANOVA with Šídák’s multiple
comparisons test. (g) n = 4 mice, twotailed, unpaired Student’s ttest. (i,j) (♀ n = 6,♂ n = 11 mice, twotailed, unpaired
Student’s ttest.
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Figure 5.12: mpziKO sciatic nerves do not display overt defects at 12 months posttamoxifen. SN cross sec
tions of control and mpziKO mice were analyzed by electron microscopy at 12 months posttamoxifen (12mpT). (a)
Exemplary EM micrographs do not display evident differences between genotypes. scalebar: 5 µm. (b) Number of
myelinated axons per sciatic nerve cross section. (c) Quantification of the gratio does not indicate significant changes
between genotypes. (d) Axon diameter distribution of axons quantified in (c) reveals no major shift in the frequency
distribution of axonal diameters in mpziKO SNs compared to controls. (Statistics) Bar graphs represent mean±SEM;
**p<0.01. (all graphs) n = 5 mice; (b) twotailed, unpaired Student’s ttest, (c,d) twoway ANOVA with Šídák’s
multiple comparisons test.

Besides SNs, we had also previously analyzed nerve roots in oneyearold mpzcKO and control

mice, in an attempt to separately evaluate potential phenotypes related to sensory and motor axons.

The motor nerve roots appeared more affected than the sensory roots, but surprisingly both root

nerves were histologically more affected than the SNs (Fig. 5.7 & 5.8). In order to evaluate whether

nerve roots were also particularly sensitive to TDP43 deletion in adult SCs, we included these tis

sues in our EM analysis of mpziKO and control mice at 12mpT. Qualitative inspection of electron

micrographs revealed clear differences betweenmpziKO roots and controls (Fig. 5.13a), due to the

presence of vacuolated myelin profiles and axons without myelin. Despite containing similar num

bers of myelinated and total axons (Fig. 5.13b,c) compared to controls, ventral root nerves from

mpziKO mice appeared the most affected, with widespread presence of fibers harboring vacuo

lated myelin, and of axons lacking myelin altogether (Fig. 5.13d). Dorsal roots frommpziKOmice

compared to controls also contained fibers with vacuolated myelin, and rarely some non myelinated

fibers (>1 µm in diameter, Fig. 5.13g). However, these features were much less abundant than in

ventral roots of the same mice. Unexpectedly, we detected a small but statistically significant in

crease in the numbers of myelinated and total axons (>1 µm in diameter) in the dorsal root nerves
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ofmpziKOmice compared to controls (Fig. 5.13e,f). We currently have no conclusive explanation

for this tantalizing observation in mpziKO mice, but one possibility is the potential presence of

multiple myelinated axonal regenerative sprouts, which are known to occur in nerves of some hu

man patients with peripheral neuropathies (Said et al., 1983; Hattori et al., 2003; Vital et al., 2008).

However, we also cannot fully exclude the possibility that technical or experimental factors lead

to the observed difference. Taken together, the induced deletion of TDP43 resulted in vacuolation

of myelinated fibers and demyelination in nerve roots, but not to a detectable loss of axons. These

findings agree with the interpretation that TDP43 in adult myelinating SCs is required for myelin

stability and maintenance of the myelinated state.
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Figure 5.13: mpziKO root nerves exhibit vacuolation and demyelination at 12 months posttamoxifen. Anal
ysis of cross sections from control and mpziKO L4 root nerves at 12 month posttamoxifen (mpT). (a) Exemplary
electron micrographs of dorsal and ventral root nerves. Ventral mpziKO root nerves are evidently affected, harboring
vacuolated fibers (black arrowheads), nonmyelinated axons (white arrowheads) and thinly myelinated axons (black
arrow). scalebar: 10 µm. (bg)Quantitative analysis of control andmpziKO root nerves at 12mpT. Numbers represent
the occurrence per cross section. (b,c) Numbers of myelinated (b) and total (c) axons in ventral root nerves are not
detectably different between genotypes. (d) Numbers of myelinated fibers harboring vacuoles and number of non
myelinated axons are both significantly higher in mpziKO ventral root nerves compared to controls. (e,f) Analysis of
dorsal root nerves reveals slightly increased numbers of myelinated (e) and total (f) axons in mpziKO mice compared
to controls. (g) The number of myelinated fibers with vacuoles are significantly enriched in mpziKO dorsal roots
compared to controls, but the number of axons without myelin only shows a marginal trend towards elevation in the
same mutants. (Statistics) Bar graphs represent mean±SEM; **p<0.01 (all graphs) n = 5 mice. (b,c,e,f) twotailed,
unpaired Student’s ttest. (d,g) Mann Whitney test.
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The enrichment in axons without myelin suggests some degree of demyelination in mpziKO root

nerves, and ongoing demyelination could be followed by remyelination, which might be detected

through the presence of very thin myelin sheaths. To address this possibility, root nerves have been

further analyzed for myelin thickness and distribution of axons diameters. The average myelin

thickness was not changed significantly for any range of axon calibers, but the presence of thinly

myelinated axons inmpziKO root nerves was evident in the EMmicrographs (Fig. 5.13a). Inspec

tion of all individual measurements in gratio versus axonal diameter scatter plots of both ventral

and dorsal root nerves revealed that a substantial number of fibers in mpziKO harbored thinner

myelin compared to the respective controls (Fig. 5.14a,b). A cutoff has been defined to incorpo

rate most fibers from control nerves and thereby isolate a group of hypomyelinated axons (lines

in Fig. 5.14a,b). An evidently enriched number of fibers from mpziKO root nerves was thereby

classified as hypomyelinated, while only very few axons from control nerves were represented in

this category (Fig. 5.14c). If further considering that dorsal roots have more myelinated axons than

ventral roots, there are proportionally more hypomyelinated (presumably remyelinated) axons in

ventral than dorsal root nerves. The variability was overall high, especially in mpziKO ventral

root nerves, but the very low numbers in controls consolidate the significance of these changes.

Another key finding in mpzcKO nerve roots was a marked reduction in the number of axons with

large diameters. Even though axons were not detectably lost in mpziKO nerve roots, we reasoned

that the representation of large diameter axons might be reduced. To test this hypothesis, we ana

lyzed the diameters of all axons per cross section of root nerves, and exemplary colorcoded profiles

for controls and mpziKO root nerves are shown (Fig. 5.14d). As previously noted in the quantifi

cations of hypomyelinated axons, the high variability of mpziKO ventral root nerve was further

reflected in the axonal diameter distributions of myelinated fibers (compare the two mpziKO ex

amples shown in Fig. 5.14d). Nevertheless myelinated fibers with axon diameters larger than 8 µm

were greatly diminished (Fig. 5.14e). In contrast, the induced deletion of TDP43 had no influence

on the number of axons with large diameters in dorsal root nerves (Fig. 5.14f). The surplus of

myelinated axons in mpziKO dorsal roots (see Fig. 5.13e) might relate to more axons between 1.5

and 3 µm in diameter, as axons of these diameters were substantially more numerous in mpziKO

mice compared to controls. Similar results were obtained when vacuolated and nonmyelinated

axons were included in the analysis (Fig. A.5).
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5. TDP43 IN SCHWANN CELLS

Taken together, our data suggests that TDP43 expressed by SCs in adult nerve roots is required to

maintain healthy myelin and prevent demyelination. Furthermore, although no effective reduction

of total axon numbers were detected, we speculate that the action of TDP43 in adult SCs is also

required to preserve the proper abundance of motor axons with large diameters.  
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Figure 5.14: Induced deletion of TDP43 provokes sparse hypomyelination and loss of large caliber axons in
the ventral root nerves. Dorsal and ventral L4 root nerves from control and mpziKO mice were analyzed at 12 mpT.
(a,b) gratio analysis plotted as axons caliber vs gratio for ventral (a) and dorsal (b) root nerves. To gate for evidently
hypomyelinated axons, a line was plotted at the edge of bulk measurements from control animals. Note that both
dorsal and ventral roots are enriched in measurements frommpziKO mice in the region above this line. (c) Percentage
of axons from measurements in (a,b) that fall into the hypomyelinated region. (d) Exemplary visualizations of axon
caliber analysis of control and mpziKO root nerves. Axons are colored individually according to their caliber (scale
at bottom). Two mpziKO root nerves are shown to represent the variability in their appearance. (e,f) Quantification
of calibers from all intact, i.e. nonvacuolated, myelinated fibers in the ventral (e) and dorsal (f) root nerves. Note that
axons with diameter greater than 8 µm are prominently reduced specifically in mpziKO ventral roots. Axons smaller
than 1 µm occur only seldom in ventral roots (e) and are not displayed. (Statistics) Bar graphs represent mean±SEM;
*p<0.05, **p<0.01, ***p<0.001. (all graphs) n = 5 mice. (c) twotailed, unpaired Student’s ttest. (e,f) twoway
ANOVA with Šídák’s multiple comparisons test
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5.4. Summary of the Function of TDP43 in SCs
We have studied the function of TDP43 in SCs by conditional deletion during embryonic devel

opment and after developmental myelination. We have shown that TDP43 is strictly required for

the timely onset of myelination in the SN during early postnatal development and potentially influ

ences the correct proportions of the myelin sheath. However, developmental myelination in the SN

was largely successful in mpzcKO mice compared to controls. Strikingly, we found that TDP43

function is crucial for protection of nfasc155 from cryptic splicing in mice, a function of TDP43

that is very likely required for proper expression of NF155. In mpzcKO mice, the definition of

the paranodal and juxtaparanodal regions was strongly impaired and the mutant nerves displayed

striking electrophysiological abnormalities. At 12 and 16 months of age, mpzcKO mice display

increasing failure to maintain myelin and protect axons from degeneration, which was most evi

dent in ventral root nerves. Moreover, aged mpzcKO mice displayed impaired motor function and

reduced body mass. This longterm phenotype upon loss of TDP43 in SCs suggests that TDP43

function during development and/or in adult mice is required to protect PNS integrity in aging

animals.

Beyond development, we show that TDP43 is required for the timely onset of remyelination after

sciatic nerve crush injury, even though these defects are transient and eventually recover. To elu

cidate the function of TDP43 specifically in adult SCs, we induced recombination in control and

mpziKOmice after developmental myelination largely finished. A phenotypic impact was evident

in mpziKO mice at 12mpT and we observed partial turnover of SCs in SNs of these mutants. In

contrast to mpzcKO SNs at one year of age, we did not find evidence for demyelination or shift

of the axon diameter distribution in mpziKO SNs at 12mpT. Further analysis at 12mpT did re

veal that TDP43 is essential to maintain the myelinated state in some axons of the L4 root nerves,

based on the occurrence of nonmyelinated axons and vacuoles in myelinated axons. Additionally,

mpziKO root nerves displayed myelinated axons with unexpectedly thin myelin compared to con

trols, suggesting that some axons were remyelinated. Axon diameter analysis revealed that motor

axons of large diameters (>8 µm) were significantly reduced in ventral root nerves when compared

to controls. Altogether, the analysis of aged mpziKO mice indicates that TDP43 in adult SCs is

crucial to maintaining myelination, and potentially has a distinct impact on big motor axons.

The broad spectrum of influence that TDP43 exerts on SC biology should be taken into consid

eration in order to thoroughly understand TDP43 function and dysfunction in the nervous system

health and disease.
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6. TDP43 in Oligodendrocytes

6.1. Function of TDP43 in Oligodendrocytes

During Development

In the brain of young mice (P7 and P17, cerebral cortex), TDP43 is expressed in neurons, astro

cytes, cells of the oligodendrocyte (OL) lineage, and, to a lesser extent, in endothelial cells and

microglia (Zhang et al., 2014). While OL precursor cells (OPCs) display highest TDP43 levels in

the OL lineage according to the study of Zhang et al. (2014), singlecell RNA sequencing data from

various CNS tissues at P2030 and P5060 revealed a more diffuse pattern of TDP43 abundance

(Marques et al., 2016). From these datasets we assumed that TDP43 is expressed at all stages of

the OL lineage andmight be functionally relevant at any stage of OL differentiation andmaturation.

In order to investigate the function of TDP43 in the OL lineage, we deleted functional TDP43

using a Creline specific for OLs and SCs (cnpCre) and a floxline in which exon 3 of the Tardbp

gene is flanked by loxP sites (TDP43f/f, Fig. 6.1a). Cre positive, TDP43f/f animals were used as

conditional knockout animals (cnpTDP43cKO, hereafter cnpcKO). The CNS is composed of many

different cell types, and unlike for SCs in the SN, OLs do not comprise the large majority of cells

in the spinal cord (SpC) or brain. Therefore, biochemical analysis on whole SpCs or brain biopsies

is not feasible to specifically investigate OLs. To circumvent this issue, we used transgenic mice

to mark OLs by fluorescent protein expression, and collected these OLs by fluorescenceactivated

cell sorting (FACS). In this study, we employed two independent transgenic reporter lines. Cre

dependent tdTomato expression (Madisen et al., 2010) was used to label all recombined cells, and

endogenously knockedin pdgfrαH2BEGFP (histone H2BEGFP fusion protein, Hamilton et al.,

2003) was used to mark all OLs. Collectively, we were able to purify OLs from SpC tissue at P10,

while the H2BEGFP protein was highly stable and still detected in mature OLs. The latter is not

unexpected, as EGFP is fused to H2B, and histones are very longlived proteins (Toyama et al.,

2013). Fractions enriched in OPCs or in differentiated OLs could be collected in a reproducible

manner by additionally separating small and large cells during sorting (Fig. A.6).
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6. TDP43 IN OLIGODENDROCYTES

Unexpectedly, we identified a minor tdTomatoposEGFPneg population that did not display expres

sion of typical OL lineage genes, suggesting a small contamination of other cell types among

tdTomatopos cells (Fig. A.6a). To generate offspring of the desired genotpyes with a reasonable

efficiency, we only used the tdTomato reporter line and accepted this bias when cells were col

lected for protein analysis, cell cultures, or singlecell RNA sequencing. To assess the reduction of

TDP43 in cnpcKO mice, we collected OLs from P10 SpCs applying the aforementioned sorting

strategy (Fig. A.6a). αTubulin and histone H3 were both analyzed to roughly compare cytoskeletal

and nuclear proteins between OPCs and differentiated OLs. Differentiated OLs were in the large

cell fraction judged by the cytometer forward scatter. In line with this, they displayed a qualitatively

high content of αTubulin (Fig. 6.1b). In the quantifications, we used αTubulin for normalization.

TDP43 itself was detected in OPCs and differentiated OLs from control mice and was strongly

reduced in differentiated OLs from cnpcKO mice compared to controls (Fig. 6.1b,c). In contrast,

TDP43 was only trendwise reduced in cnpcKO OPCs compared to controls. The reduction of

TDP43 was further qualitatively assessed by immunofluorescent analysis in SpCs of cnpcKO

and control animals at P10 (Fig. 6.1d). Motor neurons (ChATpos) and OLs (Olig2pos) were both

positive for TDP43 in control SpCs. While strong TDP43 positive signals were retained in motor

neurons of cnpcKO SpCs, TDP43 signals in OLs were close to background and only few cells

still displayed a weak positive signal. cnpcKO mice were born at mendelian ratios and were not

distinguishable from their control littermates in the first weeks of their life. However, they started

to shiver after 3035 days, which was gradually exacerbated over time. Due to animal welfare con

siderations, the last timepoint of analysis was between 50 and 60 days of age (further referred to as

P50 throughout the thesis). Altogether, our data reveal that TDP43 is efficiently reduced in differ

entiated OLs of cnpcKOmice compared to controls. Our results further suggest that only a fraction

of cnpcKO OPCs is recombined, or that the turnover of TDP43 in OPCs is very slow. Moreover,

cnpcKO mice develop pathological symptoms visible at one month of age, which progressively

deteriorate over time, indicating a crucial function of TDP43 in OLs.
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6.1. Function of TDP43 During Development
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Figure 6.1: Levels of TDP43 in control and cnpcKOmice. (a)Genetic model. Exon 3 of the tardbp gene is floxed
and excised upon Cremediated recombination. (b)Western blot protein analysis of sorted OLs from P10 SpCs split
by size. Detection of PDGFRα illustrates the efficient separation between OPCs and differentiated OLs. αTubulin was
used for normalization. Comparison of αTubulin with H3 demonstrates the remarkable cellular changes during differ
entiation, as equal amounts of total protein (3 µg based on μBCA quantification) were loaded in each lane. TDP43
is detected in OPCs and differentiated OLs, and reduced in cnpcKO mice by qualitative assessment. (c) Quantifi
cation of TDP43 in (b) reveals efficient reduction of TDP43 in differentiated cnpcKO OLs compared to controls
(n = 3 mice, mean±SEM, **p<0.01, twoway ANOVA with Tukey’s multiple comparisons test). (d) Representative
immunofluorescent stainings of P10 SpCs. Olig2 (red) marks all cells of the OL lineage (white arrowheads), ChAT
(purple) was used to label motor neurons. By qualitative assessment of 3 animals per genotype, TDP43 (green) is effi
ciently reduced in most cnpcKO OLs compared to controls. Dashed shapes indicate the soma and nucleus of TDP43
positive neurons. scalebar: 50 µm.
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6. TDP43 IN OLIGODENDROCYTES

TDP43 Is Essential for Developmental Myelination in the Spinal Cord

TDP43 might be required at any stage in the OL lineage, which would then be translated to the

symptomatic defects observed in cnpcKO mice after one month of age. To evaluate the progress

and correctness of CNS myelination upon deletion of TDP43, SpCs from cnpcKO and control

mice have been examined at different timepoints from P10 to P50, spanning the time from ongo

ing initiation of myelination to the endpoint of our analysis, when myelination is expected to be

largely finished in SpCs. Western blot analysis of MBP, a major myelin protein, revealed less abun

dance in cnpcKO SpCs than in controls at both P10 and P50, indicating myelination of the whole

tissue was reduced (Fig. 6.2a,b). The tissue morphology of lumbar SpCs was studied using elec

tron microscopy of the medial ventral white matter (WM, Fig. 6.2c,d). Myelination was evidently

affected in cnpcKO mice at all timepoints investigated when compared to controls. Evaluation of

the number of myelinated axons per area revealed a clear reduction in cnpcKO SpCs at P10 and

P50 when compared to controls (Fig. 6.2e). In contrast, myelinated axon numbers per area were

comparable between control and cnpcKO mice at P21 and P30. To further assess the degree of

myelination, we also counted nonmyelinated axons that are actually large enough to be myelinated

(>0.5 µm in diameter, Matthews and Duncan, 1971). Nonmyelinated axons larger than 0.5 µm in

diameter were significantly enriched in SpCs of cnpcKO mice compared to controls at all time

points except P21 (Fig. 6.2f). The significant elevation of nonmyelinated axons per area at P30,

without detectable changes in the density of myelinated axons, might be derived from a generally

higher density of all axons (>0.5 µm in diameter), which is only significantly higher at this time

point in cnpcKO mice compared to controls (Fig. A.7a). A higher density of axons would equally

elevate the number of myelinated and nonmyelinated axons per area in P30 cnpcKO, therefore

masking a potential reduction of myelinated axons per area and likewise increasing the number

of nonmyelinated axons per area. Considering the proportion of myelinated axons per all axons

(>0.5 µm in diameter), all timepoints expect P21 reveal a significant reduction in cnpcKO SpCs

compared to controls (Fig. A.7b), indicating an initial delay in the onset of myelination on individ

ual internodes and demyelination at P30 and P50. Qualitative appraisal of EM micrographs also

suggested generally thinner myelin in cnpcKO compared to controls. To formally evaluate the

relation of myelin thickness and axon diameter, the gratio was quantified at P30 and P50, con

firming a substantial reduction of the average myelin sheath thickness (higher gratio) in cnpcKO

compared to control SpCs (Fig. 6.2g).
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Figure 6.2: Myelination is impaired in cnpcKO spinal cords. Control and cnpcKO SpCs were analysed at
various timepoints between P10 and P50. (a) Western blot protein analysis in bulk SpC lysates at P10/P50 reveal
decreased MBP in cnpcKO mice compared to controls. (b) Quantification of MBP shown in (b) using αTubulin for
normalization. (c) Illustration of the region analysed by EM. (d) Representative EM micrographs showing the lumbar
ventral funiculus in control and cnpcKO mice (see scheme). Myelinated axons (black arrowheads) appear to have
thinner myelin at all timepoints andmore nonmyelinated axons (>0.5 µm in diameter, white arrowheads) are observed
in cnpcKO SpCs at P30/P50 when compared to controls. Note the occurrence of vacuoles (orange arrowheads) in
cnpcKO SpCs at P30/P50. scalebar: 5 µm. (e,f) Occurrence of myelinated (e) and nonmyelinated axons (>0.5 µm, f)
axons per area in the ventral funiculus reveals a delayed onset of myelination and signs of demyelination in cnpcKO
mice compared to controls. (g) Analysis of myelin thickness quantified as gratio shows thinner myelin of axons in
the ventral funiculus of cnpcKO SpCs compared to controls. (Statistics) Bar graphs represent mean±SEM; **p<0.01,
***p<0.001. (b) P10 n = 4 mice, P50 n = 5 mice; multiple twotailed, unpaired Student’s ttests corrected using
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6. TDP43 IN OLIGODENDROCYTES

In summary, TDP43 appears to be essential in OLs for various aspects of CNS myelination.

Our data suggests that TDP43 is required for a timely onset of myelination of individual intern

odes, which is resolved in cnpcKO SpCs at P21. In addition, myelin sheaths appeared thinner in

cnpcKO SpCs compared to controls, which was quantitatively confirmed at P30 and P50, indica

tion that TDP43 is essential for myelin growth. Furthermore, the reappearance of nonmyelinated

axons larger than 0.5 µm in diameter at P30 and P50 indicates that TDP43 is crucial to prevent

demyelination in later stages during CNS development.

Loss of TDP43 Leads to Impaired Tissue Integrity

Apart from the changes in myelination in cnpcKO mice, we also observed vacuoles in cnpcKO

animals at P30 and P50 (Fig. 6.2d, orange arrowheads). Hence, we next investigated the preva

lence of vacuoles and microgliosis as indicators of disturbed tissue integrity. Vacuoles in myeli

nated fibers were virtually absent in cnpcKO mice at P10 and started to appear from P21 onwards

(Fig. 6.3a,b). Compared to controls, cnpcKO mice displayed a mild enrichment of vacuoles at

P21 and P30, of which some were observed between the myelin ring and the axon (see magni

fied inserts from Fig. 6.3a). In P50 cnpcKO SpCs, vacuoles became more widespread compared

to controls, and appeared larger than at earlier timepoints. To investigate whether microgliosis is

concomitant with strong vacuolation in cnpcKO SpCs, we analysed Iba1 as marker for microglia.

Immunofluorescent staining of Iba1 revealed a pronounced migrogliosis in cnpcKO mice at P50

when compared to controls (Fig. 6.3c,d). Both the white and the grey matter of cnpcKO SpCs were

populated by many strongly Ibapos microglia, which were more numerous in the WM. In summary,

cnpcKO SpCs display vacuoles along with pronounced microgliosis at P50 when compared to

controls. Beyond the impaired onset of myelination and myelin thickening, and defective myelin

preservation in cnpcKOmice, these results further highlight the instability of the axonmyelin unit

due to the lack of TDP43 in OLs, altogether emphasizing that TDP43 is essential for OL biology

with strong ramifications for CNS tissue homeostasis.
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Figure 6.3: cnpcKO mice display highly vacuolated SpC WM and develop a pronounced microgliosis.
(a) Exemplary EM micrographs at low magnification reveal the enriched presence of vacuoles (orange arrowheads,
falsecolored area) in the WM of cnpcKO SpCs between P21 and P50 when compared to controls. Magnified inserts
show exemplary large vacuoles in more detail. scalebar: 20 µm, enlarged examples 5 µm. (b) Quantification of vac
uoles in the medial ventral WM (see schematic) shows elevated numbers of vacuoles in cnpcKOmice when compared
to controls, which is strongly exacerbated in cnpcKO mice at P50. (c) Representative immunofluorescence stainings
of Iba1pos to mark microglia (white arrowheads) in P50 SpC sections. Note the high signal intensity in cnpcKO mice
compared to controls, indicative of microglia activation. scalebar: 250 µm. (d) Quantification of Iba1pos cells at P50
reveals a significant enrichment in SpCs of cnpcKOmice compared to controls. Whole spinal cord hemisections were
quantified for the white and the grey matter separately (see schematic). (e) Illustration of the region analysed by EM
and immunofluorescence, including the region shown in (c) is indicated (red square). (Statistics) Bar graphs represent
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TDP43 Is Also Required in Brain Development

So far, we have reported a strong defect in SpCs of cnpcKO mice during development, compati

ble with a key importance of TDP43 in OLs in the SpC. Oligodendrogenesis differs between the

SpC and the brain. The microenvironment is known to influence OL biology (Vigano et al., 2013),

and mature OLs display heterogenous gene expression profiles that are enriched in specific brain

regions (Marques et al., 2016). Therefore it was unclear whether OLs in other regions of the CNS

also depend on TDP43. To address this question, we examined the corpus callosum (CC), the cor

tical grey matter (GM) and the cerebellum (CB) of cnpcKO and control mice at P50 (Fig. 6.4a).

A cortical GM region overlaying the CC, including part of the lower layers of the somatosensory

and posterior parietal association areas, was included in the analysis. The CC robustly displayed

fewer myelinated axons in cnpcKO mice compared to controls (Fig. 6.4a,b). Compared to other

regions in the CNS, axons in the CC are considerably smaller relative to the SpC ventral WM, and

myelin sheaths are proportionally thinner already in control mice. Therefore, we could not detect a

major difference in the myelin sheath thickness between genotypes by qualitative observation. In

contrast, vacuoles were evidently enriched in corpora callosa from cnpcKOmice compared to con

trols, although to a lesser and more variable extent than in the cnpcKO SpCs at P50 (Fig. 6.4a,c).

As expected, only very few axons were myelinated in the cortical GM of all animals (Fig. 6.4a).

Despite the already few myelinated axons in the cortical GM of control mice, we could still de

tect a significant reduction in the numbers of myelinated axons in cnpcKO mice (Fig. 6.4a,d). In

contrast to the SpC and CC, we could not detect evident signs of vacuolation in the cortical GM

of cnpcKO mice. The CB was included in the analysis as a second WM area of the brain. By

qualitative inspection, fewer axons appeared to be myelinated, myelin sheaths appeared obviously

thinner, and vacuoles were sparsely observed in cnpcKO mice compared to controls (Fig. 6.4a,

not quantified). Taken together, the analysed brain regions, which include white and grey matter,

were less myelinated in cnpcKO mice compared to controls at P50. Moreover, vacuolation was

evident in the cnpcKO CC. These observations are consistent with our analysis of the SpC, sug

gesting that TDP43 function is in principle required for OLs resident in different regions of the

CNS. However, brain regions of cnpcKO mice at P50 displayed vacuoles to a lesser extent than

than in the SpC WM, indicating regionspecific differences.
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Figure 6.4: Brain areas in cnpcKOmice at P50 display reducedmyelination and vacuoles. The corpus callosum
(CC), cortical GM and cerebellum (CB) were analysed in control and cnpcKO mice at P50. (a) Representative EM
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Differentiated OLs Are Differentially Impacted by Loss of TDP43 in the SpC WM and GM

Our analysis so far established that TDP43 is essential in OLs to allow normal CNS development.

Even though myelination is clearly impaired in cnpcKO mice, it remained unclear which stage(s)

particularly depend on TDP43 during OL development. It is possible that TDP43 is essential in

OPCs, for example for their proliferation or potential to differentiate. It is also conceivable that

differentiated OLs are greatly impaired in a process during maturation, or myelination itself, in

the absence of TDP43. Moreover, TDP43 may also be essential for survival at any stage of OL

development. To experimentally evaluate these possibilities, we quantified the numbers of OLs at

different differentiation stages in control and cnpcKO SpCs.

First, we assessed the occurrence and proliferative state of OPCs at P10 using immunofluorescent

stainings (Fig. 6.5a,b). Olig2 was used a general OL lineage marker and OPCs were identified by

Pdgfrα. OPC numbers were not statistically different in the white or the gray matter from cnpcKO

mice compared to controls at P10 (Fig. 6.5a’,b’). Mice were injected with EdU one hour before

euthanasia, to label cells going through Sphase in that period. The proportion of EdUpos cells

among OPCs was comparable between genotypes in the white and the grey matter (Fig. 6.5a’’,b’’).

 

Pdgfrαneg OLs were considered to be differentiated, and we used CC1 antibodies at P10 and P50

to analyse these cells. It is of note that OLs during early stages of maturation – a separate process

following differentiation – , also known as intermediate or premyelinating OLs, are not yet pos

itive for CC1. Numbers of CC1pos differentiated OLs were not significantly different in the WM

of cnpcKO SpCs at P10 when compared to controls (Fig. 6.6a,e). Unexpectedly, CC1pos differ

entiated OLs were much more numerous in the P50 WM of cnpcKO SpCs compared to controls

(Fig. 6.6b,f). In contrast, numbers of CC1pos differentiated OLs in the GM were already reduced at

P10 in cnpcKO SpCs compared to controls (Fig. 6.6c,g), and this change was still detectable with

greater consistency by 50 days of age (Fig. 6.6d,h). Total OL numbers, based on Olig2 positivity,

followed a very similar pattern as seen in the CC1pos differentiated OLs in the white and grey mat

ter of cnpcKO SpCs compared to controls (Fig. A.8ad). We hypothesized that the reduction of

CC1pos differentiated OLs in the cnpcKO SpC GM is likely due to cell death, and set out to eval

uate apoptosis of OLs in cnpcKO and control mice. However, our attempts with immunostaining

for cleaved caspase 3 and with TUNEL assays detected only a minor number of apoptotic OLs in

both genotypes at both P10 or P50 (data not shown).
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Figure 6.5: OPCs numbers and proliferation are not significantly affected in cnpcKO SpC at P10.
(a,b) Immunofluorescence stainings with EdU labelling (injected 1h before euthanasia) of SpC cross sections from
control and cnpcKO mice at P10. Olig2 was selected to label all OLs. Pdgfrα was selected to label OPCs and EdU
was used to identify proliferating cells. scalebar: 50 µm. (a) SpC WM. Representative images are shown from the
lateral ventral WM. Graphs display the density of OPCs (a’) and the percentage of proliferating, EdUpos OPCs (a’’). (b)
SpCGM. Representative images are shown from the ventral horn (see schematic Fig. A.8e). Graphs display the density
of OPCs (b’) and the percentage of proliferating, EdUpos OPCs (b’’). (Statistics) Bar graphs represent mean±SEM.
(all graphs) n = 4 control and 5 cnpcKO mice, twotailed, unpaired Student’s ttest.

Collectively, our observations disclose a complex picture in which OLs located in the SpC white

and grey matter respond differently to the loss of TDP43. The comparable numbers of CC1pos

differentiated OLs in the P10 WM and their increased number at P50 are not able to achieve ad

equate tissue myelination, which suggests that TDP43 might regulate maturation of these cells.

Conversely, the reduction of CC1pos differentiated OLs in the GM suggests a potential implication

in cell death. These results indicate that TDP43 is required in different, possibly regionspecific

aspects of differentiated OL biology. Although OPC numbers and proliferation were comparable

between genotypes, we cannot rule out an essential function of TDP43 in OPCs, as the exact time

of recombination and loss of TDP43 protein is unknown and our previous experiments indicated

only partial reduction of TDP43 protein levels.
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Figure 6.6: Differentiated OLs are divergently affected in white and grey matter of SpCs from
cnpcKO. SpC cross sections from control and cnpcKO mice were analysed by immunofluorescence at
P10 and P50. Olig2 (green) was selected to label all OLs and CC1 (red) was used as an indicator of their dif
ferentiated state. (ad) Exemplary immunofluorescence images of SpC cross sections. Areas shown are the
ventral funiculus (a,b) and the ventral horn (c,d), respectively (see schematic Fig. A.8e). SpCs were analyzed
in the WM at P10 (a) and P50 (b), and likewise in the GM at P10 (c) and P50 (d). scalebar: (a,c) 50 µm, (b,d)
100 µm. (e,f) Density of differentiated OLs in the SpC WM at P10 (e) and P50 (f) reveals strongly elevated
numbers of differentiated OLs in P50 cnpcKO mice compared to controls. (g,h) Density of differentiated
OLs in the SpC GM at P10 (g) and P50 (h) reveals a reduction of differentiated OLs in cnpcKO mice at both
timepoints when compared to controls. (Statistics) Bar graphs represent mean±SEM; **p<0.01, ***p<0.001.
(eh) n = 5 mice, twotailed, unpaired Student’s ttest.
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6.2. Transcriptomic Changes in cnpTDP43cKO OLs

Differentiated cnpcKO OLs Display Loss of TDP43 Function

and a Shift to an Earlier State of Maturation

TDP43 is a known RNA binding protein involved in splicing (Buratti and Baralle, 2001; Buratti

et al., 2001; Polymenidou et al., 2011), which suggests that the main primary effects of its deletion

can be observed in the transcriptome. To evaluate the transcriptomic impact upon loss of TDP43,

we performed RNA sequencing from sorted control and cnpcKO OLs. We selected age P10 for

the analysis, as we expect to have a minimum of downstream changes compared to later timepoints.

We aimed to minimize potential contamination of the OL lineage with other cell types. Therefore,

OL cells have been marked by cnpCredependent expression of tdTomato and EGFP expression

from the endogenous Pdgfrα locus (LappeSiefke et al., 2003; Madisen et al., 2010; Hamilton et

al., 2003; Fig. 6.7a). EGFP is expressed as an H2BEGFP fusion protein and is apparently highly

stable, remaining its signal even when OLs are already differentiated. This orthogonal reporter

approach allowed us to sort very pure populations of tdTomato and EGFP doublepositive OLs. As

in the previous sorting experiments, small and large OLs have been collected separately to enrich

for OPCs and differentiated OLs (Fig. 6.7b, Fig. A.6).

First, we assessed the reduction of TDP43 as whole transcript and exon 3 mRNA, which is excised

upon recombination. We observed a clear reduction of both total TDP43 and exon 3 mRNA in

OPCs and differentiated OLs from cnpcKO mice compared to controls, although exon 3 reduction

did not reach significance in OPCs (Fig. 6.7c,d). These results are largely in line with the previously

performed protein analysis from sorted OLs (Fig. 6.1b,c). As the function of TDP43 involves the

repression of cryptic splicing events (Ling et al., 2015, Fig. 6.7e), we also encountered marked

cryptic retention of intronic sequence of various genes in differentiated OLs (Fig. 6.7f). To bolster

the assumption that these events are a primary change due to the loss of TDP43, we reanalyzed

TDP43 UVCLIP data from 8weekold mouse brains (Polymenidou et al., 2011). We found strong

coverage of TDP43 binding in close proximity to cryptic exons in many identified cryptic splicing

events (Fig. 6.7f). The presence of evident cryptic splicing events in differentiated OLs is coherent

with a clear loss of TDP43 function.
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We also detected these cryptic splicing events in OPCs, although retention of cryptic exons was

usually to a lesser extent. Considering the partial reduction of TDP43 mRNA in OPCs, which

is consistent with our previous analysis of TDP43 protein, we consider that TDP43 function is

only abolished in a fraction of OPCs or that some cells collected in the OPCenriched fractions had

already differentiated beyond the OPC stage.

In order to get an overview of the differentiation state of OLs at the mRNA level, marker genes cov

ering all the key lineage progression states have been analyzed (Fig. 6.7g). OPC samples displayed

high expression levels for OPC markers and some early differentiationcommitted OL precursor

(COP) genes, and the levels were not markedly changed in cnpcKO samples compared to controls.

Differentiated OL samples displayed high expression of markers of mature and newly formed OLs.

This further indicates that, also as judged by the transcript levels, cell size is a robust criterion to dis

tinguish OPCs from differentiated OLs by FACS. Differentiated OLs from cnpcKO animals were

similar to differentiated control OLs. However, a lower abundance of mature OL markers and

higher levels for markers of newly formed OLs were observed. In addition, myelin genes as well

as genes involved in lipid and cholesterol synthesis were markedly less expressed in differentiated

cnpcKO OL samples when compared to controls (Fig. 6.7h). Taken together, our transcriptomic

analysis reveals a strong reduction of nonrecombined TDP43 mRNA in differentiated OLs, and a

less pronounced, nonsignificant reduction in OPCs. This reduction resulted in cryptic splicing of

various genes in intronic regions where TDP43 is able to interact with the transcript, confirming

that TDP43 guards against cryptic splicing in OLs. As a consequence of TDP43 deletion, dif

ferentiated cnpcKO OLs acquire a less mature transcript signature and display reduced levels of

genes associated with myelin proteins and lipid biosynthesis compared to controls, consistent with

a key role of TDP43 in promoting maturation of differentiated OLs.
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Figure 6.7: Impact of TDP43 on the transcriptome in OLs from cnpcKO SpC at P10. OL cells from control
and cnpcKO mice were collected at P10 by FACS and analysed using RNA sequencing. (a) Transgenic mice used for
the experiment. Both transgenic reporters, Credependent tdTomato and pdgfrαdriven H2BEGFP, were used in the
experiment to maximize the purity of samples. (b) Scheme summarizing the sorting strategy. modified from Goldman
and Kuypers (2015) (c) Total TDP43 gene quantification displayed as normalized counts (n = 4 samples/condition,
**p<0.01, ***p<0.001, pairwise analysis by EdgeR, comparison of cnpcKO OPCs vs OLs has not been performed).
(d) Quantification of TDP43 exon 3 mRNA expression as normalized coverage counts (n = 4 samples/condition,
***p<0.001, pairwise comparison using JunctionSeq). (e) Schematic of mechanism of TDP43 mediated repression of
cryptic splicing. Blue bars represent canonical exons, orange bars represent cryptic exons in intronic regions. modified
from (Ling et al., 2015) (f) Identified cryptic splicing events in differentiated cnpcKO OLs. Mouse brain TDP43
UVCLIP data (Polymenidou et al., 2011) has been reanalysed and indicates direct interaction between TDP43 and
identified genes in close proximity to the cryptic exons (black arrowheads), which do not display sequencingcoverage
in control samples. (g) Heatmap of gene normalized counts of various genes expressed during OL differentiation and
maturation. The more resolved states of differentiationcommitted OL precursors (COP) and newly formed OLs are
inferred from a previous singlecell study (Marques et al., 2016). Note the enriched expression levels of genes typical
for early states of differentiation in differentiated OLs from cnpcKO samples compared to controls. (h) Heatmap of
gene normalized counts for genes related tomyelin proteins and lipid biosynthesis reveals consistently lower expression
in cnpcKO differentiated OLs compared to controls. fdps and ggps1 (asterisks) perform the same enzymatic reactions
within the cholesterol biosynthetic pathway. Based on FPKM values, fdps is expressed >12fold than ggps1 in controls
and more than >6fold in cnpcKO OLs.
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6. TDP43 IN OLIGODENDROCYTES

Differentiated OLs in cnpcKO Mice Diverge to Different Fates

Bulk RNA sequencing revealed the average transcriptomic state of OPCs and differentiated OLs as

amixture of all cells in each sample, which is dependent on both the transcriptomic state of each cell

and the number of cells in each state. The number of cells in each state not only depends on their

occurrence in vivo (e.g more newly differentiated OLs than mature OLs in one genotype versus

the other), but is also subjected to individual properties of cells affecting how efficient they are

extracted from the tissue and survive the experimental procedure. TDP43 exon 3 mRNA levels are

a sensitive readout for recombination of the TDP43 floxed allele. In bulk RNA sequencing, they

trend lower in OPCs samples from cnpcKO animals compared to controls (Fig. 6.7d). We reasoned

that there are two major factors which could potentially contribute to this observation: First, only a

fraction of OPCs from cnpcKO mice are recombined at the Tardbp locus. Second, recombination

of TDP43 may not be taking place in OPCs, but efficiently in newly differentiated OLs, of which

some might be collected in the OPC sample. A similar rationale can be applied to provide different

possibilities that contribute to the transcriptomic shift observed in differentiated cnpcKO OLs

(see Fig. 6.7g). First, it is possible that maturation of differentiated OLs is delayed or partially

blocked when TDP43 is deleted. Second, cnpcKOOLs might have a reduced capability to mature

properly and thereby adopt an aberrant transcriptomic state, which is not present in controls.

To address these possibilities, we collected all OLs from control and cnpcKO SpCs at P10 without

further splitting, and analyzed them by singlecell sequencing. Only cnpCredependent expres

sion of tdTomato has been used as a reporter, as the lineage identity of each cell is individually

determined and nonOL cells can be removed after data acquisition. From all cells measured, we

removed those with high content of mitochondrial genes and low read numbers (Fig. A.9a,b). We

additionally removed potential doublets using DoubletFinder (McGinnis et al., 2019). Finally,

4’056 control and 4’342 cnpcKO cells were used for analysis. By clustering and subsequent

cell type allocation, 96% and 94% of cells were identified to be in the OL lineage in the con

trol and cnpcKO samples, respectively. A recent singlecell sequencing study defined various

separate states of OL maturation (Marques et al., 2016), and we adhered to this classification for

the analysis of our data. Clustering of OLs demarcated different states along OL differentiation

and maturation. In addition, OPCs clustered into different groups according to their cell cycle state

(Fig. 6.8a,b; Fig. A.9df). Based on this clustering, we noted a profound reduction of TDP43

mRNA in cnpcKO OLs compared to controls (Fig. 6.8a, represented on log scale).
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6.2. Transcriptomic Changes in cnpTDP43cKO Oligodendrocytes

Excitingly, cnpcKOOPCs in the S/G2M phase still expressed TDP43 to some extent, while it was

abolished in the G1 phase cluster of cnpcKO OPCs. These results provide strong evidence that

TDP43 is already recombined in a substantial number of cnpcKO OPCs, which are not actively

dividing. The previously performed protein and bulk RNA sequencing analysis of pooled OPCs

therefore likely represents a mixed measurement of recombined and nonrecombined cnpcKO

OPCs, which is in line with the marginal, trendwise reduction observed in these experiments.

Cells were further projected using the UMAP dimensionalityreduction projection (Fig. 6.8b). By

qualitative assessment, control and cnpcKO samples were comparably distributed except for one

cnpcKOspecific population (Fig. A.9c). In this projection, OLs aligned according to their differ

entiated state and the cnpcKOspecific cluster diverged from the population of early differentiation

committed precursors (COPs), the first pdgfrαnegative state of OLs. Due to the lack of pdgfrα

expression, we considered the COPs as the earliest state of differentiated OLs. The distribution

of cells from control and cnpcKO cells in each cluster (Fig. 6.8c) revealed that control cells only

contributed to 3% of all cells in the cnpcKO specific cluster, emphasizing its specificity. Inspec

tion of the distribution of cnpcKO OLs among clusters revealed higher numbers of OPCs and

lower numbers of differentiated OLs in comparison with control OLs. cnpcKO cells were least

abundant in the most mature cluster of myelinating OLs (MOLs) when compared to control cells.

In the subsequent analysis, we focused on the cnpcKO cluster. Preliminary inspection of genes

typical for the cnpcKO cluster exposed a set of genes almost uniquely expressed by this cluster

(Fig. 6.8d). Among them, we identified genes coding for the PTEN regulating E3 ubiquitin ligase

WWP2 (wwp2; Li et al., 2018a), the orphan gprotein coupled receptor LGR4 (lgr4; reviewed by

Tang et al., 2012), the notchtarget HeyL (heyl; Maier and Gessler, 2000), prostaglandin D2 syn

thase PTGDS (ptgds), and the lipase/acyltransferase PNPLA3 (pnpla3; reviewed by Pingitore and

Romeo, 2019). Further investigation will be required to better understand this unique cluster of

OLs and their specific profile of expressed genes, including whether it actively contributes to the

defective CNS development in cnpcKO mice.
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6. TDP43 IN OLIGODENDROCYTES

We have previously shown that cnpcKO SpCs persistently display thinner myelin. Therefore, we

compared cnpcKO OLs with corresponding control OLs during late stages of maturation with

respect to genes required for myelination (Fig. 6.8e,f). Surprisingly, only some genes encoding

myelin proteins were significantly changed in an irregular pattern in myelin forming (MFOL) and

mature, myelinating (MOL) cnpcKO OLs compared to controls OLs in the same cluster. While

plp1 was decreased in cnpcKO cells in both clusters, mag and cnp were more abundant in these

clusters when compared to controls. Conversely, fasn and a number of genes involved in choles

terol biosynthesis are reduced to a significant extent in cnpcKO MFOLs and MOLs compared

to controls. In summary, we propose that TDP43 is already recombined in a subpopulation of

OPCs, and that at a very early stage of differentiated OLs some cnpcKO cells sharply diverge

transcriptionally from the canonical maturation trajectory. This divergence includes accumulation

of transcripts from genes that are normally not expressed to this extent in the OL lineage during

development, and particularly not in cells of their closely related canonical stages of early matura

tion, COPs and NFOLs. The remaining cnpcKO OLs, which are seen along the same maturation

trajectory as control OLs, also display efficient reduction of TDP43 mRNA compared to control.

These observations indicate a critical, stagedelimited step for very early differentiated OLs that

depends on TDP43 function. Moreover, myelin forming and mature cnpcKO OLs display lower

expression of plp1 and genes involved in lipid biosynthesis when compared to controls, which is

consistent with reduced myelination in SpCs of the same mutants during development.

Figure 6.8 (facing page): Singlecell transcriptomics of control and cnpcKO mice. Oligodendrocytes were
collected at P10 from one control and one cnpcKO spinal cord by FACS using Credependent expression of tdTomato.
Samples were processed using the 10X genomics DropSeq approach and further analysed. (a) Expression of marker
genes for different OL stages and TDP43 mRNA (tardbp) are represented as violin plots on an arbitrary log scale. The
bold line marks the median of all cells. Abbreviations: early differentiation committed precursor (COP), newly formed
OL (NFOL), myelin forming OL (MFOL) and mature, myelinating OLs (MOL). (b) UMAP projection. Clusters are
labelled and marked by color. The cnpcKOspecific cluster as well as clusters with a majority of cells in the S/G2M
phase are marked by the dashed line. The cnpcKOspecific cluster is further divided into two subclusters for analysis
in (d). (c) Proportion of cells in each cluster among all cells from control and cnpcKO samples. Colors match the
clusters in the UMAP plot shown in (b). (d) Manual selection of candidate genes that are strikingly enriched in the
cnpcKOspecific cluster among OL clusters. Wwp2 displays highest expression in cnpcKO subcluster 1 (see b),
while lgr4, heyl, ptgds and pnpla3 are most abundant in subcluster 2. (e,f) Analysis of significantly differentially
expressed genes between control and cnpcKO cells in the MFOL (e) and MOL (f) clusters, represented as volcano
plots (average log2(foldchangeCtl vs cKO) versus log10(padjusted)). Vertical lines indicate a linear foldchange of 1.5.
Genes encoding myelin proteins (yellow) are differently changed between cnpcKO cells and controls, notably plp1
is decreased and mag is expressed at higher levels in cnpcKO cells. fasn and several genes involved in cholesterol
biosynthesis (red) are less expressed in cnpcKO cells compared to controls in bothMFOL andMOL clusters. Analysis
of differentially expressed genes was performed using FindMarkers by Seurat Butler et al., 2018; Stuart et al., 2019.
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6. TDP43 IN OLIGODENDROCYTES

Oligodendrocytes in Culture Exhibit a CellAutonomous Defect upon Loss of TDP43

Bulk and singlecell sequencing revealed lower abundance of transcripts encoding some myelin

proteins and enzymes of the lipid biosynthesis machinery, and a subpopulation of differentiated

OLs which diverge from the canonical maturation route. This is in agreement with a potential cell

autonomous requirement for TDP43 in differentiated OLs to fully mature and reach the myelinat

ing state. Culturing primary OPCs and inducing them to differentiate in culture provides a variety

of experimental possibilities to further investigate the molecular function of TDP43 in line with

the hypothesis listed above. However, this involves a completely different, artificial environment,

and it is not certain that OLs show the same behaviour as in living mice. In order to establish a cell

culture system that recapitulates the main features observed in vivo, primary OPCs were extracted

by FACS into culture plates, expanded, and induced to differentiate (and further maturation) by

replacing Pdgf with thyroid hormone in the culture medium. Cells were finally analyzed by im

munofluorescence and RTqPCR. By direct observation of cell expansion, cnpcKO and control

OPC cultures did not show pronounced differences, which suggests that there should not be dra

matic differences in the proliferation and survival in these cultures. Analysis of the cells after 4

days under differentiating conditions revealed fewer MBP positive OLs by qualitative assessment

(Fig. 6.9a). The expression of Pdgfrα remained comparable between cnpcKO and control OPCs,

and was heavily reduced after differentiation as expected (Fig. 6.9b). Nonrecombined TDP43

mRNA was reduced to ~25% of control levels in cnpcKO OPCs after expansion, while differ

entiated OLs had virtually lost it (Fig. 6.9c). Enpp6 and tcf7l2, markers for early differentiated

OLs, were 3fold higher in differentiated cnpcKO cultures compared to differentiated controls

(Fig. 6.9d). Conversely, levels of plp1, mag and mog, which are expressed from myelin form

ing OLs onwards, were evidently reduced in cnpcKO cultures compared to controls (Fig. 6.9d).

Collectively, these changes indicate a less mature state of cnpcKO OL cultures after stimulating

differentiation. Our transcriptomic analysis of single OL cells uncovered a cnpcKOspecific sub

population, which exhibited high abundance of transcripts that are not typically expressed to this

extent in the OL lineage. Four of the 5 specific genes (Fig. 6.8d) were significantly more abundant

in differentiated cnpcKO cells (Fig. 6.9e), potentially due to the emergence of a cnpcKOspecific

subpopulation of OLs also in cell culture. Taken together, the impaired maturation of cnpcKO

OLs in culture and the enrichment ofmost markers from our previously identified cnpcKOspecific
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subpopulation in these cells is compatible with the impaired myelination and singlecell transcrip

tomic analysis in cnpcKO mice, and indicates a cellautonomous requirement of TDP43 for OL

maturation.
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Figure 6.9: Differentiation of cultured cnpcKO OPCs reveals a reduced maturation capacity compared to
controls, and an enrichment of some transcripts typical of the cnpcKOspecific subpopulation of differentiated
OLs. tdTomatopos OPCs were isolated from P6P8 control and cnpcKO mice using FACS and cultured for 8 days
before switching to differentiating conditions. Differentiated OLs and OPCs were analysed after 4 additional days.
(a) Exemplary immunofluorescence stainings of MBP to label mature OLs. tdTomato was used to mark all OLs. Note
the evident reduction of MBPpos OLs among all tdTomatopos OLs in cnpcKO OLs compared to controls. Scalebar
200 µm. (b,c) RTqPCR of OPCs and differentiated OLs from both control and cnpcKO OLs. (b) Reduction of pdgfrα
mRNA levels in differentiated OLs compared to OPCs indicates efficient differentiation in both genotypes. (c) TDP43
exon 3 mRNA levels are already reduced in cnpcKO OPCs compared to controls, and they are reduced to an even
more dramatic extent in OLs, indicating that TDP43 is efficiently deleted in differentiated cnpcKO OLs. (d) RT
qPCR analysis of differentiated control and cnpcKO OLs for genes typically expressed in early (COP/NFOL) and late
(MFOL/MOL) stages of OL maturation. Levels of enpp6 and tcf7l2 are higher in cnpcKO OLs compared to controls,
while levels of plp1, mag and mog are reduced, indicating an overall less mature state of the differentiated cnpcKO
OLs compared to controls. (e) Gene expression analysis of differentiated control and cnpcKO OLs by RTqPCR for
genes highly enriched in the cnpcKOspecific population of OLs (Fig. 6.8d). Except for ptgds, all genes displayed
higher abundance in differentiated cnpcKOOLs compared controls, suggesting that some differentiated cnpcKOOLs
acquired an aberrant transcription state as observed in vivo. heyl was barely detected in controls, leading to a strong
relative enrichment in cnpcKO OLs. (Statistics) Bar graphs represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001.
(all graphs) n = 3 technical replicates. (b) twoway ANOVA with Tukey’s multiple comparisons test. (ce) twotailed,
unpaired Student’s ttest.
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6. TDP43 IN OLIGODENDROCYTES

Timing of Ablation of TDP43 is Decisive for the Outcome

OL singlecell sequencing revealed that OPCs partially recombine and lose TDP43 mRNA in

cnpcKO mice compared to controls. We next asked whether development in vivo would be more

prominently affected when TDP43 was more widely abolished in OPCs. To this end we used the

olig2Cre mouse line (Schuller et al., 2008). In these mice (olig2TDP43cKO, hereafter olig2cKO),

we expect that TDP43 should be recombined efficiently in OPCs (Maire et al., 2014; Calabretta

et al., 2018). We could not detect embryonic lethality in olig2cKOmice (36% olig2cKO obtained

among 77 pups in olig2Crepos TDP43f/wt x TDP43f/f breedings). olig2cKO mice were smaller

than their littermates. Due to animal welfare considerations, olig2cKOmice could not be analysed

at P50; therefore we restricted our analysis to P10. To compare the phenotype of these mutants with

our previous data on cnpcKOmice, we analysed myelination and the number of OLs in control and

olig2cKO SpCs. Strikingly, the ventral WM of olig2cKO mice displayed very few myelinated

axons (Fig. 6.10a,b).We stained cryosections of control and olig2cKO lumbar SpCs with Olig2

to label OLs and Pdgfrα/CC1 to detect OPCs and differentiated OLs, respectively (Fig. 6.10d,e).

By preliminary (as of November 2019), qualitative assessment of 3 animals per genotype, we ob

served fewer OPCs and almost no CC1pos differentiated OLs. Taken together, deletion of TDP43

using olig2Cre, which should drive efficient recombination in OPCs, resulted in profoundly re

duced myelination and a dramatic absence of CC1pos OLs. We reasoned that OPCs might fail to

differentiate efficiently, or that loss of TDP43 detrimentally impaired maturation of early differ

entiated, Pdgfrαneg CC1neg OLs to the CC1pos stage in olig2cKO mice. Moreover, OPCs per se are

potentially dependent on TDP43 function for survival or proliferation. Collectively, these find

ings indicate an essential function of TDP43 for OPC biology, differentiation, or early steps of

maturation.
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6.2. Transcriptomic Changes in cnpTDP43cKO Oligodendrocytes
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Figure 6.10: Early loss of TDP43 in the OL lineage is detrimental for myelination. Control and olig2cKO
mice were analysed at P10 by EM and immunofluorescence. (a) Representative EM micrographs reveal a dramatic
reduction of myelinated axons (black arrowheads) in the ventral funiculus of olig2cKO SpCs compared to controls.
scalebar: 5 µm. (b)Myelinated axons in the ventral funiculus are more than 30fold reduced in olig2cKO mice when
compared to controls. (c) Scheme depicting the areas shown in (a) and (d,e). (d,e) Immunofluorecence staining of
lumbar SpC cryosections at P10. Olig2 (green) labels all OLs, and OPCs were further identified by Pdgfrα (red, white
arrowheads, d). Olig2pos, Pdgfrαneg cells potentially represent very early stages of differentiated OLs (white arrows in
the olig2cKO image). Differentiated oligodendrocytes were identified by CC1 (red) and almost none were observed
in olig2cKO mice compared to controls (e). 3 animals per genotype showed consistent results. scalebar: 50 µm.
(Statistics) Bar graphs represent mean±SEM; ***p<0.001. (b) n = 4 mice, twotailed, unpaired Student’s ttest.
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6. TDP43 IN OLIGODENDROCYTES

6.3. Function of TDP43 in Adult OLs

InducedLoss of TDP43 inAdultOLsLeads toDemyelination of the Spinal CordGreyMatter

TDP43 is essential in OLs for normal CNS development. It remains expressed at lower levels after

differentiation and in myelinating oligodendrocytes, suggesting that it is functionally required after

development as well. To address the functional relevance of TDP43 during myelin maintenance,

we crossed mice expressing CreERT2 under control of the Plp1 promoter with TDP43 floxed mice

(Leone et al., 2003; Chiang et al., 2010; plpTDP43iKO, hereafter plpiKO). Recombination was

induced by five consecutive, daily injections of tamoxifen between 810 weeks of age (Fig. 6.11a).

To mark recombined OLs, we incorporated the Credependent tdTomato reporter (Madisen et al.,

2010). For consistency, we used reporterpos control mice (plp1CreERT2+ R26tdTomato/wt TDP43wt/wt)

as controls in these experiments. Control and plpiKO mice display no evident differences in

free cage behaviour until five weeks posttamoxifen (wpT). Thereafter, the condition of plpiKO

mice progressively worsened at continuously faster pace, until they displayed evident generalized

weakness after 6wpT. To address the efficiency of tamoxifen induced recombination, tdTomato

expression among OLs was analysed in control and plpiKO SpC cross sections. Unexpectedly,

a substantial number of OLs already displayed tdTomato expression without the administration of

tamoxifen, which indicates insufficiently confined Cre activity prior to induction in plp1CreERT2+

mice (Fig. 6.11b). It was not clear, however, whether only the loxPsites in the tdTomato transgene

were recombined or also those in the TDP43 gene. To investigate recombination of TDP43 in

plpiKO mice, we sought to collect tdTomato positive OLs before and one week after tamoxifen

injection using FACS. TDP43 exon 3 expression was measured by qPCR using cDNA from the

collected cells (Fig. 6.11c). OLs from control and plpiKO mice did not display statistically differ

ent expression of TDP43 before tamoxifen injection. Only a small number of cells (few hundred

to 1’000) could be collected from these mice, which likely contributed to the observed variability.

One week posttamoxifen, nonrecombined TDP43 expression – based on exon 3 – was dramati

cally reduced only in plpiKO mice compared to controls. These findings indicate that in the vast

majority of plpiKO OLs TDP43 is only recombined after the tamoxifen injection, despite the

premature tdTomato expression.
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Based on the condition of the plpiKO mice, we set the final timepoint of analysis to 6wpT. At

this timepoint, myelination and tissue integrity was analysed in control and plpiKO SpCs using

electron microscopy. By qualitative inspection, the ventral WM from plpiKO SpCs did not dis

play widespread differences compared to controls (Fig. 6.11d). Also, the density of myelinated

axons or the myelin thickess, quantified as gratio, did not reveal statistically significant differ

ences between genotypes (Fig. 6.11e,f). Based on visual inspection of control and plpiKO SpC

semithin sections, we noticed a different appearance of the GM between genotypes, and focused on

this region for further analysis. Indeed, the number of myelinated axons was strongly reduced in

the ventral horn of plpiKO SpCs compared to controls, indicating demyelination in these mutants

(Fig. 6.11g,h). Myelination in the dorsal horn was also reduced in plpiKO mice by qualitative

inspection, and concentrated patches of myelinated tracts were more scattered and less dense in

comparison to controls (Fig. 6.11j, red insert). Nonetheless, there was only a trend to reduction in

density of myelinated axons, without statistical significance (Fig. 6.11k). This is potentially in part

due to the heterogenous pattern of myelination in this area, which is very challenging for conclu

sive quantitative analysis. Collectively, these observations strongly indicate active demyelination

in the GM of plpiKO mice, as they were allowed to develop normally before deleting TDP43 in

OLs. Vacuolation was observed in cnpcKO SpCs during development, which led us to investigate

the presence of vacuoles in SpCs of plpiKO mice. The ventral horn of plpiKO SpCs displayed

widespread vacuolation when compared to controls (Fig. 6.11g,i). Vacuoles were also enriched in

dorsal horns of plpiKO SpCs compared to controls, although at a much lower density than in the

ventral horn of the same mutants (Fig. 6.11j,l; note the difference in scale of the ordinate). 
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6. TDP43 IN OLIGODENDROCYTES

Brain Regions Are Potentially Affected in plpTDP43iKO Mice

Collectively, the SpC white and grey matter reacted very differently to loss of TDP43 in adult OLs

within 6wpT. Other CNS regions may also be affected to various degrees, which led us to inspect

the same brain regions as in the cnpcKO mice, namely the corpus callosum (CC), the cortical GM

and the cerebellum (CB). It is important to note that at present the brains of control and plpiKO

mice have only been qualitatively assessed. Future quantification will deliver statistically reliable

results to draw bolstered conclusions.

We could not detect overt vacuolation in the CC. Myelinated axons appeared less numerous and

might be slightly reduced in plpiKO mice compared to controls (Fig. 6.12a). The cortical GM

above the CC as well as the CB appear to also contain fewer myelinated fibres (Fig. 6.12b,c). In ad

dition, vacuoles were robustly observed in cerebella of all plpiKO but not control mice (Fig. 6.12c).

Figure 6.11 (facing page): Loss of TDP43 leads to demyelination and vacuolation in the SpC GM.
(a) Scheme of experimental setup. Control and plpiKO mice were injected with tamoxifen on five consecutive days,
when they were between 810 weeks of age. plpiKO mice are strongly affected at six weeks after tamoxifen treat
ment (6wpT). (b) Percentage of tdTomatopos cells among all Olig2pos cells (OLs) from lumbar SpC cross sections from
control and plpiKO mice at different timepoints. Note the occurrence of tdTomatopos OLs in control and plpiKO
mice without tamoxifen administration (Tmx). No statistical analysis was applied. (c) Expression of TDP43 exon
3 mRNA from sorted OLs using tdTomatoreporter expression. Cells were collected from animals without tamox
ifen administration (Tmx) and at 1wpT. (dl) Analysis of lumbar SpCs from control and plpiKO mice at 6wpT by
EM. (d) Exemplary EM micrographs of SpC WM are qualitatively comparable between genotypes. scalebar: 5 µm.
(e,f) Density (e) and myelin thickness (gratio, f) of myelinated axons in the SpC WM at 6wpT revealed no signifi
cant differences between plpiKO and control mice. (g) Representative EM micrographs from control and plpiKO
SpC GM in the ventral horn depict a reduction of myelinated axons (white arrowheads) in plpiKO mice compared to
controls. Vacuoles (orange arrowheads) are prominent in plpiKO mice. scalebar: 5 µm (h,i) Density of myelinated
axons (h) and vacuoles (i) in the ventral grey matter showing demyelination and impaired tissue integrity in plpiKO
mice compared to controls. (j) Representative EM micrographs from control and plpiKO SpC GM in the dorsal horn.
Myelinated axons (white arrowheads) appear less frequent in plpiKO mice compared to controls. Inserts (dashed red
line) illustrate the changed appearance of densely myelinated patches in the dorsal horns of control and plpiKO mice.
Exemplary micrographs at low magnification illustrate the presence of vacuoles (orange arrowheads) in plpiKOmice.
scalebar: 5 µm, lowmagnification 20 µm. (k,l)Changes in the density of myelinated axons (k) in the dorsal GM are not
statistically significant different between genotypes. Density of vacuoles (l) in the dorsal GM is increased in plpiKO
SpCs compared to controls. Note that in contrast to the density of vacuoles in the ventral horn (i), the scale is per
10’000 µm2. (m) Scheme illustrating analysed SpC areas. (Statistics) Bar graphs represent mean±SEM; ***p<0.001.
(c,e,f,h,i,k,l) n = 5 mice, twotailed, unpaired Student’s ttest.
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6.3. Function of TDP43 in Adult Mice
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6. TDP43 IN OLIGODENDROCYTES

In summary, plpiKO mice acquire a detrimental condition around six weeks after induction of

recombination. While the SpC WM is largely intact, the GM – especially the ventral horn – is

clearly demyelinated. The CC does not seem to be drastically affected, and we further qualitatively

observed mild signs of demyelination in the cortical GM as well as the CB. In addition, the SpC

GM and the CB displayed evident vacuoles, but not the other regions investigated. From this,

we conclude that TDP43 in mature OLs is essential for myelin maintenance in the SpC GM, and

potentially contributes to the myelin maintenance in at least some brain regions.

cerebellum (CB)

cerebellum

high density
corpus callosum (CC)

corpus callosum

low density cortical GM

CC cortical GM

C
on

tr
ol

C
on

tr
ol

C
on

tr
ol

pl
pT

D
P-

43
iK

O

pl
pT

D
P-

43
iK

O

pl
pT

D
P-

43
iK

O

a b c

d
1

1

2

2

Figure 6.12: Brain areas of control and plpiKO mice at 6wpT.
(ac) Exemplary EM micrographs of sagittal brain sections from control and plpiKO mice. scalebar: 2 µm. (a) Two
representative regions of high and low density of myelinated axons in corpora callosa (CC), suggesting a mild reduc
tion of myelinated axons in plpiKO mice compared to controls. (b) Representative EM micrographs of cortical GM
(located above the analysed CC area) suggesting fewer myelinated axons in plpiKO brains compared to controls. (c)
Typical EM micrographs from cerebellar white matter tracts. Myelinated axons appear reduced in number in plpiKO
mice compared to controls. Note the presence of vacuoles in plpiKO mice. (d) Scheme illustrating the location of
analysed regions, modified from the GENSAT project. The cortical GM analysed is part of the somatosensory and
posterior parietal cortex. Brain regions of 3 mice per condition have been qualitatively assessed.
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6.3. Function of TDP43 in Adult Mice

Survival of Differentiated OLs in the SpC GM Depends on TDP43

We have previously observed a reduction in OL numbers in the GM of cnpcKO SpCs. Given

the pronounced demyelination in the SpC GM of plpiKO mice compared to controls, we hypoth

esized that numbers of differentiated OLs might also be reduced in plpiKO mice. To this end

we analysed SpC cross sections from control and plpiKO mice immediately before tamoxifen, at

1wpT, and 6wpT. Immunofluorescence staining for Olig2 and CC1 were used to label all OLs and

their differentiated state, respectively (Fig. 6.13a,d). Statistical analysis of OL numbers in the WM

revealed sporadic significant differences (Fig. 6.13b). Our interpretation is that when taken collec

tively these results do not indicate a coherent change of OL numbers in plpiKO mice compared to

controls. Analysis of CC1pos differentiated OLs in the WM was comparable to the analysis of total

OLs (Fig. 6.13c), and hence did not denote drastic changes in plpiKO mice compared to controls.

In contrast, total OLs in the plpiKO SpC GM already tended to lower numbers at 1wpT and were

markedly reduced at 6wpT when compared to controls (Fig. 6.13e), which was also consistently

found in the analysis of CC1pos differentiated OLs (Fig. 6.13f). The reduction of differentiated

OLs in the GM suggests that TDP43 may be required for survival of SpC GMresident OLs. Kang

et al. (2013) have reported elevated proliferation and higher numbers of OPCs along with loss

of differentiated OLs in the ventral GM from the SOD1G93A mouse, a model for ALS involving

motor neuron degeneration (Gurney et al., 1994). We hypothesized that demyelination and reduc

tion of differentiated OLs in the plpiKO GM might similarly result in elevated OPC numbers.

While there was no significant difference in the density of OPCs in the SpCWM between plpiKO

and control mice at 6wpT, the GM of plpiKO SpCs displayed significantly higher OPC density

(Fig. A.10). Based on the demyelination and loss of OLs in the plpiKOGM, we wondered whether

these events triggered gliosis in the mutant SpC. As expected, astromicrogliosis in the plpiKO

GM was evident as observed by strong GFAPpos (astrocytes) and Iba1pos (microglia) signals com

pared to controls (Fig. 6.13g). Iba1pos cells displayed not only high levels of Iba1, which is an

indicator of their activation, but were also more numerous (Fig. 6.13h). Also the WM of plpiKO

mice displayed increased numbers of Iba1pos cells, but to a drastically lower extent than in the GM.

The GM displayed an immense density of Iba1pos microglia, and was enriched more than 10fold

when compared to controls, while microglia in the plpiKO WM were only enriched ~1.8fold in

relation to controls. The strong signature of reactive gliosis in the plpiKO SpC GM could po

tentially create a neurotoxic environment (reviewed by Sochocka et al., 2017) and we quantified
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6. TDP43 IN OLIGODENDROCYTES

the number of ChATpos motor neurons using immunofluorescence staining of control and plpiKO

SpC cross sections at 6wpT. ChATpos motor neurons were significantly reduced to a mild extent in

plpiKO SpCs compared to controls (Fig. 6.13i). In summary, depletion of TDP43 in young adult

mice particularly affects the SpC GM, resulting in progressive loss of OLs, increased numbers of

OPCs, and pronounced reactive gliosis. The SpCWM is only marginally affected in plpiKO mice

compared to controls. Collectively, these data suggest that TDP43 is essential for the survival

of differentiated OLs in the adult SpC GM. The pathological signature in the plpiKO GM cor

relates with a mild but significant reduction of motor neurons at 6wpT, suggesting motor neuron

degeneration in these mutants. This might be secondary to changes in the microenvironment due to

the ongoing pathology, but there is also the possibility that TDP43 in differentiated OLs actively

contributes towards neuroprotection in the developed CNS.
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6.3. Function of TDP43 in Adult Mice
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Figure 6.13: Induced deletion of TDP43 leads to OL loss and reactive gliosis in the SpC at 6wpT. (af) Rep
resentative immunofluorescence images and analysis of lumbar spinal cord cross sections from control and plpiKO
mice before (Tmx) and after treatment with tamoxifen (1wpT, 6wpT). Olig2 (green) labels all OLs and differentiated
OLs are detected by CC1 (red). scalebars: 100 µm. (a) Representative staining of noninduced, 810 weeks old con
trol and plpiKO mice show no evident differences between genotypes. (b,c) Density of total Olig2pos (b) and CC1pos
differentiated OLs (c) in the SpC WM showing at most mild changes between genotypes. (d) Representative images
at 6wpT reveal reduced numbers of differentiated OLs in the GM from plpiKO mice when compared to controls.
(e,f) Density of total Olig2pos (e) and CC1pos differentiated OLs (f) in the SpC GM reveals a progressive reduction in
plpiKO mice compared to controls. (g) Exemplary immunofluorescence stainings of SpC crosssections at 6wpT. As
trocytic marker GFAP (green) and microglial marker Iba1 (red) demonstrate pronounced reactive gliosis in the plpiKO
GM compared to controls. scalebar: 250 µm. (h) Density of Iba1pos microglia in the SpC at 6wpT revealed increased
numbers of microglia in the white and grey matter of plpiKO mice compared to controls. These changes are much
greater in the GM when compared to the WM. (i) Average number of ChATpos motor neurons per lumbar SpC cross
section in control and plpiKO mice at 6wpT showing a mild reduction in plpiKO mice. (j) Scheme illustrating the
areas of representative images shown in (a,d,g). (Statistics) Bar graphs represent mean±SEM; (b,c,e,f) n = 5 mice,
intercondition analysis at same timepoint: *p<0.05, **p<0.01, ***p<0.001, twoway ANOVA with Šídák’s multiple
comparisons test; intertimepoint analysis within same condition: #p<0.05, ##p<0.01, ###p<0.001, twoway ANOVA
with HolmŠídák’s multiple comparisons test. (h,i) n = 5 mice; *p<0.05, **p<0.01, ***p<0.001, twotailed, unpaired
Student’s ttest.
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6. TDP43 IN OLIGODENDROCYTES

6.4. Summary of the Function of TDP43

in Oligodendrocytes

We have studied the function of TDP43 in OLs by conditional deletion during development and

in young adult mice. cnpcKO and control mice were analysed at various timepoints between P10

and P50. The cnpcKO mice developed pathological symptoms visible at one month of age, and

progressively deteriorated over time. Our data indicate efficient loss of TDP43 in differentiated

OLs and a fraction of not actively dividing OPCs in cnpcKOmice. We have shown that TDP43 in

OLs is essential for the onset of myelination and myelin growth during developmental myelination.

In addition, TDP43 in OLs is required to prevent demyelination, and contributes to the protection

of the myelinaxon unit and preservation of tissue integrity during CNS development. Loss of

TDP43 in OLs in cnpcKO mice ultimately leads to widespread vacuolation and microgliosis.

OPCs in the P10 SpC were not significantly changed in numbers or proliferation upon deletion

of TDP43. Analysis of CC1pos differentiated OL cell numbers in the SpC painted a complex

regionspecific picture, in which deletion of TDP43 in OLs results in reduced numbers of CC1pos

differentiated OLs in the GM at both P10 and P50, suggesting that TDP43 is potentially required

in these OLs for survival. Conversely, numbers of CC1pos differentiated OLs in the SpC WM

were comparable in cnpcKO and control mice at P10 and later increased in cnpcKO mice at P50.

Despite this, cnpcKO mice were not able to achieve adequate tissue myelination, which suggests

that TDP43 might regulate maturation of these cells.

Indeed, detailed transcriptomic analysis of differentiated OLs depicted a less mature transcript sig

nature and reduced levels of expression of genes associated with myelin proteins and lipid biosyn

thesis in cnpcKO mice compared to controls at P10. Moreover, we have shown that TDP43 is

required in differentiated OLs to guard against cryptic splicing of transcripts. Singlecell tran

scriptomics of these OLs revealed reduced transcripts of genes associated with lipid biosynthesis

in cnpcKO OLs at late stages of maturation. However, genes encoding myelin proteins were not

consistently reduced. In addition, some OLs in cnpcKO mice diverge transcriptionally very early

after differentiation from the canonical route of maturation, and display accumulation of transcripts

from genes that are normally not expressed to this extent in the OL lineage during development,

and particularly not in cells of their closely related canonical stages of early maturation, COPs and
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6.4. Summary

NFOLs. We reason that these results suggest the existence of a critical, limited step for very early

differentiated OLs that strongly depends on TDP43 function. We further showed by differentiation

of cultured cnpcKO and control OLs that maturation is similarly impaired in culture when TDP43

is deleted, which advocates for a cellautonomous requirement of TDP43 for OL maturation. Pre

liminary analysis of P10 olig2cKO mice, in which TDP43 is presumably more efficiently ablated

in OPCs, revealed profoundly reduced myelination and a dramatic absence of CC1pos OLs.

We further investigated the function of TDP43 in OLs using plpiKO mice after induction of re

combination between 810 weeks of age. The condition of plpiKO mice progressively worsened

at a continuously faster pace, until they displayed generalized weakness after 6wpT. Analysis of

these mice showed that TDP43 in mature OLs is essential for myelin maintenance in the SpC

GM, and potentially contributes to the myelin maintenance at least in some brain regions. CC1pos

OLs were progressively lost and OPCs increased in numbers in the plpiKO SpC GM compared

to controls, along with pronounced reactive gliosis. Collectively, these data show that TDP43 is

essential for the survival of differentiated OLs in the adult SpC GM. The pathological signature in

the plpiKO GM correlates with a mild but significant reduction of motor neuron numbers at 6wpT,

suggesting motor neurodegeneration in these mutants. This might be secondary to changes in the

microenvironment due to the ongoing pathology, but there is also the possibility that TDP43 in

differentiated OLs actively contributes towards neuroprotection in the developed CNS.
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7. The Multifacetted Functions of TDP43

in Schwann Cells and Oligodendrocytes

TDP43 is a welldescribed regulator of alternative and cryptic splicing (Buratti and Baralle, 2001;

Buratti et al., 2001; Polymenidou et al., 2011; Tollervey et al., 2011), and a major disease protein

related to ALS. Mutations in TDP43 are considered causal to the disease in some types of ALS.

Strikingly, a main feature of most ALS patients, even when TDP43 is not mutated, is the appear

ance of cytoplasmic aggregates incorporating TDP43, and its concomitant nuclear clearance. This

naturally poses the question of whether the main driver of the pathogenesis is a loss of TDP43

function due to its sequestration in aggregates, or rather a toxic gain of function due to the aggre

gates or the mutation per se. This has not yet been resolved and is still part of recent and ongoing

research (Cascella et al., 2016; Sivakumar et al., 2018).

A plethora of ALS disease models have been studied in the last two decades (reviewed by Tsao

et al., 2012 and Lutz, 2018). Many models rely on overexpression of wild type human or mutant

forms of TDP43. Even when human TDP43 is transferred into the mouse genome including its

endogenous promoter, both mutant and wild type hTDP43 lead to mild pathological features in

aged mice (Swarup et al., 2011). Since even the mild overexpression of wild type human TDP43

produces a toxic condition per se, most TDP43related ALS disease models are highly limited in

their potential to unravel the relevant physiological and pathological functions of TDP43. Congen

ital loss of TDP43 is lethal during mouse embryonic development (Kraemer et al., 2010; Sephton

et al., 2010; Wu et al., 2010; Yang et al., 2014; Chiang et al., 2010). Few studies have addressed

the basic functions of TDP43 in neurons, and very little is currently known about its functions in

Schwann cells (SCs) or oligodendrocytes (OLs). A recent study byWang et al. (2018b) highlighted

the importance of TDP43 in OLs, but mainly scrutinized events late in development. Strikingly,

there are so far no published data on the physiological role of TDP43 in the context of SCs.

The present study elucidates the multifaceted aspects of TDP43 in both types of myelination

competent glia. We applied different mouse models to delete TDP43 at different stages during

development and in adult mice. To our surprise, loss of TDP43 in SCs was rather well tolerated in

developmental myelination. In contrast, TDP43 was required in SCs to correctly express Neuro

fascin and establish an appropriate architecture around the nodes of Ranvier. Aging mice strictly

depend on TDP43 in SCs for long term myelin maintenance and axonal support.
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DISCUSSION

While myelination was successful in SCs even when TDP43 was depleted, OLs are strictly de

pendent on TDP43 in order to mature and fully myelinate axons. We also encountered a distinct,

TDP43cKOspecific subtype of differentiated OLs, which is transcriptionally divergent from the

closely related, canonical stages of maturation, and is apparently not able to follow the typical

transcriptional program to become mature myelinating OLs. Finally, we provide evidence that

functional TDP43 is crucial for the formation and survival of OLs in the spinal cord grey matter

(SpC GM), in both developing and adult settings. Altogether, our study provides detailed insight

into the requirement of TDP43 in myelinationcompetent glia along with indepth transcriptomic

data, which together serve as solid basis for future research.
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8. Discussion of Individual Aspects

8.1. TDP43 and Cell Survival

As pointed out by Jeong et al. (2017), loss of TDP43 function is generally related to cell death. We

have shown that TDP43 is more expressed in SCs and OLs during early postnatal development

compared to later timepoints. Unexpectedly, there was no indication of loss of SCs in dhhcKO or

mpzcKO SNs, or for loss of OLs in the cnpcKO SpC white matter (WM). We only observed per

sistently reduced numbers of differentiated OLs in the cnpcKO SpC GM, and a reduction of these

cells in the SpC GM after inducible deletion of TDP43 in young adult plpiKOmice. We conclude

that loss of TDP43 is not inevitably related to widespread cell death in SCs and differentiated OLs.

Experimental and Cellular Context Might Influence the Impact of TDP43 Deletion

Studies deleting TDP43 in neurons using different Cre mouse lines highlight that the observed

impact depends on the exact experimental setting: Wu et al. (2012a) deleted TDP43 in motor

neurons during embryonic development using Hb9Cre. Early recombination resulted in a severe

phenotype including pronounced loss of motor neurons and a shortened lifespan. Similar results

were reported when the ChATIRESCre mouse line was used (Donde et al., 2019). Conversely,

postnatal loss of TDP43 by the VAChTCre.Fast mouse line did not lead to cell death, but rather

motor neuron atrophy and muscle denervation (Iguchi et al., 2013). Mutant mice did not display

evident motor deficits within the first 50 weeks of life, and these deficits could only be detected in a

Rotarod performance test when mice reached 17 months of age. Deletion of TDP43 in pyramidal

forebrain neurons in the adult mouse brain caused brain atrophy along with astrogliosis in one

yearold mice (Wu et al., 2019). These studies emphasize that cells can experience a very different

impact due to TDP43 ablation, depending on the timing of recombination, the specific cell type,

and the microenvironmental context of these cells. Concerning the data on OLs in the current

study, it might be that TDP43 plays somewhat different roles in GM compared to WM SpC OLs,

or that the GM microenvironment increases the susceptibility of the resident mutant OLs towards

cell death. The development of protocols that enable the specific selection of GM and WM OLs

should enable a more detailed comparative evaluation of these OL populations in the future.
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8.2. Cryptic Splicing of neurofascin155

We have identified neurofascin 155 (nfasc155; protein: NF155, glial Neurofascin) as a major tar

get of TDP43mediated repression of cryptic splicing in SCs. We also detected cryptic splicing of

nfasc155 in OLs derived from cnpcKO mice, although only to a lesser degree (Fig. A.11). A pre

vious study showed that efficient ablation of Nfasc in both SCs and OLs in cnpCrecKO mice leads

to rapid deterioration, and mutant mice die at P16/17 (Pillai et al., 2009). This further suggests

that expression of NF155 is unlikely to be meaningfully affected in the CNS of cnpcKO mice.

Systematic evaluation of cryptic splicing events in different cell types of mice (excitatory neu

rons, skeletal myocytes and in vitro embryonic stem cells; Jeong et al., 2017) further elucidated the

differential impact of TDP43 in different cellular contexts. Cryptic splicing events were highly

variable and in some cases only present in one cell type although the transcript was also expressed

in the others. Different repressors of cryptic splicing, such as PTBP1/2, Rbm17 and Hnrnp L, have

been described in the past years (Tan et al., 2016; Ling et al., 2016; McClory et al., 2018). It has

been demonstrated with PTBP1 and PTBP2 that different proteins can exert a redundant repression

of cryptic splicing (Ling et al., 2016). In this context, hitherto undescribed repressors of cryptic

splicing could differently modulate the impact of the loss of TDP43. Overall, we assume that

the different cellular context in OLs and SCs may result in a different set of transcripts being af

fected by loss of TDP43, or, as in the case of nfasc155, in a different extent to which the same

transcript is affected. Regarding nfasc, this consequently does not allow us to rule out any func

tional impact of TDP43mediated repression of cryptic splicing in OLs, as in vitro experiments by

Eisenbach et al. (2009) point out different dynamics in the axonglia interactions involving glial

Neurofascin between SCs and OLs. This implies that Neurofascin is required differently by these

two cell types, which may therefore be differentially susceptible to reduced or abolished expression

of Neurofascin.

Implications of neurofascin155 Cryptic Splicing in Peripheral Nerve Function

At least in mpzcKO SNs, the efficient cryptic splicing of nfas155 resulted in profoundly reduced

protein levels. NF155 is a well described cell adhesion, ankyrinbinding protein expressed in

myelinationcompetent glia, where it interacts with neuronal Contactin/Caspr1 in the paranodal

complex flanking nodes of Ranvier.
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Numerous studies have been dedicated to elucidating the functions of these proteins by deleting

individual components (Bhat et al., 2001; Boyle et al., 2001; Rios et al., 2003; Sherman et al., 2005;

Pillai et al., 2009; Saifetiarova et al., 2017). Remarkably, these studies consistently report a loss

or redistribution of the other paranodal components in concert with the elimination of septatelike

junctions between the paranodal loop and the axon, as well as a delocalization of juxtaparanodal

potassium channels KV1.1 or KV1.2. In line with these findings, we observed loss of Contactin

signal in the paranodal region and redistribution of KV1.2 channels closer to the nodes of Ranvier

in mpzcKO SNs. We assume that septatelike junctions are equally lost in these nerves. Boyle et

al. (2001) formulated a model, in which the loss of adhesion between the paranodal loops and the

axolemma leads to reduced paranodal resistance and increased capacitance, which impairs efficient

saltatory conduction. Mice genetically missing the axonal components Contactin/Caspr1 (Bhat et

al., 2001; Boyle et al., 2001; Saifetiarova et al., 2017), or NF155 (Pillai et al., 2009; Roche et al.,

2014) displayed a major reduction in the nerve conduction velocity and in some cases in the nerve

compound action potential. Accordingly,mpzcKOmice presented a strong, robust reduction of the

conduction velocity in vivo. Furthermore, the compound muscle action potential peakamplitude

was decreased inmpzcKOmice, although the compound sensory nerve action potential was highly

variable and therefore only illustrates a trend towards reduction. In summary, this emphasizes the

likely causative relation between the impaired impulse conduction in mpzcKO mice and the loss

of glial Neurofascin due to cryptic splicing upon loss of TDP43.

Conservation of TDP43Mediated Protection of neurofascin155

The evolutionary origin of TDP43repressed cryptic exons remains to be elucidated. They are

not linked to transposable elements and poorly conserved between mouse and human (Humphrey

et al., 2017). It must be noted that the intron sequences incorporating the cryptic exon and it’s

UGrepeats are not conserved in the human genome. Genomic human and mouse nfasc intron

sequences aligned poorly, and only the sequence of 8 consecutive bases upstream of the cryptic

exon appeared in both species in the relevant region. This implies that our findings regarding

Neurofascin cannot be directly transferred to a fundamental function of TDP43 in human SCs

or in TDP43related diseases such as ALS. However, our findings with nfasc155 are relevant in

the context of TDP43 studies that employ mouse models, including those addressing molecular

pathomechanisms of ALS. A thorough understanding of murine models and their limitations is

required to ultimately distill the findings that are more conserved and potentially more relevant to

human health.
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8.3. LongTerm Requirement of TDP43

In this work, we aimed to learn more about the function of TDP43 during development and in

adult animals. Studying the latter in OLs was very limited. The welfare of cnpcKO and plpiKO

mice deteriorated in a short time, which constrained our analysis in both systems to a few weeks.

Nonetheless, by investigating plpiKO mice in this limited time frame we showed that OL survival

and/or myelin maintenance in the SpC GM heavily depends on TDP43 function. There was no

evidence in the WM for impaired myelin maintenance or OL survival within the time frame of six

weeks, which contrasts with the conclusions in the developmental study by Wang et al. (2018b).

However, we cannot rule out that fullymature OLs in theWMalso require normal TDP43 function,

and that we might have detected a more pronounced phenotype in the plpiKO SpC WM if it had

been feasible to analyze these mutants after a longer time.

In the PNS, deletion of TDP43 in SCs led to slowly progressing demyelination and loss of myeli

nation of large caliber axons, which translated to motor dysfunction and muscular atrophy from

one year of age. When TDP43 was deleted during development by the mpzCre driver we ad

ditionally observed a striking loss of large caliber axons, indicative of axonal degeneration. Al

though TDP43mediated repression of cryptic splicing is at best poorly conserved between differ

ent species (as discussed above), the loss of myelinated large caliber axons intriguingly resembles

hallmarks of the pathology seen in amyotrophic lateral sclerosis or corresponding mouse models

(Bradley et al., 1983; Fischer et al., 2004; Riva et al., 2014).

Developmental Deletion of TDP43 in SCs Results in a Stronger LongTerm Phenotype

The longterm consequences inmpzcKOmice are more drastic than inmpziKOmice, particularly

concerning the loss of axons that is only detectable in mpzcKO mice. On the one hand, mpzcKO

mice already lack TDP43 during development, which imposes a potential burden that is not shared

by mpziKO mice. On the other hand, incomplete recombination is a common characteristic of

inducible knockout models, and nonrecombined SCs could potentially compensate to some extent

for the recombined cells: First, the presence of a nonrecombined fraction of SCs in mpziKO

mice could suffice to provide enough support for sustaining axonal protection. Second, gradual

demyelination, eventually due to the loss of recombined SCs, could lead to remyelination of axons

by nonrecombined SCs, leading to a proportional shift towards even more nonrecombined SCs

in mpziKO nerves.
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In this manner, the nerve might therefore further drift away from the progressively worsening con

dition. However, we found thinly myelinated axons in root nerves of both mpzcKO and mpziKO

mice, indicating some degree of remyelination with both genotypes. It is worth noting that we inter

pret the reduction in tdTomatoexpressing SCs in oneyearold mpziKO SNs as turnover, meaning

loss of recombined SCs replaced by remyelinating nonrecombined SCs. However, it is puzzling

that we were unable to detect evidently thinner myelin in the gratio analysis of these SNs. It might

be that not enough recently remyelinated axons were included in this quantification, or that re

myelination occurred over long periods of time that allowed myelin to grow towards a thickness

similar enough to levels without remyelination. However, the evidently thinner myelin on some

axons populating mpziKO nerve roots, combined with the presence of demyelinated axons, lends

further support to occurrence of easily detectable recent remyelination.

Impact of TDP43 during PNS Regeneration

In the short term remyelination does not seem to be greatly affected by loss of TDP43, as we

have shown in a sciatic nerve crush injury model. It is of note that due to the inducible deletion

of TDP43, nonrecombined SCs could have largely replaced the population of recombined SCs

during regeneration. Although it remains to be experimentally addressed, we reason that this is an

unlikely possibility: First, mpziKO SCs were comparably efficient in myelin breakdown shortly

after the nerve crush. Second,mpzcKOSNs only displayed amild delay in the onset of myelination

during development, indicating that the engagement of SCs in the myelinating fate is not markedly

affected by the absence of TDP43. Finally, the low turnover of recombined SCs in mpziKO mice

without injury demonstrates that there is no major susceptibility leading to cell death on the short

term.

Pronounced Susceptibility of Large Caliber Axons in Root Nerves

In both mpzcKO and mpziKO aged mice, root nerves were generally more affected than the SN,

raising the question of the origin of these differences. In contrast to distal peripheral nerves, SCs

of the spinal root nerves arise from an intermediate, neural crestderived multipotent population

designated boundary cap cells (BCCs, Maro et al., 2004). BCCs display early Krox20 expression

during embryonic development (SchneiderMaunoury et al., 1993; Wilkinson et al., 1989) and have

a distinct gene expression pattern relative to SC precursors in distal nerves (Coulpier et al., 2009).

Fragmentary observations in the literature also revealed differential impact of mutations, some of
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which on proteins mediating ECMsignaling, between nerve roots and SNs (reviewed by Feltri et

al., 2016). However, we currently lack a systematic knowledge of potential differences and their

functional basis between BCCderivedmyelinating SCs compared tomyelinating SCs derived from

SC precursors in distal nerves. In this context, we currently cannot rule out a specific susceptibility

of SCs in spinal root nerves to the deletion of TDP43.

Among the root nerves, aberrant features were strikingly concentrated in TDP43cKO/iKO ventral

roots, in which especially large caliber axons were heavily affected. We hypothesize two possible

explanations for these intriguing observations: a) large caliber axons might harbor different in

trinsic demands in myelin maintenance and axonal support versus small caliber axons, or b) large

caliber motor axons might have different demands for SCmediated support compared to other

large caliber axons and to smaller caliber axons. Both aspects may even contribute to the observed

phenotype in dorsal and ventral roots, respectively. Nonetheless, the appearance of vacuolated

fibers associated with apparently intact axons raises the possibility that a primary failure in myelin

maintenance could precede axonal stress and degeneration.

Potential Mechanistic Basis for Myelin Maintenance and Axonal Support Defects

in TDP43cKO/iKO Schwann Cells

GarciaFresco et al. (2006) have shown in the CNS that disruption of the paranodal junction by dele

tion of either Caspr1 or ceramide galactosyltransferase (CGT) can lead to degeneration of Purkinje

neuron axons already at P25. Caspr1 and/or Caspr2 null micewere investigated in a longterm study

by Saifetiarova et al. (2017), and displayed sparse myelin abnormalities along with a mild reduction

of large caliber axons in the SN from sixmonthold animals. In addition, one yearold Caspr1KO

and Caspr1/2KO mice displayed evident muscular atrophy (Saifetiarova et al., 2017). Disruption

of the node of Ranvier itself by postnatally deleting Neurofascin in neurons caused vacuolation

and axonal degeneration, which was exacerbated when Neurofascin was additionally deleted in

myelinationcompetent glial cells (Taylor et al., 2017). In our mouse model of TDP43 deletion in

SCs driven by the regulatory sequence of the mpz promoter, nodes of Ranvier are apparently in

tact and glial Neurofascin is only dramatically reduced in SCs, but not OLs. Therefore, paranodal

junctions are only disrupted in the peripheral nerves, and we assume that they are not meaningfully

affected in the CNS. Accordingly, a potential failure of axonal support by the loss of Neurofascin

in SCs could require a substantially longer time to result in axonal degeneration compared to the

published studies. We did not observe pronounced alterations in sixmontholdmpzcKOmice, and
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pathological changes were most prominent inmpzcKO SNs only in 16monthold mice. mpzcKO

mice at this age also displayed pronounced muscular atrophy. We therefore consider that loss of

TDP43mediated repression of nfasc cryptic splicing is likely to contribute, at least in part, to the

longterm pathogenesis in our mouse model.

Metabolic homeostasis has been shown to be crucial for developmental myelination and axonal

support (Beirowski et al., 2014). The monocarboxylatetransporter 1 (MCT1) is likely to be specif

ically required during myelin maintenance, as mpzMCT1cKO mice displayed prevalent thinner my

elin and ultimately demyelination in sural (distal sensory branch of the sciatic nerve) but not root

nerves in 1yearold mice (Jha et al., 2020). However, Morrison et al. (2015) subjected MCT1wt/null

mice to SN crush injury, and observed delayed myelin clearance after one week and thinner my

elin after six weeks. As MCT1 is expressed at higher levels in SCs compared to MCT2 and 4

(DomenechEstevez et al., 2015), and myelin clearance as well as myelin growth was not impaired

inmpziKO mice after SN crush injuries, we assume that an impairment of monocarboxylate trans

port due to deletion of TDP43 in SCs is unlikely. Failure in myelin maintenance was further

reported in mice with impairments of miRNA biogenesis (Lin et al., 2015; Gokbuget et al., 2018;

Li et al., 2018b), formation of Cajal bands (Gillespie et al., 2000; Sherman et al., 2012), or main

tenance of mitochondrial function (Viader et al., 2011; Funfschilling et al., 2012; Viader et al.,

2013). Noteworthily, TDP43 has been described to influence mitochondrial dynamics and inter

acts in mouse and human cells with mitochondrial transcripts ND3 and ND6 (Wang et al., 2013;

Wang et al., 2016). In ALS patients, and also in experimental models using disease mutations, ND3

and ND6 are both drastically reduced (Wang et al., 2016). Moreover, mitochondrial dysfunction is

a potential consequence of mutations in several ALSassociated genes, and is a feature reported to

be associated with ALS (reviewed by Smith et al., 2019). Therefore, it remains a possibility that

TDP43 deletion in SCs also leads to some degree of mitochondrial dysfunction. When taken to

gether, we consider that several aspects discussed above could potentially contribute to the failure

in myelin maintenance and axonal support observed in TDP43cKO mice. Specific analysis of SCs

derived from aged mpzcKO mice is necessary to experimentally determine which processes are

effectively affected. This would need to be coupled to additional manipulations, including genetic

mouse models, that could functionally rescue the phenotype and establish a close functional rela

tion between the affected processes and TDP43. Albeit fascinating, these experiments on aged

mice will be very timeconsuming and fall beyond the scope of the current thesis.
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8.4. Recombination using the Cre/loxP System

There are intrinsic limitations to Cre/loxPmediated recombination as a research tool. Vooijs et

al. (2001) systematically evaluated the recombination frequency of different substrates containing

loxP sites, and revealed pronounced differences even within the same cell type. These differences

derive from a potential combination of factors, including the genomic location of the alleles flanked

by loxP sites, the distance between the loxP sites, the exact sequences that flank the loxP sites, and

the level of Cre activity in the cells. Reporter constructs in the Rosa26 locus display remarkably

different recombination efficiencies when crossed with the same Cre lines (Tognatta et al., 2017;

Liu et al., 2013). Furthermore, Liu et al. (2013) demonstrated that the ai9 tdTomato reporter line

(used in our study, Madisen et al., 2010) recombines most efficiently compared to other commonly

used reporter lines. A possible explanation is the very short distance of ~0.8kb between the loxP

sites. This is in line with our observations using the plpCreERT2 mouse line, in which Cre activity

prior to the administration of tamoxifen is sufficient to recombine the tdTomato reporter transgene

in some cells, but not the Tardbpfloxed alleles.

Recombination in the cnpCre Mouse Line

A recent study of TDP43 in OLs focused on the demyelinating aspect after P21 using cnpcKO

mice (Wang et al., 2018b). By assessing the ROSA26GNZ reporter line, Wang et al. (2018b)

reported that cnpCre drives recombination only in differentiated, CC1pos OLs but not in NG2pos

OPCs. In contrast, several previous studies have provided accumulating evidence for effective

cnpCredriven recombination in OPCs (Benninger et al., 2006; Bischof et al., 2015; Madsen et al.,

2016; Tognatta et al., 2017). Interestingly, Bischof et al. (2015) noted that most cnpCre+ mice ex

pressed Cre in OLswhen they began to terminally differentiate. Nevertheless, somemice expressed

Cre earlier, i.e. in OPCs, and transmitted this feature to their progeny. These observations suggest

that there might exist cnpCre mouse sublines, with inherently different potential for recombination

in OPCs. For the cnpcKO mice used in this study, we provide evidence for some recombination

in OPCs: First, we were able to collect tdTomatopos OPCs from mice using cnpCre. These cells

displayed Pdgfrα protein expression and were able to expand in vitro. This provides substantial ev

idence that Cre is expressed to a degree which is at least sufficient to trigger expression of the easy

recombinable tdTomato reporter. Second, singlecell RNA sequencing of tdTomatopos OLs from
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control and cnpcKOSpCs at P10 revealed a substantial reduction of TDP43mRNA in nonmitotic

OPCs. We conclude that OPCs in our cnpcKO mice are partially recombined for TDP43. Since

we investigated the same transgenic TDP43fl/fl mouse line as Wang et al. (2018b), we suggest that

the TDP43 recombination we observe on some OPCs might derive from a different subtype of the

cnpCre line used in both studies, or due to the possibly lower recombination efficiency of the GNZ

reporter line when compared to the TDP43floxed allele.

8.5. TDP43 Is required for Different Aspects

of CNS and PNS Development

Although SCs and OLs carry out similar functions in the peripheral and central nervous system,

respectively, they are inherently different and unique cell types. We have shown with both the mpz

and the dhhCrelines that TDP43 is required for a timely onset of myelination by SCs. By two

months of age, control and mpzcKO mice display fully myelinated SNs with comparable gratio.

Hence, SCs ultimately achieve developmental myelination per se even without TDP43. Con

versely, OLs heavily depend on normal TDP43 function for proper developmental myelination.

This is evident in SpCs at P10, in which lack of TDP43 in OLs results in fewer myelinated intern

odes. Furthermore, myelin sheaths in cnpcKO SpCs never grow to the required thickness, and we

observed signs of demyelination and widespread vacuolation.

TDP43 Is Required for Appropriate Oligodendrocyte Maturation

This could derive from an impaired progression of TDP43 depletedOLs towards transcriptional

latestages of maturation, or to a transcriptional drift of the mutant OLs towards a new state, not

typical of control cells and incompatible with achieving or sustaining efficient maturation. To ad

dress the transcriptional heterogeneity and maturation fate of TDP43depleted OLs, we performed

single cell RNA sequencing. We showed that TDP43 mRNA is already reduced in nonmitotic

OPCs and that a cnpcKOspecific population branches off the normal maturation trajectory dur

ing a very early differentiated state. This means that, upon deletion of TDP43, some OLs still

proceed with the typical transcriptional program of maturation, whereas others branch away to a

transcriptional program not typical of controls. This transcriptional bifurcation of cnpcKO OLs

during maturation is an intriguing discovery, and indicates that not all OLs react uniformly to
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the ablation of TDP43, or that the ablation itself is not exactly synchronized with the cell state.

We hypothesize that the exact timing of the loss of TDP43 function may be relevant. It remains

open when TDP43 proteins are lost to a sufficient extent in each individual OL in cnpcKO mice,

and whether the timing of protein depletion dictates the consequences for the transcriptome. Pos

sibly, depending on the exact timing of protein depletion, OLs might or might not still progress

through a critical TDP43dependent step in very early maturation. The latter might then be unable

to mature normally and fall into the observed aberrant state. This hypothesis gathers some support

by our observations in olig2cKO mice. Recombination in olig2Cre mice is reported to occur ear

lier than in cnpCre mice, which results in the nearcomplete absence of CC1pos differentiated OLs.

It remains to be elucidated to which extent Pdgfrαneg CC1neg OLs (earlydifferentiated OLs) are

present in olig2cKO mice, and whether they are positive for markers of the TDP43cKOspecific

population. Moreover, following the reasoning proposed above, the supposedly later recombining

cnpCre line used by (Wang et al., 2018b) would match with their reported absence of a develop

mental deficit in cnpcKO SpCs.

Potential Contributors to Transcriptional Bifurcation of TDP43 Oligodendrocytes

The reasoning of protein depletion timing might be further convoluted by the anatomical distribu

tion of the sequenced cells. As we collected OLs from the whole SpC for RNA sequencing, we do

not know which cells in the dataset were extracted from the GM and which from the WM. Perhaps

only cells of the GM, or only cells of the WM, contribute to the transcriptomedrifting branch in

cnpcKO cells. If so, then it might be that the microenvironment around these cell populations

strongly influences the transcriptional consequences of TDP43 deletion, or it might even be that

this regional localization impacts how quickly TDP43 protein levels are depleted. To evaluate

the merit of the various possibilities enumerated above, it will be necessary to evaluate the tis

sue localization of the TDP43cKOpopulation which transcriptionally drifted away from controls,

through the use of RNA hybridization probes specific to transcripts of this branch. Apart from de

velopmental studies, there are publicly available single cell or single nucleus RNA sequencing data

involving OLs derived from EAE mouse models or MS patients (Falcao et al., 2018; Jakel et al.,

2019; Schirmer et al., 2019). Genes that were highly expressed in the cnpcKOspecific population,

could so far not be related to any reported OL population in these databases. This is not totally un

expected, as the cnpcKOspecific population is apparently composed of early differentiated OLs,

whereas MS/EAE etiologies are mainly associated with adult myelinating OLs. 
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8.6. OL Differentially Require TDP43

in a RegionSpecific Manner

Weobserved striking differences in howOLs reacted to loss of TDP43 in the SpC grey versus white

matter. In the WM, cnpcKO OLs accumulated over time, and plpiKO OLs were not markedly

affected within six weeks posttamoxifen. Conversely, GM OLs were reduced at P10 and P50 in

cnpcKO mice, and they were strongly diminished in plpiKO mice within the short time frame of

six weeks posttamoxifen, indicating involvement of cell death.

Differential Origin of OPCs

Potential differences that underly these observations include intrinsic differences due to the devel

opmental origin of OLs, or extrinsic differences due to the local environment. SpC OLs emerge

from two waves of OPC generation (Tripathi et al., 2011). At P13, ventrally derived OLs are dis

tributed in the whole SpC, whereas dorsally derived OLs are concentrated in the dorsal funiculus

and only sparsely found in the grey and ventral white matter. In spite of reported differences re

garding physiological properties or protein expression among OL lineage cells (Kleopa et al., 2004;

Chittajallu et al., 2004; Karadottir et al., 2008), Tripathi et al. (2011) could not link these properties

to potentially corresponding developmental origins. Moreover, comprehensive single cell analysis

by Marques et al. (2018) reported that OPCs from all developmental origins converge to a similar

transcriptional state, based on the analysis of some brain regions.

Different Microenvironment

Extrinsic local cues and demandsmay also contribute to our observed differential changes. TheGM

incorporates the motor neurons and a complex network of interneurons, forming a computational

network which integrate signals from afferent sensory fibers and corticospinal neurons (Peirs and

Seal, 2016; Wang et al., 2017; Ueno et al., 2018). Axons in the GM are only sparsely myelinated.

The context of the WM is markedly different, containing mainly myelinated fibers organized in

aligned ascending and descending tracts of axons, without resident neuronal cell bodies, and is

mainly geared to quickly transporting information between brain and SpC.
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These inherent differences are likely to impose distinctive demands on the OLs. Regarding pro

liferation, Kang et al. (2013) have shown that OPCs in the P21 and P60 SpC GM divided more

than 80% slower than in the WM. Once established, the population of differentiated OLs remains

highly stable during adulthood in various regions of the CNS (Yeung et al., 2014; Fard et al., 2017;

Tripathi et al., 2017). In addition, no major differences were reported in the generation of new dif

ferentiated OLs between the SpC grey and white matter (Lasiene et al., 2009; Young et al., 2013).

Although there is no major turnover of mature OLs, myelin is – at least in the brain – plasticly re

arranged throughout life (Yeung et al., 2014; Fard et al., 2017). It remains to be addressed whether

the complex network in the SpC GM also demands a higher degree of plasticity in myelination and

whether turnover rates of OLs or myelin differ in the SpC white versus the grey matter.

Heterogeneity Among Mature OLs

Mature OLs are not a homogenous population of cells (Marques et al., 2016) and might specify

during maturation in a regiondependent manner. An ongoing study by Floriddia and Castelo

Branco (2019) is dedicated to elucidating the prevalence and properties of different sets of mature

OLs. They focus on subsets of Klk6pos and of Ptgdspos OLs. In twomonthold mice, Klk6pos OLs

are more prevalent in the SpC WM and Ptgdspos OLs in the SpC GM. As shown before, these

subtypes of OLs are not derived from a specific wave of OPC generation. Instead, the authors

suggested that extrinsic cues contribute to their specification. In two axotomy models, Ptgdspos

OLs became more numerous at the injury site and Klk6pos OLs were reduced. Nevertheless, this

shift was not observed in EAE mice, and the authors of the study suggest that these OL subtypes

exhibit pathologydependent susceptibility. In relation to our model of TDP43 deletion, mature

OL subtypes such as Ptgdspos OLs may be more susceptible than others. It remains to be elucidated

whether the accumulating number of differentiated OLs in the WM of P50 cnpcKO mice belongs

to a specific transcriptomic subtype of mature OLs.
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Impact of Secondary Changes

Finally, the pronounced differences could arise due to secondary changes within the initially most

affected regions. For instance, microglia are known to be capable of providing a proregenerative

environment in demyelinating mouse models, at least in part due to secreted factors that influence

OPC recruitment, proliferation and differentiation (Olah et al., 2012; Voss et al., 2012; Miron et al.,

2013; secreted factors reviewed by Miron, 2017). In this line, the study by Giera et al. (2018) re

ported a microgliaderived transglutaminase as ligand for the gprotein coupled receptor Adgrg1

(also known as Gpr56) on OPCs, which promotes proliferation. The pronounced microgliosis in

the P50 cnpcKO SpC WM and 6wpT plpiKO GM may drive enhanced proliferation and differ

entiation, which could in part explain why we observed such a high number of differentiated OLs

in the P50 cnpcKO WM and such a strong proliferative response of OPCs in the 6wpT plpiKO

GM.
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9. Limitations and Future Directions

The experiments presented in this thesis have examined the impact of TDP43 deletion in the

myelinationcompetent cells of mice. Our results underlie a key requirement for TDP43 at various

stages of both SC and OL biology. Despite the wealth of data we have gathered in this project, there

are limitations to the interpretation of our data, and open questions that need to be addressed with

future experiments and subsequent projects.

TDP43 in Schwann Cells

Regarding SCs, we have employed different Cremouse lines to evaluate the impact of TDP43

deletion in radial sorting and onset of myelination. The impairment at the onset of myelination

was recapitulated in both lines, but no defects in radial sorting could be detected. As both Cre

lines have successfully revealed radial sorting defects upon recombination of numerous genes in

the literature1,2, we consider it likely that TDP43 is dispensable for radial sorting. However we

cannot draw a firm conclusion in this direction, since there is always a chance that residual TDP43

protein levels are sufficient to drive the process to the end, and further experiments are required to

gather evidence for early loss of TDP43 function in our mouse mutants.

TDP43 is required for the timely onset of myelination, but we could not resolve the exact molecular

mechanisms that are causal for this mild defect. It would be appealing to further investigate changes

in RNA splicing or stability for other genes in order to single out candidates that could underlie

this impairment (such as incorrect alternative splicing or reduced stability of key transcriptional

promoters of myelination). This could be followed by rescuetype of experiments to validate the

functional correlation. However, the very mild delay at the onset of myelination may not enable

the readout of a partial experimental rescue, leading to inconclusive experiments.

1 dhhCre: Benninger et al., 2007; Pereira et al., 2009; Guo et al., 2013a; Guo et al., 2013b; Mogha et al., 2013
2 mpzCre: Feltri et al., 2002; Chen and Strickland, 2003; Yu et al., 2005; Nodari et al., 2007; Berti et al., 2011;

Pellegatta et al., 2013; Elbaz et al., 2016; Ommer et al., 2019
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A key mechanistic finding of our study is the TDP43mediated repression of intronic sequence

(cryptic exon) retention in the mature transcript of glial neurofascin (nfasc155). This intronic re

gion is poorly conserved between the mouse and human genome, and nfasc has hitherto not been

reported as a target of TDP43 in human cells (Tollervey et al., 2011; Xiao et al., 2011). There

fore, we reason that TDP43mediated repression of nfasc may be specific to mice. Despite this

reasoning, we cannot exclude that NF155 in human cells is influenced by TDP43, even if via more

indirect mechanisms. This possibility could be further evaluated by studying human Schwann cells

(either primary or derived from induced pluripotent stem cells) with silencing of TDP43 using

CRISPR/Cas9 methods.

Concerning the molecular findings in the current study, our results suggest a direct, causative rela

tion between cryptic splicing of nfasc155 and impaired juxta/paranodal domain organization and

nerve conduction. However, we still lack direct evidence to support this interpretation. Genomic

editing to protect nfasc from cryptic splicing (nfascprot), i.e. through deletion or modification of

the cryptic splice junctions, or the cryptic exon itself, would provide a suitable experimental sys

tem to evaluate whether the cryptic exon is key to the reduced abundance of NF155 in mpzcKO

mice. This would potentially rescue the formation of juxta/paranodal domains and ameliorate the

impaired nerve conduction properties in these mutants. To further evaluate whether the UG repeats

in the Nfasc intronic region are functionally required to prevent cryptic splicing in control animals,

these could be mutated or excised in the mouse genome. According to our hypothesis, this genetic

editing would prevent binding of TDP43 and should alone mimic the impairments in nfasc155

described in mpzcKO mice. This mimic and rescuetype of experiments would provide further

evidence for a causative relation between TDP43, correct splicing of nfasc155, and appropriate

definition of paranodal domains.

The importance of preserving longterm paranodal junction integrity is exemplified in mouse mod

els with deleted paranodal components (Bhat et al., 2001; Rios et al., 2003; Pillai et al., 2009;

Saifetiarova et al., 2017) and the existence of human diseases affecting the paranodal domains, such

as subtypes of chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) and Guillain

Barré syndrome (reviewed by Mathey et al., 2015). In the current study, we observed evidence

of demyelination and reduced protection of axonal health in aged mpzcKO and mpziKO mice.

However, we do not know which molecular mechanisms are causal to the phenotype in these aged
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animals, and to which extent diminished expression of NF155 with disruption of the paranodal do

main is a contributing factor. Characterization of adult mpzcKO and mpziKO mice by methods

of global analysis, including sequencing of RNA derived from tissue or sorted SCs from SNs or

root nerves, might provide more insight into the affected processes. Furthermore, analysis of aged

nfascprot (see above) mpzcKO and nfascprot mpziKO mice would likely reveal the contribution of

nfasc155 deficiency towards the lateonset demyelination and axonal pathology present in adult

mpzcKO and mpziKO mice. In addition, comparative phenotypic and transcriptomic analysis

of these four mouse lines might allow the identification of other relevant and possibly conserved

mechanisms in the longterm requirement of TDP43 in SCs, including some potentially masked

in mpzcKO and mpziKO mice alone.

TDP43 in Oligodendrocytes

By elucidating the impact of TDP43 in the OL lineage chronology, the earliest defect we observe

is an apparent reduction in the numbers of OPCs and a massive decline of abundance of CC1pos

mature OLs in olig2cKO mouse SpCs at P10. These defects are not evident in cnpcKO mice,

presumably due to the earlier recombination enabled by olig2Cre. This results suggest that TDP43

might contribute to OPC survival, proliferation, or differentiation. These possibilities could be

evaluated by bulk RNA sequencing of the OPCenriched fraction derived from olig2cKO SpCs.

The data could be further analyzed to single out candidate targets of TDP43 that might underlie

OPC defects. In addition, the quantitative tissue analysis performed in cnpcKOmice and presented

in this thesis should also be carried out on olig2cKOmice. This also includes the direct analysis of

protein TDP43 protein levels, to ascertain whether it is efficiently depleted in OPCs. Beyond the

OPC stage, OL maturation apparently depends on TDP43 function, and we suggest a critical step

within early stages of maturation of OLs that requires TDP43 function. It is possible that earlier

recombination with olig2cKOmice allows a greater fraction of early differentiated OLs to diverge

to an abnormal branch, which could contribute to the very low numbers of CC1pos OLs in these

mice. To experimentally address this possibility and gain more insight into potential differentiation

defects in olig2cKO OPCs, single cell RNA sequencing of olig2cKO OLs should be compared to

controls and the existing set of cnpcKO mice. This should identify the differential and common

aspects of the transcriptome impact on the OL lineage of both mouse lines.
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Culturing OLs derived from cnpcKOmice recapitulated key hallmarks of the findings in cnpcKO

mice during development. It remains to be experimentally addressed to which extent olig2cKO

OLs and OPCs in culture recapitulate the drastic impact we observed in mouse SpCs. Nonetheless,

these cultures are a valuable tool that in principle enables the exploration of the mechanistic basis

underlying the function of TDP43 during OL maturation, and the identification of the functionally

relevant domains of TDP43 in this context, e.g. by reconstitution of mutated or truncated variants

of TDP43 in TDP43cKO OLs.

Early deficits in cnpcKO and olig2cKO mice might disguise critical functions of TDP43 in OLs

at later stages during development. To this end, transgenic mice expressing Cre under control of

regulatory sequence from a gene typically expressed in later stages of OL maturation (e.g. MOG

iCre mice, Hovelmeyer et al., 2005), or tamoxifeninducible Cre lines (e.g. plp1CreERT2) combined

with early postnatal induction, might be investigated to extend our understanding of TDP43 in OLs

at later stages of maturation and myelin growth.

In the scope of this work, we investigated mouse models of TDP43 deletion in OLs. But currently

we lack knowledge of the extent to which TDP43 function is conserved in human OLs. To fill this

gap, and then further extend the knowledge on TDP43 in human OLs, ensuing experiments should

include the analysis of OLs derived from human induced pluripotent stem cells (iPSCs). Deletion

of TDP43 (e.g. using CRISPR/Cas9) in IPSderived human OPCs could be used to analyze the

impact of TDP43 on the capacity of human OLs to differentiate and undergo maturation in culture,

and in livingMBPdeficient shiverer mice after transplantation (Ehrlich et al., 2017). Incorporation

of IPSderived OLs from ALS patients harboring TDP43 mutations (Ferraiuolo et al., 2016) will

extend the scope of analysis and allow the comparison of mechanistic changes related to disease

mutations with a pure loss of function in these cells.

OLs critically depended on TDP43 function in a regionspecific manner during development and

in adult mice, and the welfare of plpiKO mice limits our analysis to 6 weeks after recombination.

In this time frame, we did not observe overt failure of myelin maintenance or survival of mature

OLs in the WM, even though TDP43 might be critical in these cells on a longer time frame. To

investigate this aspect, an optimal experimental system would need to allow induction of TDP43

recombination in a timecontrolled manner only in WMresident OLs of the SpC, as GMOLs were

evidently reduced in plpiKO mice. However, such a system is currently not established. We spec

ulate that incomplete induction of recombination in plpiKO mice could offer an alternative way to
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study mature OLs in the WM of adult mice. With incomplete recombination, critically affected re

gions might eventually cope with the loss or failure of a fraction of OLs, and consequently maintain

mutant animals in better welfare conditions to allow analysis at later timepoints. Incomplete recom

bination of OLs is a doubleedged approach, as it might also conceal evidence of a mild impairment

in the WM. Moreover, such an approach would demand Credependent expression of reporter pro

teins to mark recombined OLs, which would require alternatives to the tdTomatotransgene that

recapitulate the recombination efficiency of the TDP43 allele with higher fidelity.

Extending our findings with the experiments proposed in this section should consolidate ourmecha

nistic understanding of TDP43 in myelinating glia, and ultimately help to determine which aspects

are most relevant in the context of human health and disease.
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Figure A.3: Diameteranalysis of all axons in L4 root nerves from 1yearold control andmpzcKO mice.
Quantification of diameters from all axons in the ventral (a) and dorsal (b) root nerves, generally depicts a reduc
tion of axons with large diameters and an increase of axons with small diameters in mpzcKO mice compared to
controls. Axons smaller than 1 µm occur only seldom in ventral root nerves (a) and are not displayed. (Statistics)
Bar graphs represent mean±SEM; *p<0.05, **p<0.01, ***p<0.001. (a,b) n = 5 mice, twoway ANOVA with
Šídák’s multiple comparisons test.
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Figure A.6: OPCs and differentiated OLs can be collected separately using cell size as sorting criteria.
(a) Transgenic mice and sorting strategy. Some experiments were performed using only the tdTomato reporter but
not pdgfrαH2BeGFP. In this case all tdTomatopos cells were split by size (FSCA). (be) RTqPCR analysis of differ
ent genes expressed in the OL lineage normalized to βActin. tdTomatopos GFPneg cells did not display expression of
any gene at the expected level (n = 3 mice per sample, mean±SEM, no statistical analysis performed). The OL lineage
identity was assessed using olig2 (b) and pdgfrα was used as a marker for OPCs (c). enpp6 was used as marker for
early differentiated, not yet myelinating OLs (d). mog and klk6 are highly expressed in fully mature, myelinating OLs
(e). (f) RTqPCR analysis of the microglial marker tmem119 in the same cells used in (be) normalized to βActin.
tmem119 was highly expressed only in tdTomatopos GFPneg cells (n = 3 mice per sample, mean±SEM, no statistical
analysis performed). (g) Inferred separation of OL cells when using their size as indicator for their differentiation state.
The two fractions are selectively enriched in either OPCs or OLs. Illustration modified from Goldman and Kuypers
(2015).
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Figure A.7: Total number of axons (nonmyelinated axons >0.5µm in diameter) per area and pro
portion of myelinated axons in SpCs of cnpcKO and control mice. (a) Total density of myelinated and
nonmyelinated axons (>0.5 µm in diameter) in analysed fields of ventral WM. Significantly more axons
per area were detected in P30 cnpcKO SpCs compared to controls, while other timepoints were not sig
nificantly different between genotypes. (b) Proportion of myelinated axons among all axons (>0.5 µm in
diameter) reveals a significant reduction in the cnpcKO SpC WM compared to controls at P10, P30 and
P50, but not P21. (a,b) Individual densities and the schematic of the analysed area is shown in Fig. 6.2.
(Statistics)Bar graphs represent mean±SEM; *p<0.05, ***p<0.001. (a,b) P21 n = 4 mice, P10,30,50 n = 5
mice; multiple twotailed, unpaired Student’s ttests corrected using the HolmŠídák method.
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Figure A.8: Total OL numbers in SpCs of control and
cnpcKO mice at P10 and P50. Crosssections of lumbar
SpCs were analysed by immunofluorescence using Olig2 to
label all OLs. (ad)Densities of OLs in the lumbar SpCwhite
(a,b) and grey matter (c,d) from control and cnpcKO mice
at P10 and P50. The number of OLs in the P10 SpC WM
was not significantly different between genotypes, whereas
OLs were dramatically more numerous in the cnpcKO WM
at P50 compared to controls. OL numbers in the SpC GM are
reduced in cnpcKO mice at P10 compared to controls, and
to a greater extent at P50. (e) Scheme of separately analysed
areas (WM: blue, GM: green). Squares show areas of exem
plary images in Fig. 6.6ad). (Statistics)Bar graphs represent
mean±SEM; , *p<0.05, ***p<0.001. (all graphs) n = 5 mice,
twotailed, unpaired Student’s ttest.
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Figure A.9: Quality control and cell cycle analysis on single cell RNA sequencing from control and cnpcKO
mice at P10. (a) Percentage of mitochondrial genes in “10X cellranger count”processed data. Cells with less than
15% mitochondrial genes were used for further analysis (below dashed line). (b) Number of detected genes in “10X
cellranger count”processed data. Cells with less than 2’500 genes were used for further analysis (above dashed line).
(c) UMAP projection of cells that passed the filtering by (a) and (b) and after removing duplicates and clusters with
more than 50% classified doublets according to DoubletFinder (McGinnis et al., 2019). Either control cells (left) or
cnpcKO cells (right) were moved to the front for better visibility. Apart from a cnpcKO specific cluster, cells are
distributed without an evident bias due to the sample origin. (d,e) UMAP projections after cell cycle scoring using
built in scoring from the Seurat R package (Butler et al., 2018). Scores are separately shown for the G2M phase (d)
and the SPhase (e). (f) Violin plot of the expression of mki67 to represent the proliferating state of the OPC S/G2M
cluster.
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Figure A.10: OPC numbers in SpCs of control and plpiKO mice at 6wpT. (a) Immunofluorescence
stainings of Olig2 (green) to label all OLs and Pdgfrα to mark OPCs. Note the reduced number of Olig2pos
cells in the GM of plpiKO mice compared to controls. scalebar: 100 µm. (b) OPC densities in the lumbar
spinal cord white and grey matter from control and plpiKO mice at 6wpT depicts an increase in the GM
of plpiKO mice compared to controls. (c) Schematic depicting the area of the images shown in (a) and the
analysed area (green/blue). (Statistics) Bar graphs represent mean±SEM; *p<0.05. (b) n = 5 control and
4 plpiKO mice, twotailed, unpaired Student’s ttest.
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Figure A.11: Cryptic splicing and expression of nfasc in SCs and OLs. Cross comparison of transcriptomic
data from P5 control and mpzcKO SNs (Fig. 5.5 & 5.6), and sorted OLs enriched for OPCs or differentiated Ols
from P10 control and cnpcKO SpCs (Fig. 6.7 & 6.8). (a) Coverage of sequencing data around cryptic exon of nfasc
(purple box) showing proportionally higher coverage in the mpzcKO SN compared to coverage of the neighboring
canonical exon (blue box) than in differentiated cnpcKO OLs. The scale was individually adjusted for every sam
ple. TDP43coverage is derived from reanalysed mouse brain TDP43 UVCLIP data (Polymenidou et al., 2011).
(b,c) Total nfasc quantification of gene expression displayed as normalized counts (n = 4 mice, ***p<0.001, pairwise
analysis by EdgeR). (b) Abundance of nfasc in mpzcKO SNs is reduced to 16% compared to controls. (c) In OPCs
and differentiated OLs from cnpcKO SpC mice, levels of nfasc are reduced to 47% and 49% of those in controls,
respectively.
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