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I Summary

The adult central nervous system (CNS) is a highly plastic system that not only shows
ultrastructural plasticity (e.g. the movement of processes of glia or the turnover of neuronal
synapses), but it is also interspersed with proliferating cells that generate continuously new
cells. Besides the proliferative-active stem cell niches, dividing NG2+ cells reside within the
adult brain parenchyma. In particular, these NG2+ glia attracted attention as they also react
to a variety of brain injuries by altered proliferation, e.g. after acute traumata, in brain
tumors and in the case of neurodegenerative diseases and demyelinating diseases. However,
little is known about the function and role of NG2+ cells in the adult brain in vivo. Therefore,
the aim of this PhD study was to characterize the proliferative behavior of NG2+ glia in the
intact and acutely lesioned brain parenchyma in order to determine regulatory mechanisms
that control their proliferation. Here, it is shown that adult NG2+ cells are the major
proliferative cell population in the adult cerebral cortex that is slowly dividing due to a long
G1l-phase. Interestingly, these cells can alter their cell cycle speed according to the
environment: Increased neuronal activity resulted in a temporal reduction of NG2+ cell
proliferation and simultaneously increased their differentiation. In contrast, after acute
inflammatory conditions NG2+ cells acutely re-entered the cell cycle and proliferated faster
than in the intact cortex. In order to follow these cells live and pursue their fate in the intact
and injured adult CNS a novel transgenic mouse line was generated. Therefore, a bacterial
artificial chromosome (BAC) was constructed, expressing an inducible fusion protein
(iCreER™) under the Sox10 promoter that allows mediating high recombination in NG2+ cells
upon tamoxifen administration. This Sox10-iCreER™ mouse line is now a new tool to gain
further insights in the role and biology of adult NG2+ glia in the intact and lesioned brain,

e.g. by cell- and time-specific ablation of distinct genes.



| Zusammenfassung

Das erwachsene zentrale Nervensystem (ZNS) stellt ein plastisches System dar, das sich nicht
nur durch ultrastrukturelle Plastizitdt (z.B. die Motilitdt der Fortsdtze von Gliazellen oder
Veranderungen neuronaler Synapsen) zeigt, sondern auch sich teilende Zellen enthalt, die
stetig neue Zellen produzieren. Neben den teilungsaktiven Stammzellnischen, befinden sich
auch teilende NG2+ Zellen im umgebenden Gehirngewebe. Besondere Aufmerksamkeit
haben diese NG2+ Gliazellen erhalten, nachdem gezeigt wurde, dass sie auch auf
verschiedene Verletzungen des Gehirns mit einer veranderten Zellteilungsrate reagieren
kénnen, z.B. nach akuten Traumata, in Gehirntumoren, neurodegenerativen Erkrankungen
und in demyelinisierenden Krankheiten. Jedoch ist bisher relativ wenig tiber die Funktionen
und Aufgaben von NG2+ Zellen im erwachsenen Gehirn in vivo bekannt. Daher war es das
Ziel dieser Doktorarbeit das Zellteilungsverhalten von NG2+ Zellen im gesunden und im akut
geschadigten Gehirn zu untersuchen und dabei regulatorische Mechanismen zu klaren, die
das Teilungsverhalten dieser Zellen beeinflussen. In dieser Arbeit konnte gezeigt werden,
dass NG2+ Gliazellen die groRte sich teilende Zellpopulation in der erwachsenen zerebralen
Kortex darstellen und sich langsam teilen, in dem sie langer in der G1-Phase des Zellzykluses
verweilen. Interessanterweise konnen diese Zellen die Geschwindigkeit ihres Zellzykluses der
Umgebung anpassen: Bei erhohter neuronaler Aktivitat teilen sich NG2+ Zellen zeitweise
langsamer und differenzieren vorwiegend. Bei akuten Entziindungen im Gehirn kdnnen
NG2+ Zellen jedoch sofort wieder den Zellzyklus beginnen und teilen sich damit schneller als
in der gesunden Kortex. Um nun diese NG2+ Zellen live zu beobachten und ihre
Nachkommen weiter zu verfolgen, wurde eine neue genetisch verdnderte Mauslinie
generiert. Ein kiinstliches Chromosom mit bakteriellen Ursprung (BAC) wurde konstruiert, in
dem ein induzierbares Fusionsprotein (iCreER™) unter dem Sox10-Promoter gebildet wird,
wodurch nach Tamoxifen-Gabe NG2+ Zellen rekombiniert werden kdnnen. Diese neue
Sox10-iCreER™-Mauslinie bietet nun die Mdglichkeit die Funktion und Biologie von NG2+
Gliazellen, z.B. durch die zell- und zeitspezifische Ausléschung von bestimmten Genen, zu

untersuchen.
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1 Introduction

Glial cells constitute one of the major cell population in the adult mammalian brain and can
be divided into macroglia and microglia. In particular cells belonging to the group of
macroglia can be further subdivided into astrocytes and oligodendrocytes providing either
e.g. trophic support to neurons (reviewed in Nave and Trapp, 2008; Wang and Bordey, 2008)
or facilitating neuronal conduction by enwrapping axons with myelin sheaths (reviewed in
Trotter et al., 2010). These macroglial cells are not only morphologically heterogeneous in
different areas of the central nervous system (CNS) but have also unique features, as for
example a subpopulation of dividing macroglial cells persists in the adult intact brain (in the
following referred to as “progenitors”). Besides the proliferative-active stem cell niches in
the adult brain (Beckervordersandforth et al., 2010; Kriegstein and Alvarez-Buylla, 2009),
parenchymal progenitors are widespread in the adult brain and are named either NG2+ cells,
based on their antigenic expression profile, or oligodendrocyte progenitor cells (OPCs) as
their progenies are mainly myelin-producing oligodendrocytes (Dimou et al., 2008; Kang et
al., 2010; Nishiyama et al., 2009; Rivers et al., 2008). Therefore, these progenitors are
historically considered to belong to the oligodendrocyte lineage. Notably, parenchymal
progenitors are recently considered to constitute a 4™ glial population, besides microglia,
astrocytes and oligodendrocytes, due to their widespread distribution and unique properties

in the mammalian brain (summarized in Nishiyama et al., 2009; Trotter et al., 2010).

1.1 Origin and fate of parenchymal progenitors — the oligodendrocyte
lineage

Macroglial cells in the mammalian forebrain arise from the neuroepithelium and are
generated at distinct time points during development (Wang and Bordey, 2008). In
particular, the origin of OPCs in the CNS is heterogeneous which was first shown for the
spinal cord (reviewed by Richardson et al., 2006)(Richardson et al., 2006). Here, the majority
of OPCs in the spinal cord are generated from ventral domains at embryonic day (E) 12.5
before they spread and populate the gray and white matter of the spinal cord (Richardson et
al., 2006). However, a smaller proportion of the spinal cord OPCs also derives from dorsal
sources later during development (Cai et al., 2005; Vallstedt et al., 2005). In line with this

data, Kessaris et al. (2006) could show that also telencephalic OPCs are generated by
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different precursors in three waves (Figure 1). The first cortical OPCs derive from ventral
precursors at the ventricular zone of the medial ganglionic eminence (MGE) and anterior
entopeduncular area, appearing around embryonic day (E) 11.5 (in mice) and enter the
cerebral cortex at E16 (Kessaris et al., 2006). Although these OPCs are largely depleted
postnatally, they are replaced by OPCs originating from dorsal precursors in the lateral
ganglionic eminence (LGE) and from endogenous cortical precursors at the day of birth
(Kessaris et al., 2006; Richardson et al., 2006). Interestingly, these precursors do not account
for all OPCs in the adult telencephalon thereby indicating additional sources of adult OPCs
(Ventura and Goldman, 2006) .

Figure 1 Origin of NG2+ cells (OPCs) during development. The first OPCs derive from Nkx2.1+ precursors of the MGE and
arrive in the cortex during the mid-neurogenesis. Gsh2+ progenitors of the LGE give rise to a second wave of OPCs. Finally,
OPCs also derive from Emx1+ cortical progenitors. Gsh2+ and Emx1+ derived OPCs compensate the loss of Nkx2.1 derived
OPCs and account for the majority of cortical OPCs postnatally. However, the contribution of Emx1-derived OPCs declined
later on. aOPCs — oligodendrocyte precursor cells; MGE — medial ganglionic eminence; LGE — lateral ganglionic eminence
(adapted from Kessaris et al. 2006)

Postnatal OPCs differentiate into myelinating oligodendrocytes with a peak of myelination in
the second postnatal week (Greenwood and Butt, 2003). However, not all postnatal OPCs
differentiate but some also remain as progenitors in the adult CNS. These adult OPCs express
similar antigens as their developmental counterparts (Figure 2), e.g. membrane proteins like
neuron-glia antigen 2 (NG2; (Nishiyama et al., 1997), platelet-derived growth factor receptor
o (PDGFRa; (Dawson et al., 2003), junctional adhesion molecule A (JAMA; (Stelzer et al.,
2010) and 04 (Nishiyama et al., 2009; Polito and Reynolds, 2005; Reynolds and Hardy, 1997;
Sommer and Schachner, 1982) or the transcription factors OLIG2 (Takebayashi et al., 2002;
Zhou et al., 2000) and SOX10 (Kuhlbrodt et al., 1998). Lately, it is proposed that adult OPCs
differentiate via an intermediate state during which they express the G-protein coupled
receptor 17 (GPR17; (Boda et al., 2011)). This intermediate state can be clearly distinguished

by its morphology and antigenic expression profile (Figure 2) from mature oligodendrocytes
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that express cytoplasmatic proteins like glutathione-S-transferasent (GSTm), adenomatosis
polyposis coli (APC/CC1) and aspartoacylase (ASPA). Whether these mature
oligodendrocytes could further differentiate to myelinating oligodendrocytes in adult
mammals was controversially discussed in the field of research as myelination should be
finished within the first postnatal weeks (Greenwood and Butt, 2003). Only recently,
independent research groups showed a continuous generation of new myelinating
oligodendrocytes in the adult CNS (Dimou et al., 2008; Rivers et al., 2008). These myelinating
oligodendrocytes express typical antigens being present in the myelin sheath, e.g. myelin-
associated glycoprotein (MAG), myelin oligodendrocyte glycoprotein (MOG), myelin basic
protein (MBP) and myelin proteolipid protein (PLP/DM20; Figure 2; reviewed in Baumann
and Pham-Dinh, 2001). One myelinating oligodendrocyte can ensheath several axons,
thereby providing the basis for the fast saltatory conduction of action potentials between
neurons (reviewed by Simons and Trotter, 2007), but also maintaining the axonal integrity

(reviewed by Nave, 2010).
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oligodendrocytes - myelinating oligodendrocytes

NG2+ cells i Intermediate  —p

OLIG2
SOX10
NG2
PDGFRa
JAMA
GPR17
APC/CC1
GSTn

ASPA

PLP/ DM 20
MBP

MAG
MOG

Figure 2 The oligodendrocyte lineage in the adult CNS. Pictures showing recombined cells of the Sox10-iCreER"> mouse line
that are stained for GFP. These GFP-expressing cells label the oligodendrocyte lineage and allow discriminating distinct
differentiation states of this lineage by morphology. The oligodendrocyte lineage comprises some proliferating NG2+ cells
that can differentiate into mature oligodendrocytes over a GPR17+ intermediate state. If these intermediate cells might
also become again NG2+, remains to be open (gray interrogation mark). However, depending on the brain region some
mature oligodendrocytes can differentiate to myelin-sheath producing oligodendrocytes. Examples of antigen expression
are given for each differentiation state of the oligodendrocyte lineage.
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1.2 NG2+ glia (OPCs) - a 4™ glial cell population

Since OPCs are the major proliferating population in the adult brain parenchyma (Aguirre et
al., 2004; Buffo, 2007; Dawson et al., 2000; Dawson et al., 2003; Dimou et al., 2008; Gensert
and Goldman, 1997; Horner et al., 2000), these cells attract attention as a possible
intracranial source for cellular regeneration upon disease conditions. OPCs constitute 5-8 %
of cells in the mammalian brain (Horner et al., 2000) and remain constant in life (Dawson et
al., 2003; Rivers et al., 2008). These glial cells are characterized by a stellate morphology
with fine processes leaving from a central cell body and are uniformly distributed within the
brain. Besides their fate to become mainly myelinating oligodendrocytes in higher
vertebrates during development, these cells are already detectable in lower vertebrates with
unmyelinated axons, suggesting additional functions of OPCs in the CNS (reviewed in Mangin
and Gallo, 2011). Therefore, OPCs are recently considered to be a 4t glial population and are

in the following referred to as “NG2+ cells” due to their diverse nature.

Cellular characteristics of NG2+ glia

NG2+ cells form a network with slightly overlapping domains in the CNS and are tightly
integrated within the astrocytic and the neuronal network (Wigley and Butt, 2009). It is
shown that they can form contacts with unmyelinated and myelinated axons, neurons,
astrocytes and pericytes allowing probably a bidirectional communication between these
cells and NG2+ glia (Hamilton et al., 2010; Wigley and Butt, 2009). While the contact of NG2+
cells to pericytes might be involved in regulating the blood flow (Wigley and Butt, 2009), the
synaptic contact of NG2+ glial processes to neurons, e.g. at the nodes of Ranvier, the
neuronal soma and the dendrites, might have an impact on diverse cellular functions like
migration and maturation of NG2+ glia (Mangin and Gallo, 2011). These synapses between
neurons and NG2+ cells can be either glutamatergic or y-aminobutyric acid (GABA)-ergic
(reviewed in Mangin and Gallo, 2011) mediating excitatory (EPSC) or inhibitory postsynaptic
currents (IPSC) in NG2+ cells via a—amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
(AMPA) receptors (Figure 3) or GABA4 receptors, respectively (reviewed in Mangin and Gallo,
2011). The resulting currents are transduced in a locally restricted increase in Ca®* in NG2+
glial processes (Figure 3; (Bergles et al., 2000; Blaustein and Lederer, 1999; De Biase et al.,
2010; Hamilton et al., 2010; Lin et al., 2005; Mangin et al., 2008; Tong et al., 2009)). In

addition, the EPSC/ IPSC induced opening of voltage-dependent Na+ channels might even
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result in the generation of action potentials in NG2+ cells (Karadottir et al., 2008), although

this is still controversially discussed (reviewed by Frohlich et al., 2011).
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Figure 3 Scheme depicting the formation of a glutamate-mediated (Glu) tripartite contact between neurons, astrocytes
and NG2+ cells in the gray and white matter. In the cortical gray matter, NG2+ cells form a synaptic contact to neurons.
Glutamate, released by neurons, results in an intracellular increase of Ca®'in NG2+ cells by Caz+-permeable AMPA receptors.
In contrast, the neurotransmitter transmission between NG2+ cells and axons in the white matter is probably mediated via
ectopic transmission, spillover or diffuse volume transmission (reviewed in Maldonado, 2011). (adapted from Nishiyama et
al. 2009)

In contrast, Hamilton et al. (2010) suggests that ATP, released by neurons and astrocytes
upon neuronal activity under physiological conditions, is a key signaling molecule that results
in a widespread intracellular Ca” increase in NG2+ glia. ATP and its metabolites are well-
known as sensors in energy metabolism and cellular homeostasis (reviewed by Butt, 2011)
and are shown to bind to metabotropic P2Y and ionotropic P2X receptors on NG2+ cells
(Hamilton et al., 2010). Besides glutamate and ATP, the activation of muscarinic and nicotinic
acetylcholine receptors (AChR; (Cui et al., 2006; Velez-Fort et al., 2009)) and cannabinoid
receptors (Mato et al., 2009) on NG2+ glia are also shown to alter their intracellular Ca®*
level. This signaling onto NG2+ glia, via all these different released transmitters, has
pronounced roles in the proliferation, differentiation and migration ability of NG2+ cells in
vitro (Agresti et al., 2005a; Chen et al., 2009; Gallo et al., 1996; Ghiani et al., 1999; Gudz et
al., 2006; Tong et al., 2009; Yuan et al., 1998). However, the impact of transmitters onto
NG2+ cells in vivo under physiological conditions in the intact CNS is unknown. Therefore, a
fate mapping approach was established during my PhD thesis in order to follow proliferating

NG2+ cells and to discriminate environmental influences onto them in vivo.
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The fate of NG2+ glia

Although NG2+ cells belong to the oligodendrocyte lineage (as described above) and seem to
have a restricted fate, several publications challenged this point of view over the last
decades of research. Early in vitro data of white matter (WM)-derived, postnatal NG2+ cells
proposed a broader potential of these cells as they can give rise to type-2 astrocytes as well
as oligodendrocytes (Raff et al., 1983; Shi et al., 1998; Wolswijk and Noble, 1989; Wren et
al., 1992). Therefore, NG2+ glia are also termed “0O-2a” precursor cells in literature. In
addition, postnatal NG2+ cells are shown to grow as neurospheres (a generally accepted in
vitro method to test cells for their stem cell potential (Jensen and Parmar, 2006)) and can be
differentiated into oligodendrocytes, astrocytes and neurons in vitro (Aguirre and Gallo,
2004; Aguirre et al., 2004; Belachew et al., 2003; Kondo and Raff, 2000). Interestingly, WM-
derived NG2+ cells seem to keep this multipotency also until adulthood (Nunes et al., 2003)
whereas NG2+ cells of other brain regions seem to lose this property (Buffo et al., 2008). In
contrast, in vivo data suggest a restriction of the multilineage-potential of NG2+ glia to early
embryonic stages, shown by giving rise to neurons, astrocytes and oligodendrocytes,
(Masahira et al., 2006). At later stages the fate of NG2+ cells is successively restricted to
generate only astrocytes and oligodendrocytes (E16.5; (Zhu et al., 2008)) or solely
oligodendrocytes in the postnatal and adult brain (Dimou et al., 2008; Kang et al., 2010; Zhu
et al.,, 2011). There is also now a growing body of evidence that adult NG2+ cells can
generate astrocytes after several types of injury (Busch et al., 2010; Komitova et al., 2011;
Sellers et al., 2009; Tatsumi et al., 2008). Although so far other studies failed to confirm this
so far (Barnabe-Heider et al., 2010; Dimou et al., 2008; Kang et al., 2010; Zawadzka et al.,
2010), suggesting that this lineage plasticity may depend on the injury site and condition. In
addition to the controversy about the astrocytic potential of adult NG2+ glia, the potential of
these cells to generate neurons in vivo is highly debated (reviewed by Richardson et al.,
2011). There are publications suggesting the generation of neurons by NG2+ glia at distinct
regions in the brain at postnatal stages (Aguirre and Gallo, 2004; Aguirre et al., 2004;
Belachew et al., 2003) and adult stages (Guo et al., 2010; Rivers et al., 2008). However, these
data could not be confirmed by others (Dimou et al., 2008; Kang et al., 2010; Zhu et al.,
2011). Thus, one explanation may be leakiness of the used transgenic lines (Kang et al.,
2010). On the other hand, other mouse lines (e.g. Olig2CreER™) showed a very low

recombination rate raising concerns about the detection of only a subpopulation of NG2+
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cells (Dimou et al., 2008; Richardson et al., 2011). In order to unravel the fate of NG2+ cells
in the adult cortex, a mouse line independent approach was chosen in my PhD thesis to

circumvent the described difficulties above.

1.3  Acute cortical injury as a model for glial scar formation

Traumatic brain injury, e.g. mechanical lesions or ischemia, causes stressed or dying cells at
the site of injury as well as in retrograde connected cortical areas (reviewed by Viscomi et
al.,, 2009)y to release molecules, e.g. heat shock proteins, nucleotides, glutamate and
metalloproteinases (MMPs), that initiate an inflammatory response around the primary
lesion site (reviewed by Pineau and Lacroix, 2009). Within this process of inflammation the
composition of the extracellular matrix is altered and different cells are recruited within the
lesion site in a time-dependent manner, e.g. microglia, astrocytes, NG2+ cells, blood cells
and other vascular cells (if the blood-brain barrier (BBB) was disrupted) as well as connective
tissue (fibroblasts; if the meninges were injured; (Fawcett and Asher, 1999; Kerschensteiner
et al., 2009; Rolls et al., 2009)). These alterations in the tissue structure persist in the lesion
side for weeks and thereby create a glial scar. The formation of a scar around the damaged
area is an immediate response to seal off the lesion side from the intact brain areas and to
restore homeostasis during the acute phase of the injury (Rolls et al., 2009). However, at
later time points (chronic phase) the glial scar can inhibit regenerative mechanism, e.g.
replacement of damaged neurons, axonal growth and remyelination (Alilain et al., 2011;

Fawcett and Asher, 1999; Silver and Miller, 2004).

Reaction of NG2+ glia upon traumatic brain injury

NG2+ cells respond to variety of acute traumata in the CNS, e.g. viral infection (Levine et al.,
1998), demyelinating lesions (Di Bello et al., 1999; Keirstead et al., 1998; Levine and
Reynolds, 1999; Zawadzka et al., 2010) and mechanical injuries (Alonso, 2005; Buffo et al.,
2005; Hampton et al., 2004; Levine, 1994; Lytle et al., 2006; McTigue et al., 2001; Zai and
Wrathall, 2005). Upon acute injuries, there is an increased extracellular level of
excitatory/inhibitory neurotransmitters (Karadottir et al., 2008) and ATP/adenosine (Matute,
2011) that results in a (prolonged) activation of AMPA receptors as well as P1 and P2

receptors on NG2+ cells, respectively. Both mechanisms can cause an increased death of
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glial cells (Karadottir et al., 2008; McTigue and Tripathi, 2008). However, remaining NG2+
cells within the lesion site undergo morphological changes as shown by shortening and
thickening of their processes and cellular hypertrophy (reviewed by Levine et al., 2001). In
addition, NG2 expression is increased after acute injury, not only in NG2+ glia but also in
meningeal cells, pericytes and in the extracellular matrix (ECM) surrounding the injury
(Fawcett and Asher, 1999; Jones et al., 2002; Levine et al., 2001; Tang et al., 2003). In
particular, the accumulation of NG2 in the ECM is due to the release of the extracellular
glycosaminoglycans chains of NG2 by proteases (Nishiyama et al., 2009; Trotter et al., 2010).
Otherwise, NG2 localized on NG2+ cells is shown to have a supportive role by stabilizing
axons within the lesion side against inflammatory-associated dieback (Figure 4; (Busch et al.,
2010)). But at the same time they prevent axonal regeneration after lesion (Chen et al.,
2002; Tan et al., 2006). Therefore, the number of NG2+ glia in the lesion site has a profound
impact on the regenerative capacity of the CNS showing the importance to analyze the

proliferative response of NG2+ cells upon acute injury and to determine its regulation.

Lesion Core
B Lesion Penumbra
W Reactive Astrocyte
P Macrophage
o NG2+Cell
=@ Dystrophic Ending
=4 Stabilized Ending
~@F Conditioned Ending

Axonal regrowth

Figure 4 Scheme showing an acute lesion side. Although the lesion core contains mainly macrophages, the surrounding
lesion area (penumbra) is composed of reactive astrocytes, reactive NG2+ glia and microglia (not depicted herein). Upon
injury NG2+ cells support regrowing axons and help them to even pass the injury site by protecting them from macrophage
associated axonal dieback. (adapted from Busch et al. 2010)

Reaction of microglia upon traumatic brain injury

However, NG2+ cells are not the only glial population reacting to injury. In order to gain
further insights in the mechanism influencing the proliferation of NG2+ cells upon acute
injury, one approach could be to correlate their response to the reactivity of other glial cells.

Another cell type that responds immediately to lesions, e.g. brain structure disruption,
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energy deprivation (e.g. during ischemia) or viral/bacterial infections, are microglia. They
start to express and release proinflammatory chemokines and cytokines early after lesion
(Pineau and Lacroix, 2007). However, the level of microglia reactivity depends on the
severity of the injury. So traumatic lesions with disruption of the BBB can cause
morphological alterations in microglia, e.g. retraction of their processes and hypertrophy
(reviewed in (Kettenmann et al., 2011). In addition, these cells increase in number around
the lesion by migration (Davalos et al., 2005; Nimmerjahn et al., 2005) as well as by
proliferation (Fawcett and Asher, 1999; Kettenmann et al., 2011). In particular, upon
activation microglia up-regulate the expression of Ibal, CD45 and CD11b (Kettenmann et al.,
2011). The latter protein is part of the innate immune system and involved in phagocytosis
of cellular debris and dead cells (Ma et al., 2003). At the same time activated microglia are
able to secrete for example cytokines (that trigger the invasion of leukocytes into the brain
parenchyma), MMPs, reactive oxygen species and nitric oxid that have detrimental roles and
might augment the tissue destruction in the CNS (Figure 5;(Kerschensteiner et al., 2009;
Rolls et al., 2009; Wang et al., 2007)). In contrast, microglia also release factors that are
neuroprotective, thereby supporting tissue remodeling and repair (Figure 5; reviewed in
(Kerschensteiner et al., 2009; Kreutzberg, 1996)). This two-sided role of microglia could
depend on the severity of the lesion, in particular of the disruption of the BBB, and the state
of the lesion (acute phase in contrast to chronic lesions; (Kerschensteiner et al., 2009;

Kreutzberg, 1996; Wang et al., 2007)).

Acute tr‘aumata
[ 1

Proinflammatory and Antiinflammatory and
neurotoxic factors neuroprotective factors
TH1 cytokines TH2 cytokines

TNF TGF

L1 TNF ?

osteopontin soluble TNF receptor

leukotrienes soluble IL-1 receptor
IL-1 receptor antagonist
plasminogen activators some prostaglandins

nitric oxide N jipoxins
reactive oxygen species TIMP .
glutamate — antithrombin
antibody + complement BDNF
cell-mediated cytotoxicity - NGF
neurotrophins via p75"™ ? NT3 | neurotrophic
NT4/5 | factors
GONE |
LIF )
Destruction Protection

Figure 5 Scheme summarizing factors that are released by microglia amongst others upon acute inflammation and
grouped according their effect on neurons into pro-inflammatory and anti-inflammatory cues. (adapted from
Kerschensteiner et al. 2009)
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Reaction of astrocytes upon traumatic brain injury

Besides NG2+ cells and microglia, also astrocytes respond to a variety of brain injuries
including for example viral infections, acute traumata (e.g. stroke and ischemia) and
neurodegenerative mechanism, in a process named astrogliosis (Sofroniew and Vinters,
2010). The degree of the gliotic reaction of astrocytes depends on the severity of the lesions,
e.g. site of the lesion and BBB breakdown (Sofroniew and Vinters, 2010). The reaction of
astrocytes comprises the up-regulation of distinct intermediate filaments (e.g. glial fibrillary
acidic protein (GFAP), vimentin and nestin), cell body hypertrophy, thickening of their
processes and an increased number around the injury site (Figure 6; (Buffo et al., 2010;
Robel et al., 2011b; Sofroniew and Vinters, 2010)). In the intact brain parenchyma,
astrocytes are quiescent whereas upon (severe) injury conditions reactive astrocytes re-
enter the cell cycle and thereby increase in number around the lesion site. Due to these
cellular alterations astrocytes form a tight barrier that restricts the area of inflammation and
its associated neuronal cell death (Sofroniew, 2009; Sofroniew and Vinters, 2010). However,
the long-term effect of astrogliosis is rather harmful. Reactive astrocytes are prone to
secrete chondroitin sulphate proteoglycans, e.g. aggrecan, brevican, neurocan (Fawcett and

Asher, 1999), after lesion that are all known to inhibit regeneration (Silver and Miller, 2004).

In addition, reactive astrocytes in the brain parenchyma mimic features, e.g. antigen
expression profile and proliferation, of astrocytes in the stem cell niches of the intact CNS
and therefore attracted attention as a possible in vivo source to regenerate neurons (Robel
et al., 2011b). In particular, Buffo et al. (2008) showed a stem cell potential for reactive
astrocytes in the brain parenchyma upon acute injury by using the Glast::CreER™ mouse line
that labels astrocytes and their progeny in vivo. These recombined astrocytes can grow in
vitro as multipotent neurospheres by giving rise to neurons, astrocytes and oligodendrocytes
upon differentiation (Buffo et al., 2008). However, there is so far no in vivo evidence that
reactive astrocytes can generate new neurons upon acute injury without further

manipulation (Barnabe-Heider et al., 2010; Buffo et al., 2008; Tatsumi et al., 2008).
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Injury
\

Cell
morphology

GFAP

S100B

Ki67/BrdU

Nestin

Reactive astrocytes

Vimentin

BLBP

DSD1 /\
TNC m

Figure 6 Scheme summarizing the reaction of gray matter astrocytes upon acute injury. Astrocytes react to traumata by
morphological changes and the up-regulation of certain antigens, for example GFAP, nestin, vimentin and BLBP. Depending
on the severity of the lesion reactive astrocytes start to proliferate, therefore being Ki67+ and incorporating BrdU. BrdU —
5’bromo-desoxyuridine, GFAP — glial fibrillary acidic protein, BLBP — brain lipid-binding protein, DSD1 — DSD1 proteglycan,
TNC —tenascin(adapted from Robel et al. 2011)

Nevertheless, these data also show the importance of genetically modified mouse lines in
order to gain further insights in the reactivity and potential of astrocytes upon acute injury in
vivo. Besides the fate-mapping, such modified mouse lines are essential tools (e.g.
Glast::CreER™ line) to determine new molecular mechanism. For example the deletion of the
RhoGTPase Cdc42 in astrocytes in vivo resulted in an increased number of microglia upon
acute cortical injury (Robel et al., 2011a). In order to understand now the role and function
of proliferating NG2+ cells and their interaction with other cell types after lesion, genetically

modified mouse lines are engineered to specifically target NG2+ cells.

1.4 Transgenic animal models to fate-map and to manipulate NG2+ glia

The most common approaches to target time and tissue-specific cells are the
tetracycline/doxycycline system and the Cre/loxP system (reviewed by Bockamp et al.,
2002). In particular, the latter system contains the site-specific DNA recombinase Cre, being
originally expressed in the P1 bacteriophage (Sauer, 1998). This recombinase recognizes
distinct DNA sequences (loxP sites) and excises/ inverts the DNA sequence located between
two loxP sites. Such loxP sites are most often used to (1) flank a stop cassette in front of a

reporter gene, e.g. green fluorescent protein (GFP), to visualize successfully recombined cells
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or (2) flank a gene of interest for loss-of-function experiments upon recombination. The
efficiency of the Cre-mediated recombination is between 80-100%, but one recombination
event requires at least four Cre molecules (Sauer, 1998). Temporal control can be acquired
by fusing Cre to a mutated estrogen-receptor binding domain (ER) that has a higher affinity
for synthetic estrogens (e.g. tamoxifen (Tam) and its metabolite 4-hydroxy-tamoxifen (OHT))
than for the endogenous estrogen (Jaisser, 2000). The advantage of the CreER system is its
localization in the cytosol. Only after tamoxifen application the fusion protein is translocated

in the nucleus (Figure 7).

Olig2+ cells

Olig2+ cells

Cre pp™

Figure 7 Cartoon summarizing the Cre/loxP system using the example of 0Iig2::CreERTM mice crossed to a green
fluorescent protein (GFP) reporter mouse line. OIigZCreERT'\’I mice express creER™ in the cytosol of Olig2 expressing cells.
By administrating tamoxifen to the mice, tamoxifen and its metabolite 4-hydroxy-tamoxifen can pass the blood brain
barrier and bind to the estrogen component of the CreER™ protein. Thereby, creER™ will be translocated to the nucleus
where the Cre recombinase can bind to the loxP sites within the DNA and removes the stop-cassette in front of the GFP.
Thus, GFP will be expressed in Olig2+ cells and will remain expressed in Olig2+ progeny and Olig2- progeny, independently
of the expression of Olig2.

Several ER constructs exist using either the mouse estrogen receptor (ER™; (Vasioukhin et
al., 1999)) or the human estrogen receptor (ER" or ER™ — an improved ER'-version that is
more sensitive to OHT (Indra et al., 1999; Metzger et al., 1995)). In addition to this temporal
specificity, tissue-specificity can be achieved by expressing CreER under a gene-specific
promoter, typically expressed within the tissue of interest. The most reliable cell-specific
expression of CreER is achieved by knock-in of CreER into the endogenous gene locus. The
disadvantage is however that only one CreER molecule is inserted in the endogenous locus,

resulting probably in low recombination rate as it is the case in the Olig2::CreER™ mouse
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line (Masahira et al., 2006). Although preserving the endogenous expression at a lower level
in heterozygote knockin-mice, this can already alter the cellular homeostasis, causing cellular
and behavioral abnormalities, e.g. in the Sox10-lacZ mice (Britsch et al., 2001; Ludwig et al.,
2004). To overcome these limitations, transgenic mice can be generated by random
integration of conventional bacterial vectors (e.g. pBluescript), expressing CreER, within the
genome that would not influence endogenous expression levels. However, the integration
side of these vectors can result in a cellular and tissue-dependent inaccurate expression of
CreER. In addition, these bacterial vectors have a limited cloning capacity and contain usually
a “minimal”-promoter in front of the gene of interest. Using parts of the promoter that are
not well characterized or the lack of distal regulatory elements within these vectors might
cause CreER-misexpression. In contrast, the use of bacterial artificial chromosomes (BACs)
would circumvent such a limitation by inserting between 100-250 kilo basepairs (kb) of non-
bacterial DNA into the BAC. In addition, it is shown that BACs can integrate multiple times
within the genome which would result in a higher CreER expression and better

recombination rate (Chandler et al., 2007).

So far different inducible mouse lines are published targeting NG2+ cells and are
summarized in Table 1. However, some of the available mouse lines either have a low
recombination rate in NG2+ glia and thereby risk the analysis of a subpopulation of NG2+

cells (as mentioned above) or target different cell types besides the oligodendrocyte lineage.



1 Introduction

Table 1 Summary of inducible transgenic mouse lines to target NG2+ glia

Mouse line Type of Recombination Recombined Literature
transgenic efficiency in cell types in reference
mice adult NG2+ the adult CNS

glia

NG2-CreER™ Bac-transgenic low NG2+ cells, (zhu et al.,
(RPCI 23-library) mature 2008; Zhu et
oligodendrocytes  al., 2011)

PDGFRa-CreER" PAC-transgenic high NG2+ cells, (Rivers et al.,

(PAC 546-M3) mature 2008)
oligodendrocytes,

(neurons)




2 Aim of the study

Given the importance of NG2+ glia the purpose of my study was to determine the
proliferative behavior and the fate of NG2+ glia in the intact adult CNS and after acute injury.

Therefore, the following questions were addressed:

1) How long is the cell cycle length of NG2+ cells in the intact cortical gray matter?

2) Do all NG2+ cells divide in the intact cortex?

3) Do NG2+ cells change their proliferative behavior under altered environmental
conditions?

4) What is the fate of NG2+ glia in the intact and acutely injured cortex?

Thus, the cell cycle length of NG2+ cells in the intact cortical gray matter of rodents was
determined first, in order to characterize then their proliferative response to two altered
environmental conditions: (1) Acute cortical injury in the model of stab wound injury and (2)
Physiologically increased neuronal activity by physical exercise (running wheel experiments).
In addition, the fate of NG2+ cells was analyzed in two different ways either by
characterizing the progeny of proliferating NG2+ cells with BrdU-retaining studies or by
tracing the fate of randomly labeled NG2+ cells, comprising proliferating as well as non-
proliferating NG2+ cells, by using the Olig2::CreER™ mouse line (as described above). Given
the low recombination rate in this genetically modified mouse line, | generated a new mouse
line using a BAC-transgene that contains an improved Cre variant (iCre) fused to the ER', as
a basis to achieve high recombination rates. The transcription factor Sry-related high
mobility group box protein 10 (Sox10) was chosen to drive the expression of iCreER™?, having
the advantage that the distal regulatory elements of Sox10 are well-described and Sox10 is
exclusively expressed in the oligodendrocyte lineage in the adult CNS. Then the

characterization of this new mouse line by fate-mapping analysis was intended.



3 Results

This chapter is split into three paragraphs, each of them representing an independent study
that is already published or under revision in international peer-reviewed journals. The main
results are summarized below and the contributions of the single authors to each study are

provided.



3.1 Proliferative behavior of NG2+ glia and the regulation by acute injury and
physical activity

This study herein is published as “Progenitors in the Adult Cerebral Cortex: Cell Cycle

Properties and Regulation by Physiological stimuli and injury” by Simon C, Dimou L and Gétz

M in Glia 2011, 59: 869-881.

Here, | examined the cell cycle length of NG2+ glia in the adult cerebral cortex and the
impact of environmental cues on the proliferative behavior of NG2+ glia. By administrating
BrdU to wild type mice combined with immunohistochemical stainings for BrdU and Ki67 (an
antigen highly expressed from the S- to M-phase), the cell cycle length of NG2+ cells in the
adult cerebral GM was determined. NG2+ glia in the intact cortical GM had an impressively
long cell cycle length. Interestingly, while the S- to M-phase took only five days these cells
remained in the Gl-phase for at least 32 days. Despite this, proliferating NG2+ cells can
either re-enter the S- to M-phase and thereby self-renew, or enter the GO-phase and
differentiate into mature oligodendrocytes. In addition, within a three day time window only
12% of the NG2+ cells proliferated whereas 80% of them divided within three months,
thereby showing that NG2+ glia divide in an asynchronous manner. However, NG2+ cells can
considerably shorten their cell cycle length in response to the environment. Stab wound
injury resulted in an acute re-entry of the majority of NG2+ cells surrounding the injury site
into the cell cycle. In contrast, increased physical exercise resulted in a temporarily increased
exit of the cell cycle of NG2+ cells accompanied by fast differentiation. In summary, this
study suggests a modulation of the cell cycle length of NG2+ glia by environmental
influences. Thus, NG2+ glia proliferation and oligodendrocyte generation is profoundly
influenced by environmental cues — a finding with implications for other pathologies, such as

epilepsy and Multiple Sklerosis.

Contribution of the authors

The herein published experiments and analysis were done by me as well as the writing of the
manuscript. L. Dimou and M. Go6tz thoroughly revised the manuscript, planned experiments and

discussed implications of the results. The study was financed by M. Goétz.



3 Results

18

GLIA

GLIA 59:869-881 (2011)

Progenitors in the Adult Cerebral Cortex: Cell Cycle
Properties and Regulation by Physiological

Stimuli and Injury

CHRISTIANE SIMON,"> MAGDALENA GOTZ,"?" axp LEDA DIMOU2*
'Physiological Genomics, Institute of Physiology, Ludwig-Maximilians University Munich, Germany
2Institute for Stem Cell Research, HelmholtzZentrum miinchen, Neuherberg, Germany

KEY WORDS
cell cycle regulation; cortical injury; running wheel; microglia;
reactive astrocytes

ABSTRACT

The adult brain parenchyma contains a widespread popula-
tion of progenitors generating different cells of the oligoden-
drocyte lineage such as NG2+ cells and some mature
oligodendrocytes. However, it is still largely unknown how
proliferation and lineage decisions of these progenitors are
regulated. Here, we first characterized the cell cycle length,
proliferative fraction, and progeny of dividing cells in the
adult cerebral cortex and then compared these proliferation
characteristics after two distinct stimuli, invasive acute
brain injury and increased physiological activity by volun-
tary physical exercise. Our data show that adult parenchy-
mal progenitors have a very long cell cycle due to an
extended G1 phase, many of them can divide at least twice
and only a limited proportion of the progeny differentiates
into mature oligodendrocytes. After stab wound injury, how-
ever, many of these progenitors re-enter the cell cycle very
fast, suggesting that the normally long G1 phase is subject
to regulation and can be abruptly shortened. In striking
contrast, voluntary physical exercise shows the opposite
effect with increased exit of the cell cycle followed by an
enhanced and fast differentiation into mature oligodendro-
cytes. Taken together, our data demonstrate that the endog-
enous population of adult brain parenchymal progenitors is
subject to profound modulation by environmental stimuli in
both directions, either faster proliferation or faster differen-
tiation. © 2011 Wiley-Liss, Inc.

INTRODUCTION

The major pool of progenitors outside the neurogenic
niches of the adult brain expresses the proteoglycan
NG2. As these NG2+ cells also have antigens like
PDGFRa, Olig2, and/or Sox10 they have been character-
ized as oligodendrocyte precursor cells (OPCs) (Dimou
et al., 2008; Karram et al., 2008; Levine et al., 1993;
Nishiyama et al., 2009). This concept was supported
lately by fate mapping analysis demonstrating the oligo-
dendrocyte lineage of NG2-, PDGFRa-, and Olig2-posi-
tive cells in the adult central nervous system (CNS;
Dimou et al., 2008; Kang et al., 2010; Nishiyama et al.,
2009; Rivers et al., 2008). Interestingly, NG2+ cells in
the cortical white matter of the adult cerebral cortex

© 2011 Wiley-Liss, Inc.

generate mostly myelinating oligodendrocytes, while a
notably higher proportion of the progeny remains NG2+
in the cortical gray matter (GM; Dimou et al., 2008;
Kang et al., 2010). This raises the question whether GM
NG2+ cells become postmitotic or remain as actively
cycling progenitors. Moreover, it is still unresolved
whether the different behavior of these cells may be sub-
ject to regulation by extrinsic cues. In particular, it is
unclear to which degree neuronal activity may influence
the proliferation and differentiation of NG2+ cells as
they are closely associated with synapses and nodes of
Ranvier (for review see Trotter et al., 2010).

In addition, NG2+ cells are also prone to react to
injury and to increase in number after acute trauma
(Alonso, 2005; Buffo et al., 2005; Hampton et al., 2004;
Levine, 1994; McTigue et al., 2001; Rhodes et al., 2006;
Zawadzka et al., 2010). However, it is not clear to which
extent this increase is achieved by an increased rate of
proliferation and if so whether this may be due to alter-
ations in cell cycle length or activation of previously
quiescent NG2+ cells.

Therefore, we first determined the proliferative
properties of the progenitor pool in the GM of the adult
cerebral cortex, in order to examine then their behavior
after stab wound injury or altered neuronal activity
upon voluntary exercise. These data revealed an intrigu-
ingly distinct control of proliferation and differentiation
of these progenitors upon different stimuli.

MATERIALS AND METHODS
Animals

Adult wild-type mice (2-3 months old) received 5'-
bromo-desoxyuridine (BrdU; Sigma Aldrich) either

Additional Supporting Information may be found in the online version of this
article.
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intraperitoneally (0.5 mg BrdU/10 g mice) two times ev-
ery 2 hours (in total 4 hours) or in the drinking water
(1 mg/ml BrdU supplemented with 1% sucrose} for 12
hours, 3, 4, 5, 6, 7, 14, 28, 56, or 84 consecutive days
(d) before sacrifice. The BrdU label-retaining experi-
ments comprised of a 14-d application of BrdU in the
drinking water followed by an additional period of 14,
28, 42, 56, 70, or 84 d of normal drinking water.

Stab wound injury was performed as a 2.0- to 2.5-mm-
long and 0.5-mm-deep lesion with a 19-gauge-thick lan-
cet in the somatosensory and visual cortex without injur-
ing the cortical white matter. Operations were performed
as described in Buffo et al. (2005) and in accordance with
the policies of the state of Bavaria under license number
55.2-1-54-2531-144-07. Animals then received BrdU in
the drinking water for 2, 3, 7, or 14 d before sacrifice.
The BrdU label-retaining experiment comprised a 14-d
BrdU pulse after the lesion followed by a 14-d retaining
period (in total 28 d postinjury, dpi). To test whether pro-
liferative-quiescent NG2+ cells react to acute injury, ani-
mals received for 14 d BrdU-water and underwent a 42-d
retaining period before the stab wound was performed.
Mice were then sacrificed at 3 dpi.

For voluntary physical exercise experiments mice
were housed in a big cage equipped with several run-
ning wheels for 14 d and received during this period
BrdU-water while control animals were housed in stand-
ard cages.

Histological Analysis

Mice were anesthetized and transcardially perfused
with 4% paraformaldehyde (PFA). Brains were collected,
shortly postfixed in 4% PFA and cryoprotected in 30%
sucrose. Thirty-micrometer-thick brain sections were cut
and stained according to standard protocols as described
in Dimou et al. (2008) with the following primary anti-
bodies: rat-BrdU (Biomol; 1:200), rat-CD45 (BD Phar-
mingen; 1:100), mouse (m)-GFAP (Sigma; 1:500), guinea
pig (gp-GLT1 (Millipore; 1:100), m-GST= (BD; 1:500),
rabbit (rb)-Tbal (Wake;, 1:500), rb-Ki67 (ThermoScien-
tifie; 1:1,000), rb-NG2 (Millipore; 1:500), rb-Olig2
(Millipore; 1:500), rat-PDGFRa (BD Pharmingen; 1:200},
m-S1008 (Sigma; 1:500), and gp-Sex10 (kindly provided
by Michael Wegner; 1:1000). Secondary antibodies were
chosen according to the primary antibodies and were
coupled to Alexa488, Cy2, Alexabbb, Cy3, Alexa647, or
Cy5 and sections were counterstained with 4’ 6-diami-
dino-2-phenylindole (DAPI; Sigma Aldrich). For BrdU,
Ki67, and Olig2 immunohistochemistry, staining of other
antigens was performed first, then the sections were
fixed with 4% PFA (10 min) before boiling in 0.01M
citrate buffer (pH 6.0) for 20 min and then further
stained.

Images were collected with an Olympus microscope
(BX61TRF) or a Zeiss confocal microscope system
(LSM710). The quantitative analysis was done with
Imaged counting confocal images of 15 pm thick z-
stacks. At least two adjacent fields of view in the medial
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part of the intact motor and somatosensory cortical GM
were analyzed in at least three animals and three differ-
ent sections per animal for each time point unless stated
otherwise. After stab wound an area of 0.12 mm? around
the lesion was analyzed. All results are presented as
average with the standard error of the mean. Unpaired
Student’s i-test was performed to test for significance.

RESULTS
Cell Cycle Characteristics of Progenitors in the
Gray Matter of the Cerebral Cortex

In order to examine the cell cycle and proliferation
characteristics of progenitors in the GM of the adult cer-
ebral cortex, we used the thymidine analog BrdU that is
incorporated into the DNA of cycling cells during S-
phase. As BrdU would also be integrated into the DNA
by DNA repair mechanisms, we first determined the
proportion of BrdU-labeled cells that is actively cycling
and thus immunopositive for Ki67, a protein expressed
mainly during the active proliferation period, namely in
5/G2/M-phase (Scholzen and Gerdes, 2000; Taupin,
2007). When BrdU was injected twice within 4 hours
(see Materials and Methods) all BrdU labeled nuclei
were also Ki67+, indicating that these cells were mitoti-
cally active (Fig. la—b'). Notably, these cells appeared to
enter the Gl-phase relatively fast, as after a 3-d BrdU
pulse most BrdU+ cells had already down regulated
Ki67 (Fig. la). Consistent with previous data (Dimou
et al., 2008; Psachoulia et al., 2009}, the vast majority of
Ki67+ cells as well as virtually all BrdU+ nuclei labeled
with different BrdU pulses (4 hours—14 d) colocalized
with NG2, PDGFRq, and Olig2 (Fig. le—g). No BrdU-
labeled cells were double stained for microglia, astroglia,
or neuroblast markers (data not shown).

Given the antigenic homogeneity of the adult progeni-
tors, we next assessed the proliferative behavior of these
cells by determining the mitotic labeling index (LI) and
their cell cycle length. BrdU labeled 44% of proliferating
Ki67+ within 4 hours (LI = 0.44), indicating that 44%
of all actively cycling cells were in the S-phase during
this time window (Fig. 1h). Nearly all active proliferat-
ing cells (Ki67+) became BrdU+, when the duration of
BrdU administration was extended up to 5 d, implying
that the S/G2/M-phases last about 5 d (Fig. 1h). How-
ever, Ki67 is down regulated during the Gl-phase and
therefore does not cover the entire cell cycle. To calcu-
late the total cell cycle length including the Gl-phase,
we determined the proportion of NG2+ cells that incor-
porated BrdU supplied for up to 84 d in the drinking
water. The number of BrdU+/NG2+ cells amongst the
NG2+ cell pool increased up to 80% within this time
and reached this plateau after 37 d, suggesting that the
total cell cycle length of NG2+ cells is 37 d as calculated
by the equation proposed by Nowakowski et al. (1989)
(Fig. 1i). Taken together, progenitors in the GM of the
cerebral cortex have a long cell cycle length, mainly due
to a prolonged Gl-phase (Fig. 1j).
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Fig. 1. Cortical NG2+ cells have a long cell cycle. (a) Quantification

of the preportion of BrdU+ cells that are mitetically active (KiG7+).
(b) Image of Ki67+ nuclei that (b/) either passed the S-phase being
BrdU+ tarrow) or are in the G2/M-phases and therefore Ki67+/BrdU—
(arrowheads) after deuble injection of BrdU within 4 hours. (¢) Image of
Ki67+/NG2+ cells. (d) Experimental appreach: mice received BrdU for
4 hours or continuously up to 84 d. (d’) Bar graph depicting the propor-
tion of NG2+/BrdU+ cells amongst the BrdU+ pool for different BrdU-
pulges. (e—-g) Confocal images showing BrdU+ nuclei colocalizing with
NG2 (e), PDGFRa (f), or Olig2 (g) after a 3-d BrdU-pulse.
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(h) Quantification of Ki67 +/BrdU+ cells amongst all Ki67 + cells for dif-
ferent BrdU-pulses (LI: labeling index}. The time point when LI reaches
its plateau reveals the length of the S/G2/M-phases (for 0.5 and 7 d
BrdU, » = 2 mice). (i) Bar graph displaying the BrdU+/NG2+ growth
fraction for different BrdU pulses. Black patterned line shows the
regression curve whereas the red lines indicate schematically the calcu-
lation of the cell cycle length. (j) Scheme summarizing the cell cycle pro-
file of adult NG2+ cells. (b—c, e—g): Maximum intensity projections of
confocal images; arrows point to double immunopositive cells whereas
arrowheads indicate single immunopositive cells; scale bars 10 um.

GLIA



3 Results

21

872

Progeny of Proliferating Cells in the
Gray Matter of the Cerebral Cortex

Although NG2+ cells are slow dividing, their number
and distribution remains constant throughout life
(Dawson et al., 2003; Rivers et al., 2008). This prompts
the question about their progeny as these may mature
inte a different cell type and thereby be removed from
the NG2+ progenitor pool. However, our previcus fate
mapping study of Olig2::CreER™1labeled cells observed
only a minority of labeled cells differentiating into oligo-
dendrocytes (Dimou et al., 2008}, raising the questicn
whether this is a hallmark of cells expressing the high-
est Olig2 levels (and hence mediating recombination). To
determine the differentiation of all progenitors in the
GM in an unbiased manner independent of expression
levels of a specific gene, we gave BrdU for 14 d—a time
point when nearly all BrdU+ cells are still NG2+ (Fig.
1d’)—and examined the progeny of these cells after
removing BrdU and allowing differentiation of the newly
generated cells for up to 70 d (Fig. 2a—a’).

Interestingly, while the number of BrdU+ cells
remained stable independent of the retaining period, the
identity of BrdU-labeled cells changed. After 70 d of
retaining, almost two thirds of all BrdU labeled cells
had differentiated into NG2-negative but GSTn+ cells,
indicating a maturation of proliferating NG2+ cells to
oligodendrocytes (Fig. 2a’'—¢).

Besides a considerable proportion (about 1/3} of BrdU-
labeled cells that were still NG2+, we also detected
some BrdU+ cells that were neither NG2+ nor GSTn+
(Fig. 2b, Supp. Info. Fig. la—a’”). These BrdU+/NG2—/
GSTrn— cells did not colocalize with PDGFRa (data not
shown), astrocyte-specific markers (S100B3) or neuronal
markers, e.g. Dex or NeulN (Supp. Info. Fig. 1b—¢ and
data not shown). However, they could be stained for the
transcription factor Sox10 (Supp. Info. Fig. 1d—d"}
thereby identifying them also as part of the oligodendro-
cvte lineage, probably at a stage between the progenitor
(NG2+) and the mature cligodendrocyte state (GSTr+).
Taken together, these data demonstrate that proliferat-
ing cells in the GM of the cerebral cortex give rise exclu-
sively to cells of the oligodendrocyte lineage, mostly
mature GSTrn+ oligodendrocytes and a considerable pro-
portion of NG2+ cells.

Self-Renewal Capacity of Progenitors in the
Adult Cerebral Cortex

As the above data revealed a considerable fraction of
BrdU+ cells to be still NG2+ 70 d after the end of
BrdU-labeling, this raised the question whether these
cells remain cycling and hence self-renew or become qui-
escent serving as a reserve pool of progenitor cells in
case of further demand or even become permanently
postmitotic. To answer this, we examined the contribu-
tion of BrdU+ cells to the actively dividing and there-
fore Ki67+ cell pool. While 71 + 10.9% of all Ki67+ cells
were BrdU+ immediately after the end of a 14-d BrdU-
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labeling period, most labeled cells down-regulated Ki67
during the following 42 “BrdU-free” days (only 16% of
the Ki67+ cells were BrdU+; Fig. 2d). This may be due
to exit of these BrdU+ cells from the active cell cycle or
to dilutien of BrdU in further divisions, even though the
long cell cycle length (Fig. 1i,j) would not allew a high
degree of dilution as maximal one to two cell cycles
would have been completed within this period. Interest-
ingly, we observed a subsequent increase of BrdU-
labeled cells amongst the Ki67+ cells at later time
points (from 16 = 8.8% at 42 d to 52 * 10.7% at 84 d of
retaining period; Fig. 2d) indicating that a considerable
proportion of the NG2+ progenitors re-enter the cell
cvele, and undergo at least two rounds of cell division
in vive.

Proliferative Reaction of Progenitors in the
Adult Cerebral Cortex in Response to
Acute Injury

Next, we examined how the above described progeni-
tors react to injury. Previous genetic fate mapping anal-
ysis revealed that NG2+ cells increased in number after
stab wound injury (Dimou et al., 2008) raising the ques-
tion whether this is achieved by shortening of the cell
cvele length or by increased recruitment of NG2+ pro-
genitors. To answer this, we performed a stab wound
injury in the somatosensory and visual cortex and gave
BrdU in the drinking water for either 3, 7, or 14 d to
monitor all proliferating cells (Fig. 3a). Already at 3 dpi,
the number of BrdU+/NG2+ cells increased fivefold
compared with a 3-d BrdU pulse at the noninjured site
(Fig. 3a’). Notably, this number (188 + 54.3 cells/mm?)
excludes NG2+ pericytes that we identified by their
elongated shape and position—attached to the blood ves-
sels (about 6.8 * 3.1% of all BrdU+ cells are NG2+
pericytes at 3 dpi; arrowheads in Fig. 3b). At 7 dpi
NG2+/BrdU+  cells (excluding pericytes) further
increased in number to a maximum of 302 + 17.5 cells/
mm? (Fig. 3a"). Notably, at this time the total number of
NG2+ cells increased and the BrdU+/NG2+ cells
already accounted for 74% of the entire NG2+ pool
(Supp. Info. Fig. 2ab). To exclude any volume effects
due to the injury we analyzed the cell density with and
without any lesion and could not see any obvious differ-
ence in number of cells per area (data not shown}.

BrdU incorporation in such a high proportion of
NG2+ cells requires five times longer in the healthy
brain (37 d, see Fig. 1i), suggesting that NG2+ cells
shorten the G1 phase and enter the active stage of the
cell cycle much faster upon injury than in the intact
brain. This opens the question whether NG2+ cells that
already had entered G1l-phase and down-regulated Ki67,
will resume proliferation faster after injury. Therefore,
we examined BrdU-labeled cells at 42 d after the label-
ing period, the time point when only few of the previ-
ously BrdU labeled cells are still mitotically active (Fig.
2d). When mice were injured at 42 d after BrdU labeling
and examined 3 d later, the number of BrdU-+/NG2+
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Fig. 2. A proportion of NG2+ cells differentiates to mature clige-
dendrocytes whereas some NG2+ cells can divide at least twice. (a) Ex-
perimental approach: Mice received BrdU for 14 d (day () and under-
went different BrdU-retaining perieds. (a’) Graph showing the
composition of BrdU+ cells after different BrdU-retaining periods. (b—
¢/} Images depicting BrdU+/GSTr— cells after a 14-d BrdU-pulse (b=h')
and BrdU+/GSTr+ cells after a 42-d retaining period (c—'). Note that

the nuclear BrdU-signal in these cells shows semetimes an irregular
distribution, especially with increased BrdU-retaining periods. (d)
Graph depicting the proportion of Ki67+/BrdU+ cells amongst all
Ki67+ cells with increased BrdU-retaining periods (for 84 d retain-
ing peried, » = 2 mice). (b—¢): Maximum intensity projections; arrows
point to double immunopositive cells; arrowheads indicate single
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Fig. 3. NG2+ cells as well as microglia proliferate early after acute
injury whereas astrocytes show a delayed response. (a) Experimental
approach: Mice received BrdU for 3, 7, or 14 d after stab wound injury.
(a’) Graph depicting the identity of BrdU+ cells at different days post-
injury (dpi). (b} Image showing BrdU+ nuclei colocalizing with NG2.
NG2 + cells (arrcws) can be distinguished from NG2+ pericytes (arrow-
heads) based on their morphology and location. (e} Experimental
appreach: Mice received BrdU for 14 d (0 d), underwent a 42-d
long retaining period (42 d) before the stab wound injury and were

GLIA

then sacrificed at 3 dpi (42 d + 3 dpi). (¢/) Quantification of BrdU+/
NG2+ cells of the experimental approach described in ¢ (yellow bars).
These numbers are opposed te the NG24/BrdU+ cell number after a 3-
d BrdU-pulse directly after injury (3 dpi, yellow-black patterned bar).
(d and e) Micrographs depicting BrdU+ cells doublestained for Ihal/
CD45 (d) and S100p (e). (b, d, e): Single confoeal planes; the injury site
is marked with a white dashed line. Double-positive cells are indicated
by arrows. Arrowheads point te pericytes. (b, d) 3 dpi; (e) 7 dpi; scale
bars 20 pm.
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cells significantly increased fivefold within these 3 d
(Fig. 3e—¢). This number is comparable to the number of
BrdU+/NG2+ cells detected by a 3-d BrdU-pulse started
directly after lesion (vellow-black patterned bar in
Fig. 3c¢'). Thus, these results support the fast recruit-
ment of quiescent NG2+ cells into the cell cycle after
injury.

Proliferative Reaction of Other Glial
Cells to Acute Injury

The temporal proliferation profile of NG2+ cells
parallels the microglia response (Fig. 3a). CD45+
blood-derived cells and Ibal+ microglia also increased
considerably in number at 3 dpi (Fig. 3a’} and microglia
became reactive, ie. hypertrophic with few short
processes (Fig. 3d). The number of these proliferating
cells further increased at 7 dpi, and thereafter decrea-
sed (Fig. 3a’). In contrast to these populations,
S100B+ astrocytes exhibited a delayed proliferative
reaction. At 3 dpi, proliferating astrocytes were still
rare (about 26 * 5.3 cellymm? Fig. 3a’) while their
number increased about 16-fold at 7 dpi (Fig. 3a’e;
Supp. Info. Fig. 2c—). By this time, 55% of the entire
astrocyte pool had entered the cell cycle (Supp. Info.
Fig. 2d). This proportion remained relatively constant
until 14 dpi and contributed to the increase in astrocyte
number around the injury site (Supp. Info. Fig. 2c).
Notably, BrdU-labeled cells that divided within 14 dpi
stayed around the injury site for at least the next 14 d
(Supp. Info. Fig. 2g) and thereby contributed to the
glial scar formation. Moreover, the markers used above
stain virtually all BrdU+ cells indicating that these
glial populations cover the entire pool of proliferating
cells after injury.

Reaction Profile of Mitotically Active Cells to
Acute Injury

The above experiments allowed to monitor all dividing
cells within a period of 14 d by continuous supply with
BrdU and showed a faster recruitment of NG2+ cells
inte the active proliferation phase of the cell cycle as
response to the stab wound lesion. To examine whether
this is due to a shortening of the cell cycle length, we
examined the actively proliferating (Ki67+) cells and
determined the labeling fraction of them incorporating
BrdU amongst the NG2+ population at different time
points after injury. The number of Ki67+ cells increased
over 60-fold at 3 dpi while their number decreased again
thereafter and reached almost basal levels again at 28
dpi (no lesion: 16 * 2.2 ps. 20 = 4.3 Ki67+ cells/mm? at
28 dpi; Fig. 4a). The massive increase in proliferating
cells at 3 dpi was mostly due to Ibal+ microglia and
CD45+ cells which constitute about 70% of the Ki67+
pool at this stage (Fig. 4a,c). The number of actively pro-
liferating (Ki67+) NG2+ cells also strongly increased
(>15-fold) compared to the noninjured site (Fig. 4ab).
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However, the contribution of both microglia and NG2+
cells to the proliferating cell pool decreased rather fast
at 7 dpi and astrocytes became the major fraction of pro-
liferating cells (Fig. 4a,d). Already at 14 dpi the only
mitotically active cells within this glial scar were NG2+
cells with proliferation levels comparable to the intact
GM as described abeve (Fig. 4a).

Next, we determined the proportion of mitotically
active (Ki67+} NG2+ cells that entered the S-phase up
to 3 d after stab wound. While in the intact cortex only
56 * 6.0% of NG2+/Ki67+ cells had incorporated
BrdU+ within 3 d (Fig. 1h), after injury virtually all
cyeling Ki67+/NG2+ cells (92.8 + 4%) incorporate BrdU
within 2 d (Fig. 4e—¢'}. Thus, upon injury slow dividing
or quiescent NG2+ cells re-enter the cell cycle very fast
and decrease the length of their 5/G2/M-phases from 5
to maximum 2 d.

Voluntary Physical Exercise Promotes
Differentiation of NG2+ Cells

Given the profound regulation of cell ¢ycle length and
cell cycle recruitment by stab wound injury, we won-
dered whether more mild physiological stimuli may have
similar effects. Especially physical activity in a running
wheel has been observed as a stimulus resulting in pro-
nounced increase of proliferation in the adult neurogenic
zones (Bednarczyk et al., 2009; Holmes et al., 2004;
Krityakiarana et al., 2010; van Praag et al., 1999). We
therefore examined the influence of motor activity on
the proliferation of NG2+ cells in the GM of the cerebral
cortex. However, contrary to the expected increase, the
number of active proliferating cells (Ki67+) was dramat-
ically decreased when mice had access to running
wheels for 14 d (Fig. 5a). Consistently, cells labeled with
BrdU during this period also decreased in number (Fig.
5b—d). As this result may be explained by an increased
exit from the cell cycle due to differentiation, we exam-
ined the identity of BrdU-labeled cells after 14 d of
access to running wheels. Indeed, we observed that
almost half of all BrdU-labeled cells already expressed
the mature oligodendrocyte marker GSTr, while none of
such differentiated oligodendrocytes was observed in the
control animals after 14 d of BrdU exposure (Fig. 5e—g).
Notably, also after voluntary exercise no fate switch of
NG2+ cells to the neuronal or astrocyte lineage could be
observed (data not shown). Thus, these data demon-
strate profound and differential regulation of prolifera-
tion and differentiation of NG2+ cells by physical activ-
ity and injury.

DISCUSSION

NG2+ cells represent the majority of proliferating
cells in the intact adult brain parenchyma (Dawson et
al., 2003; Gensert and Goldman, 2001; Horner et al.,
2000). However, little is known about the signals influ-
encing these progenitors. Here we showed the profound
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Fig. 4. NG2+ cells respond with strong proliferation to lesion by
shortening their cell cycle length. (a) The composition of mitotically
active cells iz shown at different time points after lesion. (b—d)
Images showing the colabeling of Ki67+ cells with NG2 (b) and Ihal/
CD45 (c) at 3 dpi and S1004 at 7 dpi (d). (e-¢’) High-power images

impact of environmental cues on these progenitors.
While voluntary physical exercise promoted their prema-
ture differentiation, invasive injury resulted in a pro-
nounced shortening of cell cycle length and recruitment
of quiescent NG2+ cells into the cell cycle.

GLIA

depicting BrdU+/NG2+ cells (e) that are colabeled with Ki67 (¢/) at 3
dpi. (b—¢’): Maximum intensity projections; the injury site is marked
with a white dashed line. Arrows peint to double or triple immuno-
positive cells; Arrowheads indicate NG2- but BrdU+/Ki67+ cells;
scale bars 10 pm.

Cell Cycle Properties of Progenitors
in the Intact Cortex

Our study shows that all proliferating cells in the
adult cerebral GM are NG2+ and generate exclusively
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Fig. 5. Physical exercise results in reduced preliferation and early
differentiation of NG2+ cells. (a, b) Quantifications of Ki67+ (a)
and BrdU+ cells (b) after 14 d of BrdU application in running or
control mice. (e and d) Images depicting BrdU+ cells in the cortical
gray matter of control mice witheut running {(c) and age-matched mice
after physical exercise (d). (e-e”) Stainings depicting BrdU+ nueclei

cells of the oligodendrocyte lineage. These progenitors
display a rather short active proliferation phase with a
prolonged Gl-phase. These data are consistent with
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(e) colocalizing with NG2 (¢’; arrew) and GSTr (e”; arrowhead) at 14 d
after physical exercise. (f, g) The compesition of the BrdU+ cell peol of
control animals {f} is compared with mice after 14 d of physical exercise
(g). (c—e”): Maximum intensity projections; scale bars 100 um (for c, d)
and 10 pm (for e—€").

data obtained in samples of the human cerebral cortex,
where most of the NG2+/0lig2+ cycling cells were in
the early Gl-phase (Geha et al., 2010). Moreover, a con-
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stant increase in cell cycle length of these progenitors
with age was previously reported, data that correlate
well with our data and especially the addendum, where
the authors suggest due to new results that the actual
cell eyele length at all ages might be longer than esti-
mated (Psachoulia et al., 2010 and their addendum).
However, the important consensus of all these studies is
the long cell cycle of adult cerebral cortex progenitors.
Indeed, this property seems to exist also in other regions
of the adult CNS as Keirstead et al. (1998) found about
half of the NG2+ cells in the adult rat spinal cord to be
resistant to cell death upon irradiation, implicating that
these cells are slow or not dividing.

Moreover, we show here for the first time directly that
adult progenitors can re-enter the cell cycle, i.e. NG2+
cells which incorporated BrdU more than a month
before re-enter the cell cycle and become Ki67+ again.
These results elucidate previous observations of the
capacity of NG2+ cells to self-renew, e.g. after depletion
of NG2+ cells in irradiation experiments and in lesion
paradigms of de/remyelination (Irvine and Blakemore,
2007; Levine and Reynolds, 1999; Panagiotakos et al.,
2007). These data are best explained by re-entry in the
cell cycle of a previously quiescent or very slow prolifer-
ating fraction of NG2+ cells as also observed in our
study after injury.

Progeny of NG2+ Progenitors

Interestingly, although NG2+ cells are constantly pro-
liferating, their number and distribution does not
change much throughout life (Dawson et al., 2003; Riv-
ers et al., 2008), implying that half of the daughter cells
must either differentiate, migrate away or die. Indeed,
BrdU label-retaining experiments revealed that NG2+
progenitors maintain such a balance between self-
renewal and differentiation with about 1/2 to 2/3 of
these cells differentiating into mature oligodendrocytes
and the remainder maintaining NG2-immunoreactivity.
Notably, the differentiation rate in the present study
was higher than observed by genetic fate mapping fol-
lowing the progeny of cells labeled in an inducible
Olig2::CreER mouse model (Dimou et al., 2008).
Recombination induced by Tamoxifen in the adult cere-
bral cortex is of low efficiency in these mice, suggesting
that only the cells with the highest Olig2 expression lev-
els mediate recombination. In contrast, in another fate
mapping analysis using PDGFRa-CreER™ (Kang et al.,
2010) the proportien of progenitors differentiating into
oligodendrocytes corresponds to levels of the current
study. Taken together, these three studies suggest that
the different rate of differentiation of labeled NG2+ cells
depends on the Olig2, and hence CreERTM, expressicn
levels. Thus, NG2+ cells with high levels of Olig2 (that
are mainly followed by the genetic fate mapping in
Dimou et al. 2008) largely remain in a progenitor fate,
while NG2+ cells with lower Olig2 levels differentiate
inte mature oligodendrocytes at higher rates. Like fate
mapping methods alse BrdU-labeling has its limitations
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as long pulses with high doses of the thymidine analog
could lead to an overdose and therefore to increased cell
death. Despite the low dose of BrdU used in this study
which is below doses previously described to have no
toxic effects in the adult brain (Cameron and McKay,
2001; Hancock et al., 2009), we can not fully exclude
minor effects on cell survival (not detected by Caspase-3
or DAPI stainings) for the long BrdU application.

Cortical NG2+ cells have a long cell cycle and show
self-renewal capacity, defined as re-entry of the cell cycle
by cells with the same antigenic profile (NG2, PDGFRe,
Olig2). While these twe hallmarks are shared with stem
cells, the third characteristic of stem cells, multipotency,
seems less fulfilled by NG2+ progenitors in the adult
brain. Multipotency in vitro as monitored in the neuro-
sphere assay has been observed only with postnatal
(Nunes et al., 2003) but not adult NG2+ cells (Buffo
et al., 2008). Similarly, while these progenitors generate
also astrocytes and a small number of neurons in the
embryonic and possibly postnatal brain (Aguirre and
Gallo, 2004; Belachew et al., 2003; Zhu et al., 2008, see
however Kang et al., 2010), the generation of astrocytes
from adult NG2+ cells (in the absence of injury) could
only be observed in vitro (Shi et al., 1998; Wolswijk and
Noble, 1989). So far neither neurons nor glial cells other
than those of the oligodendrocyte lineage were observed
in three of four fate mapping studies (Barnabe-Heider et
al., 2010; Dimou et al., 2008; Kang et al., 2010). Only
Rivers et al. (2008) showed low level neurogenesis from
adult PDGFRa+ progenitors, but careful analysis in the
same mouse line refuted these findings as due to the Ta-
moxifen protocol (Kang et al., 2010). While these genetic
fate mapping technigques all depend on the respective
gene locus expressing the inducible form of Cre, our
study utilized BrdU incorporation to label all dividing
cells without any bias in regard to their marker gene
expression. As we could describe exclusively cells of the
cligodendrocyte lineage expressing either NG2 or Sox10
or GSTr, these data conform to the majority of the fate
mapping  studies also  observing only cells
of the oligodendrocyte lineage being generated in the
adult CNS.

Change of Cell Cycle Properties After Injury

Several lines of evidence suggest that NG2+ cells can
become reactive after injury in the adult CNS (Hampton
et al., 2004; Levine, 1994; Rhodes et al., 2006). Their
response does not only imply changes in cell morphology
and strong upregulation of the NG2 antigen (Levine,
1994) but also a reversion to a rapidly dividing popula-
tion (Keirstead et al., 1998; Levine and Reynolds, 1999,
Watanabe et al., 2002).

Similar to other lesion models also after stab wound
injury NG2+ cells are the first cells to react, and this
rapid reaction is transient in nature resembling the
time-course of microglia reactivity. The functional signif-
icance of this reaction to injury is still not fully under-
stoed. However, inhibition of cell proliferation by the
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continuous infusion of the antimitotic drug cytosine-p-
arabincfuranoeside (AraC) resulted in a transient
enhanced axonal regeneration (Rhodes et al., 2003), data
that are in accordance with the idea that the accumula-
tion of NG2+ cells in the scar may contribute to the
inhibition of axonal growth (Chen et al., 2002; Tan
et al., 2005).

Numerous factors have been identified or proposed to
regulate proliferation of NG2+ cells in different injury
paradigms that can be released by injured axons or by
neighboring cells. These molecules include factors like
platelet-derived, fibroblast and insulin-like growth factor,
ciliary neurotrophic factor, and sonic hedgehog that affect
NG2+ progenitor proliferation and number during devel-
opment and hence may doe the same after injury (Aman-
kulor et al., 2009; Barres and Raff, 1994; Fortin et al.,
2005; Mason et al., 2003; Redwine and Armstrong, 1998;
Tripathi and McTigue, 2008). Interestingly, the effects of
growth factors on NG2+ cells may also depend on the de-
velopmental stage and/or location of cells within the CNS
(Mason and Goldman, 2002; Pfeiffer et al.,, 1993). Most
pathological conditions also induce local production of cer-
tain cytokines and chemokines (McTigue and Tripathi,
2008) that together with blood derived factors can influ-
ence proliferation of NG2+ cells (Kerstetter et al., 2009;
Rhodes et al., 2006; Taylor et al., 2010}

Exit of Cell Cycle and Enhanced Differentiation
After Exercise

One of the most surprising outcomes of the present
study is the observation that voluntary physical exercise
results in a marked decrease in NG2+ cell proliferation
and a converse increase in differentiation. Interestingly,
an increase in oligodendrogenesis from nestin-GFP posi-
tive neural precursor cells was also observed in the
spinal cord after running (Krityakiarana et al., 2010).
However, it remains unclear whether the effect was due
to enhanced proliferation or differentiation. In contrast,
Ehninger and Kempermann (2003) reported that exer-
cise did not affect NG2+ cells, while the microglia num-
ber increased. This discrepancy may well be explained
by the way of BrdU-administration labeling exclusively
fast proliferating cells (Ehninger and Kempermann,
2003) while our protocol with BrdU application for 14 d
detects both fast and slow proliferating cells. Given the
long cell cycle of most NG2+ progenitors (Fig. 1i),
Ehninger and Kempermann missed most of the progeni-
tor population examined in our analysis. Moreover, the
impact of the duration of exercise is still unknown and
could have implications in the reaction of NG2+ cells.
For example, longer exercise may result either in a re-
covery of the proliferating NG2+ cell pool or in a further
increase in the proportion of newly differentiated oligo-
dendrocytes. Indeed, these exciting findings prompt fur-
ther analysis of modulators of neuronal activity and
their influence on the NG2+ progenitor proliferation
and differentiation to determine whether the effects
of running are a specific paradigm or whether neuronal
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activity may affect the finely tuned balance between pro-
liferation and differentiation of progenitors in the adult
cerebral cortex.

Of note in this regard, NG2+ cells receive synapses
from neurons (Bergles et al., 2000; Butt et al, 1999,
Etxeberria et al., 2010; Karadottir et al., 2008; Lin and
Bergles, 2004; Muller et al, 2009) and it has been
shown that glutamate and ATP released by neurons can
inhibit their proliferation and differentiation, suggesting
that neurotransmitters might directly affect the NG2
cell cycle and maturation process (Stevens et al., 2002;
Yuan et al., 1998).

Activity dependent regulation of NG2+ cell differen-
tiation could contribute to an experience dependent
modification of neural circuits. Indeed, it has been
shown that physical exercise leads to increased cortical
thickness which has been suggested to be in part due to
enhanced myelination (Anderson et al., 2002; Gaser and
Schlaug, 2003). Along the same line extensive pianc
playing has been associated with increased myelination
in the white matter, suggesting that myelination is a
mechanism to improve circuit functions (Bengtssen
et al., 2005; Fields, 2005). Our data are consistent with
models proposing that neuronal activity can indeed fine
tune the ratio of NG2+ cell proliferation and differentia-
tion, suggesting an important role for the continuous
generation of cligodendrocytes in the adult brain.
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Supplemental figure 1: (a-a’"") Images showing a BrdU+ cell that is NG2-/GSTn- (arrowhead) after 42 days of
BrdU-retaining. (b-c’) NG2-/GSTn-/BrdU+ neither co-localize with ST008 (b-b") nor with NeuN (c-c’) after 42 days
of BrdU-retaining period. (d-d’) Image depicting a NG2-/ GSTn-/BrdU+ cell that is Sox10+ (arrow). Arrowhead

points to a BrdU+ cell that expresses NG2 in its soma and processes.
(a-d"’): Maximum intensity projections; Arrows point to marker+/BrdU+ cells; Arrowheads indicate only single marker-positive cells;

scale bars 10 um.
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Supplemental figure 2: (a) Bar graph showing the NG2+ cell number at
the non-injured site (NIS) and at 3, 7, 14 or 28 dpi. (b) Quantification of
NG2+/BrdU+ cells amongst the NG2+ cell pool at different time points
after lesion. (c) The number of S100B+ cells is quantified before and at
different time points after lesion. (d) Bar graph showing the number of
BrdU+ astrocytes amongst all S1003+ cells. The proliferative response
of S100B+ cells to the injury is confirmed by stainings for (e) GLT-1 or

(f) GFAP —other markers for cortical or reactive astrocytes.

(g) BrdU+ cell pool is quantified 14 days BrdU after lesion (14 dpi) and
after an additional 14 days of BrdU-retaining (28 dpi).

(e,f) Maximum intensity projections at 7 dpi; the stab wound lesion is indicated with
a white dashed line. Arrows point to marker+/BrdU+ cells; scale bars 20 um



3.2 Fate of NG2+ glia in the cortical gray and white matter

This study herein is published as “Progeny of Olig2-Expressing Progenitors in the Gray and
White Matter of the Adult Mouse Cerebral Cortex” by Dimou L, Simon C, Kirchhoff F,

Takebayashi H and G6tz M in Journal of Neuroscience 2008, 28 (41): 10434-10442.

NG2+ cells are potent progenitors that give rise to myelinating oligodendrocytes postnatally.
Although NG2+ cells are a widespread cell population in the adult CNS, the fate of these cells
in adult mammals was largely unknown at the time of this study. In order to analyze the
progeny of NG2+ cells in the adult mouse brain, the Olig2::CreER™ mouse line, crossed to
the Z/EG, GFP or R26R-reporter mouse line, was used as Olig2 is expressed in nearly all
proliferating NG2+ cells in the brain parenchyma. However, Olig2 expression is not restricted
to the oligodendrocyte lineage in OIigZ::CreERT'\’I mice, but also recombines in some
parenchymal astrocytes and in very few neurons. Despite the low reporter expression
outside of the oligodendrocyte lineage, this study revealed intriguing regional differences in
the progeny of NG2+ glia. NG2+ cells in the adult cerebral white matter (WM) mainly gave
rise to new myelinating oligodendrocytes whereas NG2+ cells in the cerebral gray matter
(GM) the majority remained as NG2+ glia and only gave rise only to few maturate (but not
myelinating) oligodendrocytes. This regional heterogeneity can be either due to intrinsic
differences in NG2+ cells, e.g. cell cycle differences as suggested within this publication, or
be instructed by the environment. In summary, this study shows the generation of new
myelinating and mature oligodendrocytes throughout life with an intriguing difference in

gray and white matter regions.

Contribution of the authors

| performed the proliferation experiments in C57BL/6 mice by administrating 5’-bromo-desoxyuridine
(BrdU) to the mice to label dividing cells. Following perfusion, | did the sectioning, staining and
quantifications for Olig2+/ BrdU+ cells in the adult CNS (as shown in Suppl. Fig. 1). L. Dimou did all
the experiments and analysis in the Olig2::CreER™ mice that were kindly provided by H. Takebayashi.
F. Kirchhoff kindly provided the Plp-DsRed mice. The experiments were planned and the manuscript

was written by L. Dimou and M. Gotz. M.G6tz financed this work.
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Progeny of Olig2-Expressing Progenitors in the Gray and
White Matter of the Adult Mouse Cerebral Cortex

Leda Dimou,! Christiane Simon,! Frank Kirchhoff,2 Hirohide Takebayashi,’ and Magdalena Gétz! 45

1Department of Physiological Genomics, Institute of Physiology, Ludwig-Maximilians University Munich, 80336 Munich, Germany, 2Department of
Neurogenetics, Max Planck Institute of Expetimental Medicine, 37075 Goettingen, Germany, *Division of Neurobiology and Bioinformatics, National
Institute for Physiological Sciences, Okazaki 444-8585, Japan, “Institute for Stem Cell Research, HelmholtzZentrum Miinchen, 85764 Neuherberg, Germany,
and “Center for Integrated Protein Science Munich, Ludwig-Maximilians University, 81377 Munich, Germany

Despite their abundance, still little is known about the rather frequent, constantly proliferating progenitors spread throughout the adult
mouse brain parenchyma. The majority of these progenitors express the basic-helix-loop-helix transcription factor Olig2, and their
number further increases after injury. Here, we examine the progeny of this progenitor population by genetic fate mapping using
tamoxifen-inducible Cre-recombinatien in the Olig2 locus to turn on permanent reporter gene expression in the adult brain. Consistent
with Olig2 expression in proliferating NG2 * progenitors, most reporter * cells seen shortly affer initiating recombination atadult stages
incorporated BrdU and contained the proteoglycan NG2 in both the gray (GM) and the white matter (WM) of the cerebral cortex.
However, at longer time points after induction, we observed profound differences in the identity of reporter * cells in the WM and GM.
Whereas most of the Olig2* progenitors had generated mature, myelinating oligodendrocytes in the WM, hardly any reporter  cells
showing mature oligodendrocyte characteristics were detectable even up te 6 months after recombination in the GM. In the GM, most
reporter  cells remained NG2 ™, even after injury, but stopped proliferating rather soon after recombination. Thus, our results demon-
strate the continuous generation of mature, myelinating oligodendrocytes in the WM, whereas cells in the GM generated mostly postmi-

totic NG2™ glia.

Key words: oligodendrocyte progenitors; NG2; myelination; stab wound injury; forebrain; lineage analysis

Introduction

‘Whereas progenitors in the adult neurogenic niches have at-
tracted attention, still little is known about the fate of progenitors
within the adult CNS parenchyma, despite their widespread na-
ture {Horner and Gage, 2002). The vast majority of these dividing
cells express markers found in oligodendrocyte precursors dur-
ing development (NG2, PDGFRa, and/or Olig2) and have there-
fore been regarded as oligodendrocyte progenitors (Dawson et
al,, 2000; Miller, 2002; Ligon et al., 2006a). Indeed, after demyeli-
nation, remyelination occurs from dividing precursors {Gensert
and Goldman, 1997; Chari and Blakemore, 2002), supporting the
presence of oligoedendrocyte progenitors in the adult white mat-
ter (WM). However, the progeny of these dividing cells in the
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absence of injury is not known. Indeed, few, ifany, new oligoden-
drocytes were observed in the absence of a demyelinating injury
after viral vector injection into the adult cortex WM (Gensert and
Goldman, 1996; Menn et al., 2006). In addition, recent research
has highlighted the distinct features of adult glial cells expressing
the proteoglycan NG2. These cells possess unique physiological
properties and are involved in neuron-glia communication
(Butt et al., 2002; Matthias et al., 2003; Paukert and Bergles, 2006;
Kdradéttir et al., 2008). It is not known whether these represent a
separate class of NG2 ™ cells that are different from the dividing
NG2 * progenitors, and if so, whether their generation is re-
stricted to developmental stages or continues into adulthood.
Although the progenitors characterized by Olig2 or NG2 are
certainly involved in oligodendrogliogenesis during develop-
ment, they have recently also been implicated in the generation of
various other lineages during this time window. The transcrip-
tion factor Olig? is a necessary regulator of oligodendrocyte and
motoneurons development, and Olig?-expressing cells also gen-
erate cholinergic neurons, ependymal cells, as well as some astro-
cytes during development (Takebayashi et al., 2002; Furusho et
al,, 2006; Ligon et al , 2006a; Masahira et al., 2006; Caiet al,, 2007;
Ono et al,, 2008). Interestingly, Olig2 is also required for the
specification of NG2 * cells (Ligon et al., 2006b). Similar to Olig2,
NG2 is also expressed in progenitors of various lineages, includ-
ing oligodendrocytes and astrocytes during development (Cai et
al,, 2007; Zhuetal., 2008; Ono et al,, 2008), as well as multipotent
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progenitors in the postnatal brain (Belachew et al., 2003; Aguirre
etal., 2004) and possibly even neuronal progenitors in the adult
cerebral cortex (Dawson et al., 2000; Dayer et al., 2005; Tamura et
al., 2007).

The multitude of lineages suggested for Olig2 * orNG2 * pro-
genitors during development highlights the need for appropriate
fate-mapping techniques to elucidate their lineage in the adult
brain. This has now become possible by tamoxifen-inducible
Cre-mediated recombination targeted to adult progenitors
(Olig2::CreER™) allowing to follow the progeny arising from
Olig2 * progenitors in the adult brain.

Materials and Methods

Mice. Heterozygous Olig2::CreER™ (Takebayashi et al., 2002) were
crossed with the PLP-dsRed (Hirrlinger et al., 2005) or the reporter mice
Z/EG (Novak et al., 2000) or R26R (Soriano, 1999) to obtain double-
heterozygous animals. Double-heterozygousmice older than 2.5 months
received tamoxifen orally (10 mg; dissolved at 40 mg/mlin a 1:9 ethanol/
cornoil mixture) three times (oncea day every second day for 5 d). Brains
were collectedat 8 (n = 8),12 (n = 5),35(n =10),65 (n = 10y dor 6
months (n = 5) after the end of tamoxifen treatment. BrdU (Sigma-
Aldrich) was supplied in the drinking water at a concentration of 1 mg/ml
for 1 or 3 constitutive days, and animals were examined immediately
after BrdU treatment. Five days after tamoxifen induction, some mice
underwent a stab wound as described in Buffo et al. (2005). Briefly, mice
received Rimadyl (4 mg/kg carprofen, s.c.) as analgesic treatment and
were anesthetized by ketamine (100 mg/kg; ketavet; GE Healthcare) and
xylacine (5 mg/kg; rompun; Bayer). After trepanation, a 1-1.5 mm
long/1 mm deep stab wound was made using a curved scalpel in the right
sensorimotor cortex. Brains were examined 3 (n = 8), 7 (# = 5), and 30
(n = 7) d after lesion. For BrdU/CC1 (n = 4) analysis, 3-month-old
wild-type C57BL/6 animals were supplied for 2 weeks with BrdU in the
drinking water and were killed 2 weeks after the treatment. For activated
caspase3 (n = 9) analysis, 3- and 6-month-old C57BL/6 mice were used
All animal procedures were performed in accordance with the policies of
the use of Animals and Humans in Neuroscience Research, revised and
approved by the Sodety of Neurosdence and the state of Bavaria under
license number 55.2-1-54-2531-23/04.

Histological analysis. Por histological analysis, animals were anesthe-
tized and transcardially perfused with 4% paraformaldehyde. Brains
were postfixed for 2—4 h, cryoprotected in 30% sucrose, and stained
according to standard protocols. Immunohistochemistry was performed
using antibodies described in Buffo et al. (2005) and Colak et al. (2008).
For Olig2 immunostaining in Olig2::CreER™ mice, pretreatment with
citrate buffer at 95°C and amplification with biotinylated secondary an-
tibody was performed. The images were collected with an Olympus mi-
croscope (BX61TRE; Olympus) and confocal systems from Olympus
(Fluoview F1000) or Zeiss (LSM710) and digital camera system (Fluo-
viewll). For quantitative analysis, the number of reporter * cells that
were also immunopositive for a cell-type specific antigen was counted
and expressed as a percentage of reporter T cells. Quantification was
focused on the sensorimotor cortex in 35 sections per animal, in atleast
3 animals for each time point and area [gray matter (GM) vs WM or
lesion]. Thus, =250 reporter * cells per GM, =100 reporter  cells per
WM, and >>50 cells in the lesion site were counted per animal. All results
are presented as averages with SEM.

Results

Cells labeled by Olig2:CreER™ mediated recombination are
initially proliferating NG2 * progenitors

Before monitoring the progeny of Olig2-expressing progenitors,
we determined the exact proportion of proliferating cells in the
adult brain that express Olig2. Toward this aim, we labeled dividing
cells by administering the DNA base analog on BrdU for 3 or 14
continuous days in the drinking water and doublestained the BrdU-
incorporating cells for Olig?. In most parenchymal regions of the
forebrain (neocortex, piriform cortex, corpus callosum, and puta-
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Tahle 1. Absolute number of reporter cells per mm? at different time points after
recombination in the different analyzed areas

Time after recombination {lesion) [ Wi Lesion
8d33d) 10314 9=x2 N5+6
35d 30d) 95+09 138*16 15x27
654 60d) 99+ 1.3 HBax] 14
Gmonths N1=15 2.5 *45

Time points in brackets refer to the time after lesion.

Tahle 2. Absolute number of reporter™/CC1™ double-positive cells per mm? (for
GMand WM)and number of cells per lesionarea (~0.4 mm? for lesion
quantification) at different time points after recombination in the different
analyzed areas

Time after recombination (lesion) G W Lesion
8d33d) 112004 1.6 + 0.06 3201
654 (60d) 198 £ 0.01 207 £0.02 37802
6months 199 + 0.06 203 £ 0.1

Time pointsin brackets refer to the time after lesion.

men), virtually all BrdU-labeled cells were Olig2-immunoreactive
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). This was notably different in the regions of
adult neurogenesis, such as the subgranular zone in the dentate
gyrus, where only 13% of the proliferating cells were also Olig2 *
(supplemental Fig. 1 F, available at www jneurosci.org as supple-
mental material). Thus, almost all adult progenitors outside the
neurogenic niches express Olig2.

To follow the progeny of these Olig2 * dividing cells in the
adult cerebral cortex, we used tamoxifen-inducible Cre-mediated
recombination in the Olig2 locus (Olig2::CreER™) of 2.5- to
6-month-old mice. Successful recombination was monitored by re-
porter gene expression in the brains of Olig2:CreER™;Z/EG (GFP
reporter) or Olig2:CreER™4R26R (B-galactosidase reporter) mice
8, 12, 35, 65 d postrecombination (dpr) or 6 months postrecombi-
nation. As the results obtained with either reporter line were very
similar, we pooled the data obtained with both lines. Although
CreER™ has been knocked into the endogenous Olig?2 locus,
thereby reducing the endogenous levels of Olig2 to about half (data
not showr), we attempted to monitor the expression of Olig2 inthe
reporter " cells. Reporter * cells were observed earliest 5 d after
tamoxifen application, and the majority of these cells were also
Olig2 -immunoreactive {supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The reporter * popula-
tion amounted to ~22% of the total Olig2-immunoreactive pop-
ulation with an average of 10.3 + 1.4 recombined cells per mm?”
in the GM and 9 * 2 cells per mm? in the WM (Table 1). Well
consistent with the nature of Olig2-expresssing cells, the majority
of these reporter * cellsat 8 dpr in the forebrain were NG2 * (Figs.
1A-C,J, 3A-C,J ), whereas only a minor population was CC1*
oligodendrocytes (Figs. 1], 3D-F.J; for Table 2, numbers of re-
porter T/CC1 double-positive cells). No reporter ™ astrocytes
were detectable in the cortical WM, whereas some were found in
the GM (see Fig. 3G-I) as well as in other parenchymal forebrain
regions (data not shown). Furthermore, consistent with the ma-
jority of recombination occurring in Olig2 */NG2 ™ double-
positive progenitors, many reporter * cells seen at 8 dpr had in-
corporated BrdU that was supplied for 3 d (59% in the GM and
46% in the WM) (Fig. 4) (see below). Notably, the proportion of
reporter * cells incorporating BrdU at 8 dpr appearsto be higher
than this proportion among the total Olig2-immunoreactive
pool (data not shown), suggesting that the cells expressing the
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highest levels of CreER™ in the Olig2 locus,
and hence mediating recombination most
efficiently, are biased toward proliferation.

Cells labeled by
Olig2::CreER™ mediated
recombination generate mature
oligodendrocytes in the WM of the adult
brain
To determine the further fate of these pro-
genitors, we examined reporter ™ cells at
later stages, from 35 d up to 6 months after
recombination. In the WM, the composi-
tion of reporter * cells had changed pro-
foundly at these later stages (compare Fig.
1],K). The proportion of NG2 * per re-
porter  cells was reduced to 19%, whereas
the majority of recombined cells at 65 dpr
expressed the mature oligodendrocyte
marker CC1 (Fig. 1 D-F,K). Thus, the pro-
portion of GFP ¥ per CC1 ™ cells increased
by 4.5-fold from 18 to 82% ( p < 0.001).
Notably, also the total number of recom-
bined cells increased (Table 1), suggesting
that the relative increase in CC1 ™ cells is un-
likely to result from selective cell death. In-
deed, the total number of reporter ™ cells
double-labeled with CC1 also mcreased by
almost 13-fold in the WM (Table 2).

Interestingly, the absolute number of J
reporter * cells increased in the WM only
during the first 65 dpr (from 9/mm” at 8
dpr over 13.8/mm” at 35 dprto 25.5/mm”
at €5 dpr) and remained constant thereaf-
ter until 6 months after recombination
(24.5/mm?) (Table 1). Indeed, this is also
comnsistent with the decrease in the propor-
tion of reporter * cells expressing Olig2 or
incorporating BrdU (supplemental Fig.
2 B, available at www.jneurosci.org as sup-
plemental material; see Fig. 4E), suggest-
ing that most labeled dividing progenitors
in the WM leave the cell cycle within a few
weeks and are mostly differentiated by 2
months after recombination. Only a small
proportion of reporter * cells (14%), how-
ever, appears to continue to proliferate over the course of several
months (see Fig. 4E). Nevertheless, no further increase in the
number of reporter "/CC1™ double-positive cells or in the pro-
portion of CC1 * cells could be observed within 2— 6 months after
recombination (Tables 1, 2; compare Fig. 1 K with supplemental
Fig. 4A, available at www.jneurosci.org as supplemental mate-
rial). As the same number and high proportion of CC1 7 cells
among reporter * cells was still seen at 6 months after recombi-
nation (supplemental Fig. 4 A, available at www jneurosciorg as
supplemental material), these cells seem to survive for some time,
implying that they may further differentiate into myelinating oli-
godendrocytes, a hypothesis prompted by the intrigning mor-
phology of many reporter * cells in the WM resembling myeli-
nating oligodendrocytes (Fig. 1G,I).

Wetherefore used several antibodies directed against different
myelin proteins, such asthe myelin oligodendrocyte glycoprotein
(MOG) (Figs. 1G,H, 2D-F), the myelin associated glycoprotein

8dpr
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Identification of reporter * cells in the WM. A, Micrographs of examples of GFP * cells 8 (A=) or 65 (D—1) dpr
double-stained for cell type-spedficantigens. The piesinfand K depict the quantitative cell type analysis among reporter * cells
8(J) or 65 (K') dpr recombined in 2.5-month-old animals. , Cell type analysisat 65 dprin mice recombined at 6 months ofage.
Arrows point to double-stained cells; arrowheads point to single positive cells. Scale bars, 20 em.

(MAG) (Fig. 2A-C), and the myelin basic protein (MBP) (Fig.
2G-TI) as these proteins are targeted into oligodendrocyte pro-
cesses when myelin sheaths can be detected by electron micros-
copy (Bartsch et al., 1989; Lindner et al., 2008; Shen et al., 2008).
Specifically, MAG localization to processes is correlated to the
presence of at least one and a half myelin wrappings around the
axons (Bartsch et al,, 1989), and the reappearance of MOG after
demyelination is detectable only after remyelination is apparent
at the electron-microscopic level (Lindner et al., 2008). Notably,
all of these proteins could be colocalized in the elongated pro-
cesses of reporter * cells in the WM, highly suggestive of their
myelinating identity. Furthermore, we could observe spots im-
munoreactive for the paranodal marker Caspr in reporter * pro-
cesses, indicative for some degree of nodal specification in the
newly generated oligodendrocytes (supplemental Fig. 3, available
at www jileurosci.org as supplemental material).

As these proteins are mainly targeted to the processes of
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Overlay

Figure2.  A-, Confocal microscopeimages showing the colabeling of reporter ™ cells and myelin sheaths with the myelin markers MAG (A-C, MOG (D—F ), and MBP (G—F)in the white matter

{corpus allosum) at65 dpr. C, F, T, Colocalizing pixels are in yellow.

reporter * cells, their colocalization cannot be used to quantify
the number or proportion of myelinating oligodendrocytes
among reporter* cells. Toward this end, we crossed the
Olig2::CreER™4Z/EG mice to PLP-dsRed animals (Hirdinger et
al., 2005), visualizing the expression from a myelin protein pro-
moter by cytoplasmic localization of fluorescent protein (supple-
mental Fig. 54-C, available at www jneurosci.org as supplemen-
tal material). Consistent with the predominant progenitor
identity of initially recombined cells, only 6% of the reporter
cells were expressing the PLP-transgene in the GM and the WMat
8 dpr (supplemental Fig. 5D, available at www jneurosci.org as
supplemental material). In pronounced contrast, however, 60%
of reporter ™ cells in the WM were colocalizing with the PLP-
transgene at 65 dpr (supplemental Fig. 5D, available at www.
jneurosci.org as supplemental material), strongly supporting the
synthesis of myelin proteins by the progeny of Olig2 * progeni-
tors in the WM. Thus, most (3 of 4) of the CC1 */reporter *
double-positive cells in the WM also express PLP, suggesting that
more than half of the progeny of recombined Qlig2 * cells in the
adult WM differentiated into myelinating oligodendrocytes.
These newly generated myelin-forming cells were not restricted
to a specific region but rather wide spread throughout the corpus
callosum at all time points analyzed. As a similar change in the
composition of reporter " cells was observed also when recombi-
nation was induced in 6-month-old mice (Fig. 1L), we conclude
that Olig2 * progenitors in the WM generate mature, myelinating
oligodendrocytes throughout this period.

Cells labeled by Olig2::CreER™-mediated recombination
generate mainly postmitotic NG2 " glia in the GM of the adult
brain

Strikingly and in pronounced contrast to the WM, the identity of
recombined cells in the GM hardly changed over time with the
NG2 * cells still predominating at 65 dpr (Fig. 3K) and even 6
months after recombination (supplemental Fig. 4 B, available at
www.jneurosciorg as supplemental material). The same pre-
dominance of NG2 * cells was also observed when older animals
(6 months) were induced with TM and examined 65 d later (Fig.
3L). Inboth cases, we observed little changes in the proportion of
reporter * astrocytes (5% initially, 7 or 6% at 65 dpr, and 11% at
6 months after recombination) (Fig. 3/-L; supplemental Fig. 4B,
available at www.jneurosci.org as supplemental material). Simi-
larly, only a small, nonsignificant ( p = 0.123) increase in the
proportion of reporter * cells colabeling with CC1 was observed
in the GM (11% initially, 20% at 65 dpr, and 18% at 6 months
after recombination) (Fig. 3J,K; supplemental Fig. 4B, available
at www.jneurosci.org as supplemental material). Consistently, a
similarly low proportion of reporter  cells in the GM became
PLP ™ (6% at 8 dpr increasing to 119% at 65 dpt) (supplemental
Fig. 5, available at www.jneurosci.org as supplemental material).
Moreover, reporter * cells did not contain other myelin proteins
(MOG, MAG, or MBP), and we could not observe recombined
cells with a typical morphology of myelinating oligodendrocytes,
even 6 months after TM application. Also, no reporter ™ cells
were double-labeled with neuron-specific antigens (doublecortin
or neuronal-specific nuclear protein; # = 2125), even in the ol-



3 Results

37

10438 - ). Neurosci, October 8, 2008 « 2841):10434 10442

factory bulb and dentate gyrus (supplemen-
tal Fig. 6, available at www jneurosciorg as
supplemental material ), suggesting that cells
labeled by recombination mediated by
CreER™! expressed in the Olig2 locus do not
contribute to adult neurogenesis. Notably, in
a different reporter line, we observed some
reporter cells with neuronal morphology
in the ventral thalamus already at 5 dpr, im-
plying low-level Olig? expression in some
neurons of the adult brain.

As the composition of reporter™ cells
in the lines used here (Z/EG, Rosa) did not
change over time in the GM (even 6 months
after recombination) (supplemental Fig. 4 B,
available at www jneurosci.org as supple-
mental material), we examined whether
the predominant NG2 " cells were still
proliferating progenitors. When BrdU was
given for 3 d at different time points after
recombination, also in the GM, the pro-
portion of BrdU-incorporating reporter
cells decreased over time to 18% at 27-30
dprand furthermoreto 8% at 117-120 dpr
(Fig. 4). Thus, the overall decrease in pro-
liferation is similar between GMand WM, 9
with initially a majority of BrdU-
incorporating cells giving way to cells that
no longer incorporate BrdU and hence are
likely to have either left the cell cycle or
divide too slowly to be labeled by BrdU
application for 3 d. This analysis also high-
lights the different nature of the report-
er"/NG2 * double-positive cells most of
which are BrdU-incorporating at short
times after recombination but gradually
lose this property within a few weeks.
Thus, the main progeny of Olig2 * progen-
itors in the GM is a slow or nonproliferat-
ing type of NG2 * glia.

The proliferation analysis of reporter *
cells in the GM also provided further insights. Similar to the
observations in the WM, also in the GM, a small proportion of
reporter * cells (8%) continues to divide even up to 4 months
after recombination, suggesting that Olig2 * cells also comprise a
long-term self renewing progenitor population. However, this
population was much smaller; almost half of the one in the WM
(8 vs 14%) (Fig. 4). Indeed, we noted a faster decrease in the
proportion of reporter * cells incorporating BrdU in the GM,
compared with the WM (Fig. 4D-F), starting already shortly
after recombination (8 -9 dpr) (Fig. 4F). Comparing the propor-
tion of reporter * cells incorporating BrdU given for either 1 or
3 d also revealed an interesting difference in the speed of cell
proliferation between GM and WM reporter * cells. Although
after 1 d BrdU administration at 5-6 dpr the proportion of
BrdU " per reporter © cells was the same in the GM and WM,
fewer reportter * cells were labeled by 1 d BrdU application at -9
dpr in the GM compared with those in the WM (Fig. 4 F). How-
ever, when BrdU was given for 3 d a larger proportion of report-
er™ cells in the GM was labeled at 5-8 dpr, suggesting that GM
Olig2 * progenitors slow their cell cycle speed rather faster (see
also Fig. 4F, decrease in cells labeled with 1 d BrdU at 5-6 and
8-9 dpr) than WM reporter " cells (Fig. 4F, no decrease in cells

8dpr
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Identification of reporter * cellsin the GM. A—f, Micrographs of GFP ™ cellsat 8dpr. Arrows point to colabeled cells,
arrowheads to reporter ™ cells negative for the cell type-specficantigen. Pies in Jand & depict the quan titative cell typeanalysis
ofreporter ™ cells O, 8dpr; &, 65 dpr) recombined in 2.5-month-old animals. £, Cell typeanalysisat 65 dpr in mice recombined at
&months of age. Scale bars, 20 zam.

labeled with 1 d BrdU at 5-6 and 8-9 dpr). After further matu-
ration, the proportion of cells labeled by 3 d BrdU application
also declines faster among GM compared with WM reporter *
cells reaching approximately halfat 120 dpr (Fig. 4).

At least partially consistent with a slower proliferation of GM
progenitors, the reporter " GM population hardly increased at all
(~10% increase over 6 months) (Table 1). Assucha profile could
also be caused by cell death, we performed stainings for activated
Caspase3 at 35 and 65 dpr, i.e., in the time interval when the
number of reporter * cells increased most in the WM but failed to do
50 in the GM (Table 1). However, we could not detect any activated
Caspase3 "/reporter © double-positive cells, either in the GM or in
the WM. Conversely, many activated Caspase3-immunoreactive re-
porter " cells could be observed after stab wound injury (see below),
indicating that the staining works reliably. As reporter * cells only
label a small fraction of all Olig2 ™ cells, we quantified the total
number of activated Caspase3 ™ cells in the GM and the WM
based on the rationale that selective cell death in the GM should
be detectable in these quantifications. However, quantification in
nine animals at the age of 2.5 and 6 months revealed no differ-
ences in the number of activated Caspase3 ™ cells between the
GM (0.015 + 0.005/mm?) and the WM (0.034 + 0.023/mm?).
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Figured. A~ Identification of proliferating reporter * cells at 8 dpr. D—F, Graphs in 2and E show the proportion of recom-
bined cells thatare proliferating at8, 30,and 120 dprin the gray (B) and white matter () and at 6and 9dpr in bothareas (F ). BrdU
wasapplied foraperiod of 3 d (D, ) or 1d (F)in the drinking water, directly before analysis of the animals.

Thus, the intriguing difference in the progeny of Olig2 * progen-
itors in the GM and WM seems to be rather caused by a different
fate and proliferation behavior than by selective cell death.

Cells labeled by Olig2:CreER™ mediated recombination still
generate mostly NG2 * glia after stab wound injury in the GM

To unravel whether GM progenitors have the potential to gener-
ate new oligodendrocytes after injury, when some of the previ-
ously existing oligodendrocytes degenerate, we performed stab
wound lesions as described previously (Buffo et al., 2005) at 5 dpr
and analyzed the recombined cells at 3, 5, 7, 30, and 60 d postle-
sion (dpl), corresponding to 8, 10, 12, 35, and 65 dpr, respectively
(Fig. 5). Consistent with our previous data that Olig2 " cells in-
crease in number after injury (Buffo et al., 2005), here we also
observed an increase in the number of reporter * cells around the
lesion site to an average 0of22.5 = 6 cells at 3 dpl (Fig. 5G, 4.7 X
increase compared with contralateral side or control cortices).
However, some of these cells are still subject to cell death, as the
number of reporter * cells decreased between 3 and 5 dpl (Table
1) and plenty of activated Caspase3 “/reporter ~ double-positive
cells were observed in the lesion site at this stage (6% *3 report-
er™ cells per lesion area). Despite these dynamic changes, how-
ever, the cell type composition of reporter * cells at 3 or 30 dpl
(Fig. 5E,F) did not change and closely resembled the composi-
tion in the noninjured cortex (Fig. 3J,K) with most reporter *
cells colabeling with NG2 * (Fig. 5 A, B), some with CC1, few with
$1008/GFAP (Fig. 5C,D), and none with neuroblast or neuronal
antigens (# = 569). Similar to the unlesioned GM, the proportion
and number of CC1* per reporter™ cells did not significantly
increase (Fig. 5, Table 2) { p = 0.5476), and no signs of reporter *
cells expressing myelin proteins or exhibiting a morphology in-
dicative of myelinating oligodendrocytes could be observed after
stab wound injury. Thus, even after injury, the main progeny of
Olig2-expressing progenitors remained NG2 ¥ glia in the GM,
profoundly different from the maturating oligodendrocytes ob-
served in the WM.

5-6dpr 8-9dpr 5-6dpr 8-9dpr
time of BrdU application
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Progeny of BrdU-labeled cells in GM
and WM

Given the surprising difference observed
in the progeny of Olig2 * cells in the GM
and WM, we aimed to confirm this finding
with an independent technique. In partic-
ular, it has to be kept in mind that the fate
mapping experiments are performed on a
heterozygous Olig2 background as one al-
lele does not express Olig2 but rather
CreER™ (knock-in into the Olig2-locus)
(Takebayashi et al.,, 2002). It is therefore
conceivable that the lower dose of Olig2
may impair the full oligodendrocyte dif-
ferentiation in the GM. Moreover, the re-
combination labels only a certain propor-
tion of Olig2 ™ cells (as mentioned above)
that may perform differently from the to-
tal population of Olig2 * cells. To ensure
that the differences in progeny observed
between the WM and GM may not be be-
cause of the low endogenous Olig? levels
or the nature of the labeled subtypes, we
took advantage of the fact that virtually all
proliferating, BrdU-incorporating cells
express Olig? in the adult brain paren-
chyma. We thus analyzed the progeny of
all BrdU-labeled cells in wild-type animals 4 weeks after the onset
of BrdU treatment. Whereas only 12% of the BrdU ™ cells ac-
quired CCl-immunoreactivity in the GM, this proportion was
profoundly higher in the WM with 41% (Fig. 6). Thus, within a
month we could identify a 3.4 higher proportion of reporter *
cells differentiating into CC1™" oligodendrocytes in the WM
compared with the GM, thereby confirming the results obtained
by fate mapping.

1d BrdU

Discussion

Progeny of Olig2-expressing cells in the adult versus
developing brain

Consistent with the concept of so-called “adult oligodendrocyte
progenitors” (Goldman, 2003), the Olig2 * progenitors labeled
by Cre-mediated recombination in the adult brain generated
mainly NG2 * glia or mature oligodendrocytes, but hardly any
astrocytes and no neurons. This is in pronounced contrast to the
multitude of lineages observed to arise from this progenitor pool
during development using even the very same mouse line (Fu-
rusho et al., 2006; Masahira et al., 2006; Miyoshi et al., 2007; Ono
et al., 2008) or the NG2:CreERTM ™ line (Zhu et al.,, 2008).
Importantly, during development, the different cell types arise
from distinct sets of Olig2 * progenitors (e.g., Olig2 ™ cells that
generate motoneurons do not share their lineage with those that
generate oligodendrocytes) (Mukouyama et al., 2006; Wu et al.,
2006). Similarly, Mashl-expressing progenitors that generate
neurons in the embryonic spinal cord do not share their lineage
with those generating oligodendrocytes at later stages (Battiste et
al., 2007). Similar to the Olig2-derived lineage, Mash1 ™ progen-
itors in the adult also generate virtually exclusively cells of the
oligodendrocyte fate with the exception that they continue to
contribute to adult olfactory bulb and dentate gyrus interneuron
generation (Kim et al., 2007). In contrast, Olig2-CreER™.
labeled progenitors contribute to this lineage only during devel-
opment (Miyoshi et al., 2007) but no longer in the adulthood.
Thus, the change in progeny of both Mashl- and Olig2-



3 Results

39

10440 « ). Neurosd., October 8, 2008 « 28(41):10434 10442

Figure5.

Dimou et al. o Fate Mapping of 0lig2* Cells in the Adult Mouse Brain

BNG2

WGFAP
F

3dpl=8dpr 30dpl=35dpr

N
8

S

nr of recombined cells
within lesion area

"
S

£ o ) & L
K R
& vV
>

Identification of reporter * cells after stab wound injury in the GM. A-B, Micrographs of GFP * cells in the lesion site at3 dpl (8 dpr) double-stained for cell type-specificantigensas

indicated in the panels. Piesin Eand F depict the quantitative analysis of reporter * cells with regard to cell identity (£, 3 dpl: F, 30 dply. Quantification of absolute numbers of recombined cellsat
different time points after the stab wound within the lesion area localized 150 zcm away from the lesion trackis shown in 6. Scale bar, 20 um.

expressing progenitors over time seems to
be caused by the selective persistence of
only some ofthe lineages present at previ-
ous stages into adulthood.

Mechanisms mediating distinct progeny
of Olig2 ™ progenitors

This raises the suggestion that also the dif-
ferent progeny in the WM and GM may be
attributable to distinct lineages persisting
into adulthood. The difference in the D
progeny of proliferating Olig2 * cells inthe
GM and WM of the adult cerebral cortex
has been shown by both BrdU-labeling as
well as Olig2:CreER™ mediated fate
mapping. Also in this regard, our data are
further corroborated by Mash1-CreER -
mediated fate mapping showing also a
higher proportion of CC1 ™ oligodendro-
cytes in the WM compared with the GM
(Kim et al., 2007). In addition to the pos-
sibility of intrinsic lineage differences of
these progenitors in the GM and WM, dif-
ferences in the local environment may be
responsible. The previous suggestion that
the local GM environment arrests oligo-
dendrocyte differentiation at an immature state (Dawson et al.,
2000; Levine et al., 2001) is indeed consistent with several of our
observations. First, the GM reporter ™ cells mostly maintain
Olig2 {and NG2) expression, in contrast to those in the WM that
downregulate Olig? (and NG2) during differentiation into oligo-
dendrocytes (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). Second, Olig2 * progenitors prolifer-
ate slower in the GM compared with the WM and may even be
subject to cell cycle arrest (see below). Third, even the few oligo-
dendrocytes generated in the GM fail to acquire any further ma-
ture properties resembling myelinating oligodendrocytes in their

GM

E

cc1+Brdu+ A
= BrdU+ 4

WM

Figure6.  A-C, Colabeling of BrdU with CC1 in the GM. Piesin D and £ show the proportion ofBrdU ™ cells colabeling with CC1
(yellow)in the GM (D) and in the WM (E) after application of BrdU in adult wild-type mice.

morphology or expressing myelin proteins. It is therefore well
conceivable that the Olig2 -derived cells are arrested in an “imma-
ture,” although postmitotic state. These NG2 ™ glial cells could
then perform specific physiological functions (Butt et al., 2002;
Greenwood and Butt, 2003; Paukert and Bergles, 2006; Nish-
iyama, 2007; Kdradéttir et al., 2008), although it is not clear
whether NG2 ™ progenitors also exhibit these properties. If it is
the environment that inhibits the differentiation of mature oli-
godendrocytes in the GM, this inhibition isalso not overcome by
stab wound injury. It will be important, however, to further ex-
amine the fate of Olig2 * progenitors after demyelinating injuries
where different local signaling pathways may be active.
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A further difference between the progeny of Olig2 * cellsin the
GM and WM was their population size, with reporter * cells in-
creasing during the first 2 months after recombination in the
‘WM, but remaining rather constant in the GM. Only after injury
the total number of reporter * cells in the GM also increased,
despite a transient phase of cell death. The differences in the
number of reporter * cells in GM and WM without injury may
result from differences in cell death, cell proliferation, or cell
migration. Although staining for activated Caspase3 in the intact
cortex provided no evidence for selective cell death in the GM
compared with WM, it is possible that we missed a short window
of cell death. However, such a mechanism would not explain the
difference in “surviving” NG2 * cells in the GM that also change
their proliferation mode over time. In contrast, we could obtain
direct evidence for different cell cycle kinetics that may contrib-
ute to the increase in number of reporter * cells in the WM as
opposed to the GM. A third possibility to explain the difference in
the number and identity of reporter * cells (in the WM and GM)
may also be that cells recombined in the GM and differentiating
into oligodendrocytes migrate into the WM. Whichever the exact
mechanism may be, it may also be relevant for the impaired
remyelination observed in the GM after demyelinating injuries
(Levine et al., 2001).

Adult generation of mature oligodendrocytes in the WM

In pronounced difference to the predominance of an NG2 ™
progeny of Olig2 * progenitors in the GM, mature oligodendro-
cytes with the myelin proteins MAG, MOG, and MBP in their
reporter  processes were seen in the WM. Although the genera-
tion of new mryelinating oligodendrocytes has been frequently
observed after demyelination (Gensert and Goldman, 1997;
Chari and Blakemore, 2002), few newly generated oligodendro-
cytes were seen after viral vector injections into the intact WM
(Gensert and Goldman, 1996; Menn et al., 2006). Qurresultsnow
suggest that a considerable population of dividing Olig2-
expressing progenitors in the intact WM give rise to mature oli-
godendrocytes. Viral vector tropism missing this progenitor pop-
ulation or partial silencing of virally driven reporters in specific
cell types (Gaiano et al., 1999) may explain why this population
has been missed in previous work. Moreover, previous studies
have been performed in rat (Gensert and Goldman, 1996, 1997)
or different strains of inbred mice (Menn et al., 2006). Given that
different species and strains of mice show a high number of dif-
ferentially expressed genes involved in myelination (Dimou et al.,
2006), some of these differences may also be relevant with regard
to the differentiation of oligodendrocytes. A third explanation for
this discrepancy between previous data and our results is the
rather focal labeling performed by viral vector injections as op-
posed to the more widespread labeling by Olig2:CreER™.
mediated recombination or BrdU incorporation. If differentiat-
ing oligodendrocytes migrate from other regionstoward the WM
as discussed above, this may explain why fewer cells are labeled by
focal injection into the WM. In addition to the suggestion pro-
posed above that oligodendrocyte progenitors may migrate from
the GM into the WM, it has been shown that a small proportion
of progenitors originating in the adult subependymal zone give
rise to oligodendrocytes in the cortical WM (Menn et al., 2006;
Colak et al., 2008).

‘Whatever their origin might be, the observation of continuous
generation of myelinating oligodendrocytes in the adult cortical
‘WM raises intriguing questions about the identity of the axons
that are newly myelinated. One possibility may be a turnover of
adult oligodendrocytes such that the newly generated oligoden-
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drocytes replace older ones. Indeed, this is the case for some
specific neuronal populations, such as those in the olfactory bulb
and dentate gyrusthat are subject to constant turnover (Lagace et
al., 2007; Ninkovic et al., 2007), whereas most neurons in other
brain regions are not turned over. Alternatively or additionally,
new oligodendrocytes may be added (rather than replacing pre-
existing oligodendrocytes). However, an increase in oligoden-
droglia was mostly found during the first months in rodents
(Ling and Leblond, 1973; Levison et al., 1999) or years in humans
(Peterset al., 1991), whereas the generation of myelinating oligo-
dendrocytes observed by Olig2::CreER™-mediated fate map-
ping continues into 6 month old mice, an age when the growth of
the brain should have come to an end. These data therefore pro-
pose that the generation of new oligodendrocytes is not limited to
the early life but continues throughout.

The new findings are rather intriguing with regard to the con-
tinuous plasticity occurring in the adult cerebral cortex (Changet
al,, 2005; Hofer et al., 2006) that may require changes in myeli-
nation also (Fields, 2008). It has been suggested that the end of
the critical period coincides with the completion of myelin for-
mation (Fields, 2008). However, our results now show a contin-
uation of myelination into adult stages in line with the continued
neuronal plasticity. Thus, our fate-mapping experiments identi-
fying the adult generation of NG2 glia in the GM and mature
oligodendrocytes in the WM prompts profound questions with
regard to their function and why it is important to generate these
cell types continuously in the adult brain. The new tools that
allow inducing genetic recombination in the adult will help us to
elucidate the function of this adult gliogenesis widespread in the
brain parenchyma as opposed to the highly restricted adult
neurogenesis.

Note added in proof. Similar results were obtained using a
PDGFRa-CreER"™ line shown in a study by Rivers et al. (2008).
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Supplemental Figure 1: Identification of proliferating cells in the adult mouse brain.
Micrographs are examples of BrdU+ cells in the GM (A) and in the WM (B) after a 2
week application of BrdU in the drinking water. Doublestainings for BrdU (C) and for
the transcription factor Olig2 (D) reveal colabeling for the two antigens. (E)
Quantification of Olig2+ cells in the adult cerebral cortex as percentage of BrdU+
cells, after application of BrdU for 3 days (left) or 2 weeks (right) in the drinking water.
(F) Proportion of Olig2+/BrdU+ cells in different areas of the brain after a 3 day
application of BrdU. Scale bars: 20um.

Supplemental Figure 2: Proportion of recombined cells coexpressing Olig2 at
different timepoints after recombination in the GM (A) and the WM (B).

Supplemental Figure 3: (A-C) Confocal microscope images showing the colabeling
of reporter+ cells (A) and the paranodal marker Caspr (B). 1um optical sections were

used. Arrows show some of the colocalizing spots.

Supplemental Figure 4: Identification of reporter+ cells 6 months post
recombination. Pies depict the quantitative analysis amongst reporter+ cells 6
months after recombination in the VWM (A) or in the GM (B).

Supplemental Figure 5: (A-C) Micrographs of double labeled recombined cells with
the PLP-dsRed transgene. (D) Quantification of the proportion of reporter+ cells
expressing the PLP-dsRed transgene in the GM and WM at 8dpr and at 65dpr.

Supplemental Figure 6: Identification of reporter+ cells in the dentate gyrus and the
olfactory bulb. (A-C) Micrographs of GFP+ cells at 30dpr in the dentate gyrus. No
colocalization of GFP+ cells with the neurcblast marker dcx could be observed. (D-l)
Micrographs of reporter+ cells at 30dpr in the olfactory bulb. No colocalization with
dex and often double-labeling with NG2 could be observed. 1 point to double stained

cells; » point to single positive cells. Scale bars: (A-F) 60um, (G-l) 20pum.
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3.3 Generation and characterization of the Sox10-iCreER™ mouse line

The revised manuscript of this study is submitted as “Sox10-iCreER™: a mouse line to
inducibly trace the neural crest and oligodendrocyte lineage” by Simon C, Lickert H, Gotz M

and Dimou L (2011).

Here, the generation and use of a new transgenic mouse line to target exclusively the
oligodendrocyte lineage in the adult CNS with high efficiency is described. We generated a
BAC-transgenic mouse with the expression of an improved Cre (iCre) fused to the ER™ under
the Sox10 promoter. | characterized two BAC lines which both recombine in NG2+ cells with
high efficiency and specificity. During development Sox10 is also expressed in neural crest
and its derivatives and in the adult peripheral nervous system. Thus, the Sox10-iCreER™
mouse line is also a new potent tool to study distinct progeny of the neural crest at different
developmental stages. Indeed, by inducing recombination at early embryonic stages we
showed that pericytes in the adult brain are the progeny of the neural crest. This result is in
contrast to the notion that CNS pericytes belong to the hematopoietic system and therefore
have a mesodermal origin. In summary, the Sox10-iCreER™ mouse line is a powerful tool to

gain further insights in the biology of neural crest cells and the oligodendrocyte lineage.

Contribution of the authors

The generation of the mouse line, comprising the cloning, sequencing and purification of the BAC-
transgenic construct, and the characterization of this new mouse line was performed by me (except
the fusion of the iCre to the ER™ sequence). H. Lickert helped with his technical know-how and
provided additionally several vector constructs for cloning. The manuscript was written by me and
revised by H. Lickert, M. G6tz and L. Dimou. This study was directed by H. Lickert, M. G6tz and L.

Dimou.
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Abstract

SOX10 is a well-conserved and widely expressed transcription factor involved in the
regulation of embryonic development and in the determination of cell fate. As it is
expressed in neural crest cells, their derivatives and the oligodendrocyte lineage,
mutations of the protein contribute to a variety of diseases like neurocristopathies,
peripheral demyelinating neuropathies and melanoma. Here, we report the
generation of an inducible Sox10-iCreER™ BAC transgenic mouse line that labels,
depending on the timepoint of induction, distinct derivatives of the otic placode and
the neural crest as well as cells of the oligodendrocyte lineage. Surprisingly, we could
show a neural crest origin of pericytes in the brain. Besides its use for fate-mapping,
the Sox10-iCreER™ mouse line is a powerful tool to conditionally inactivate genes in
the neural crest cells, its progeny and/or the oligodendrocyte lineage in a time-
dependent fashion to gain further insights into their function and contribution to

diseases.
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Text

The Sry (sex determining region Y)-related high mobility group box protein 10 (SOX
10) belongs to the group of SOX E proteins (SOX 8-10), a highly conserved family of
transcription factors (reviewed in Lefebvre ef al, 2007). Sox10 mRNA can be
detected from embryonic day (E) 8.5 in derivatives of the otic placode and in the
neural crest (Kuhlbrodt ef al., 1998; Pusch et al., 1998). At this developmental stage,
SOX10 is critical for survival and maintenance of pluripotency in neural crest stem
cells (Breuskin et al., 2009, Britsch ef al., 2001; Paratore et al., 2001; Reiprich ef al.,
2008). Later, SOX10 expression is mainly restricted to glial cells in the peripheral
(PNS) and central nervous system (CNS), such as Schwann cells and cells of the
oligodendrocyte lineage. There, SOX10 is not only responsible for differentiation and
myelination (reviewed in Stolt and Wegner, 2010) but also controls myelin protein
expression as loss of Sox10 in the adult PNS results in neurcpathy (Bremer et af.,
2011).

Several mouse lines have been created to label Sox10-expressing cells and their
progeny either by fluorescent proteins (Shibata et a/., 2010) or by Cre-recombinase
(Stine et al., 2009). Studies using mouse lines that lead to Sox10-deletion revealed
its potent role in development and in the adult (Bremer ef al.,, 2011; Ludwig et al.,
2004). However, none of these mouse lines allows analyzing the role of Sox10 at
distinct developmental stages. Therefore, we generated a tamoxifen-inducible BAC-
transgenic mouse line (Sox10-iCreER™) to target and fate-map Sox10+ cells in a
temporal manner. Hence, we are able to detect distinct subpopulations of Sox10+
progeny depending on the timepoint of induction in contrast to the previous published
S4F:Cre mice (for comparison see Table 1; Stine ef al., 2009). In addition, this mouse

line shows no SOX10 dependent-heterozygote phenotype, as shown for Sox10-
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knockin mouse lines (Britsch ef al.,, 2001; Ludwig et al., 2004), and faithfully
recapitulates endogenous SOX10 expression in vivo.

The Sox10-iCreER™-mouse line expresses a codon-improved Cre recombinase
(iCre; Shimshek ef al., 2002) that is fused to a mutated ligand-binding domain of the
human estrogen receptor (ER'™: Feil et al, 1997) under the Sox10 promoter.
Therefore, DNA recombination in Sox10+ cells can be temporally controlled after
administration of tamoxifen.

To mimic the temporal and spatial expression pattern of Sox10, we used the bacterial
artificial chromosome (BAC) RP 23-28011 enclosing the Sox10-locus as well as its
known transcriptional regulatory elements (Antonellis et al., 2008; Deal et al., 2006;
Dutton ef al., 2008; Kuspert et al., 2011; Werner et al., 2007). Exon 3 of the Sox10
gene, encoding the start codon, was replaced by the targeting vector (Fig. 1a). The
BAC-transgenic DNA was then injected into the pronucleus of fertilized C57BI/6
oocytes to generate multiple transgenic lines (Fig. 1a-b). The resulting lines (1-Sox10
and 2-Sox10) integrated different copy numbers of the BAC as shown by real-time
PCR with line 2-Sox10 revealing the highest expression of the transgene (1-Sox10:
2.2+0.4 transgene copies/ cell; 2-Sox10: 8.910.4 transgene copies/ cell). This result
is confirmed by Southern Blot analysis (Fig. 1c).

Mice were crossed to the reporter mouse line CAG-eGFP (Nakamura et al., 2006),
thus Sox10+ cells and their progeny can be visualized by the enhanced green
flucrescent protein (eGFP) after induction with tamoxifen at different developmental
stages.

Mice of both transgenic lines are viable and fertile and show no obvious behavioral
abnormalities. To examine Sox10 expressing cells in adult mice, we induced 1-3
month old transgenic mice with tamoxifen. Consistent with the expression of SOX10

in the adult brain, we observed reporter+ cells of both transgenic lines in the entire
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brain (Fig. 2a-b), e.g. in the cerebral cortical white (WM, Fig. 2c) and gray matter
(GM, Fig. 2d) and in the adult neurogenic niches (Fig. 2e-f). Quantification of
reporter+ cells in the adult GM resulted in a high number of GFP+ cells (Fig. 29), half
of which costain with Sox10-immunoreactive nuclei (1-Sox10: 61+2.4 %; 2-Sox10:
46+11.9 % of GFP+ cells are SOX10+). The remaining GFP+/SOX10- cells are
mature oligodendrocytes as assessed by their colocalization with GSTr (Fig. 2h-h”,
arrowhead) expressing low levels of SOX10 that might be below the detection
threshold of immunochistochemistry maybe due to our perfusion and fixation protocol.
Despite this, nearly all recombined cells in the cerebral GM colocalized either with
NG2 or GSTr (Fig. 2i) and thus belong to the oligodendrocyte lineage. Additionally,
there are some GFP+/NG2-/GSTT- cells detectable (arrowhead, Fig. 2j-j) that are
probably the recently described transition state within the oligodendrocyte lineage,
marked by GPR17 (Boda ef al., 2011). Note, that a reasonable number of reporter+
cells can also be induced by giving tamoxifen in a lower dose via food pellets in line
2-Sox10 but not in line 1-Sox10 (Fig. 2g, i, k). This difference in recombination
efficiency can be explained by the stronger synthesis of iCreER™ due to the higher
number of integrated BAC-copies in line 2-Sox10 (Fig. 1c). Both lines also display an
increased likelihood of very low number of GFP+ expression in neurons depending
on the protocol/famount of tamoxifen administration (gavaging; line 1-Sox10 =40mg
tamoxifen/mouse, line 2-Sox10 >30mg tamoxifen/mouse). Notably, both transgenic
lines are characterized by high recombination efficiency as 75+1.1% and 93+0.6% of
all SOX10+ cells are reporter+ in line 1-Sox10 and 2-Sox10, respectively (Fig. 2k).

Consistent with SOX10 expression not only in CNS but also in PNS glia (Kuhlbrodt et
al., 1998), we detected recombined Schwann cells in different organs in the Sox10-
iCreER™-mouse line, like the intestine (Fig. 3a), stomach (Fig. 3b), adrenal gland

(Fig. 3c) and sciatic nerve (Fig. 3d), as shown by the double-staining of reporter+
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cells with either GFAP or SOX10 (Fig. 3a-d). Additionally, reporter+ cells were
detected in other tissues like the skin (Fig. 3e) and the retinal pigment epithelium
(Fig. 3f), suggesting an ongoing Sox10 promoter activity in adult melanoblasts.

Since Sox10 expression is not restricted to adult stages, we analyzed Sox10+ cells
and their progeny also during development. Therefore, pregnant mice were induced
at E10.5, a developmental stage when Sox10 is expressed in derivatives of the otic
placode and the neural crest (Kuhlbrodt et al., 1998; Pusch et al., 1998). Embryos
were analyzed at E17.5 showing reporter+ cells in different organs (Fig. 4a-f') like the
inner ear where some GFP+ cells could be double-labeled with the neuronal marker
NeuN (arrow, Fig. 4a-a”). These results suggest that Sox10+ cells can give rise not
only to supporting cells but also to the mechanosensory hair cells of the organ of
Corti, consistent with Sox10 expression in the inner ear (Breuskin et af., 2009).
Outside the auditory system, reporter+ cells were detected in different neural crest
derivatives like the trigeminus (Fig. 4b) and the dorsal root ganglia (DRG; Fig. 4c-¢'),
where reporter+ cells partially colocalize with peripherin (arrows, Fig. 4¢’) - an
intermediate filament expressed in a distinct subtype of sensory neurons (Black et af.,
2002; Goldstein et al., 1991). Additionally, there are also GFP+ cells visible in the
adrenal gland (Fig. 4d), the skin (Fig. 4e) and the enteric nervous system (Fig. 4f-f'),
all being progeny of the trunk, sacral and vagal neural crest. In summary, the
distribution of reporter+ cells in the Sox10-iCreER-mouse line, recombined at E10.5
and analyzed at E17.5, confirms the well-established lineage of Sox10+ neural crest
(Kuhlbrodt et al., 1998).

One advantage of the Sox10-iCreER™-mouse line is the possibility of long-term fate-
mapping studies, by recombining the Sox10-expressing cells e.g. during
embryogenesis and analyzing their progeny in the adulthood. We therefore

investigated reporter+ cells of mice, induced at E7.5, in different organs of adult
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animals (Fig. 5a-f’). Notably, reporter+ cells were detected in the iris of the eye (Fig.
5a), the heart (Fig. 5b), the gut (Fig. 5¢c-¢’) and the adrenal gland (Fig. 5d-d”) —
peripheral tissues shown to be invaded by neural crest progeny (Burns and
Delalande, 2005; Deal et al., 2006; Montero ef al., 2002). While reporter+ cells of the
gut are solely NeuN+ enteric neurons (arrows, Fig. 5¢’-¢”), recombined cells in the
adrenal medulla comprise peripheral GFAP+ (arrow, Fig. 5d-d”) and GFAP- cells
(arrowheads, Fig. 5d-d”) that probably belong to the sympathoadrenal lineage
(Reiprich ef al., 2008). Thus, this mouse line allows the examination of neural crest
progenitors that give rise to distinct cell populations at different time points and
thereby allowing the analysis of Sox10 progeny that has not been examined so far.
Interestingly, after embryonic induction there are also reporter+ cells detectable in the
adult CNS (Fig. Se-f’). These GFP+ cells colocalize with PDGFR (Fig. 5e-e”) and
NG2 (Fig. 5f-f"), both antigens expressed by pericytes (Stallcup, 2002; Winkler ef al.,
2010), thereby supporting the neural crest origin of CNS pericytes as suggested
previously by quail chick transplantations (Korn ef al., 2002).

In summary, we generated a unique inducible mouse line that mimics successfully
the Sox10 expression pattern during development and adulthood and allows studying
the contribution of Sox10+ progeny to different organs. Due to its high recombination
rate this mouse line is a powerful tool to conditionally inactivate genes to gain further
insights in the biology of the neural crest derivatives and the oligodendrocyte lineage

at different developmental stages.
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Materials and methods

Generation of the mouse line

Vector pBluescript KS (-) containing a Kozak sequence (5-GCCACC-3') together
with a codon-improved Cre recombinase (iCre; Shimshek et al., 2002) was digested
with Xhol and Kpnl to remove the translational stop-codon of the iCre and to fuse it to
the cDNA sequence of ER'™ (Feil et al., 1997). iCreER'™* was amplified by PCR with
primers containing Spel ocutting sites (underlined; forward primer (Fw): 5'-
NNACTAGTTATAGGGCGA ATTGGAGCTC-3', reverse primer (Rev). 5'-
NNACTAGTTCAAGCTGTGGCAGG-3') and was cloned in the Spel-site in front of an
Simian virus 40 (SV40) intron-polyA sequence. A neomycin (neo) selection cassette
(within a PL451 plasmid), composed of a phospho-glycerate kinase (PGK) promoter
and the neomycin resistance gene sequence flanked by FRT-sites, was amplified by
PCR (Fw: 5-GGCCAGTGAATTGTAATACGA -3, Rev: 5'-
NNNATCGATCCCGGGAAGTTCCTA-3") and digested with EcoRl and Clal
(underlined) and then cloned behind the SV40intron-polyA sequence. The 5 and 3’
homology arm (HA) of Sox10 were amplified by PCR (5" HA Fw: 5-NNNCCGCGG
GAAAGAGAGGTGAGCGAAAAGG-3, 5 HA Rev: 5-NNNGCGGCCGCCCTCGTG
AAGAGCCCAA-3'; 3 HA Fw: 5-NNNGTCGACAAAGCTAGCCGACCAGTACCCTCA
CC-3, 3 HA Rev: 5-NNNGGTACCCCACCCACAGAATTCCAACC-3) with the
bacterial artificial chromosome (BAC) RP 23-28011 (imaGenes) as template. PCR
products contained respective restriction sites for Sacll, Notl, Sall and Kpnl
(underlined) and were cloned 5 of the iCre and 3" of the neo-selection marker
resulting in the targeting vector as shown in Fig. 1a.

BAC RP 23-28011 was transformed into the EL250 strain that contains an

arabinose-inducible Flpe gene (Lee et al., 2001). After homologous recombination of
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the targeting vector within the BAC, the neo-selection marker was removed by the
FIpE recombinase resulting in the final BAC-construct with the “targeted Sox10
ANeo-box” (Fig. 1a). The transgenic BAC-DNA was purified with a modified caesium
chloride (CsCl) gradient (online protocol, www.med.umich.edu/tamc/BACDNA.html).
The iCreER™ insert was amplified by PCR and sequence confirmed. The BAC
integrity was confirmed by amplification of the BAC 5’- and 3’ ends by PCR. Used
primers are:

Eif3eip Fw: 5-ACCATGTACCCGATGCGGATCGACG-3/,

Eif3eip Rev: 5-TAGAAGTCCACCTCCGAGGCCGAC-3;

Micalll Fw: 5'-TTCTGGCCAAGGTGAGAGGGGACCC-3,

Micalll Rev: 5-GCTGTGCCGACAGCCCAGAAGAG-3/;

Pick1 Fw: 5'-GCAGCCTTGGATGGCACTGTGGCAG-3',

Pick1 Rev: 5-GGCCAGTGAATTGTAATACGACTC-3;

Pla2g6 Fw: 5'-TGCACAGATCCAGATGGGCGGGC-3,

Pla2g6 reverse: 5-CGGGAGCTCAGGGAGACAGCAGCAG-3).

Both, the BAC-transgenic clone and its CsCl-purified DNA were sent to PolyGene
(Switzerland) for microinjections in the pronucleus of fertilized C57BI/6 mouse
oocytes. Two different founder lines (1-Sox10 and 2-Sox10) were generated and
tested for germline transmission of the BAC-transgene. Mice of both founder lines

were crossed to a CAG-GFP reporter mouse line (Nakamura et al., 2006).

Southern Blot

20 ug genomic DNA of mouse tail biopsies of the lines 1-Sox10, 2-Sox10 and
wildtypes as well as 1 pg of CsCl-purified targeted Sox10-Bac ANeo-box were
extracted (Laird ef al., 1991) and digested with the restriction enzyme Arvil resulting

in a 3095 bp fragment. Genomic fragments were separated in a 0.7% agarose gel by
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electrophoresis. Gel was depurinated, denaturated and neutralized before blotting on
a positively charged nitrocellulose membrane (Roche). The 308 bp long southern
probe is located at the end of the iCre / beginning of the ER™, amplified by PCR (with
the primers  Fw: 5-CAGTAAGCCCATCATCGAAG-3 and Rev: 5-
CCATCCCTGAAATCATGCAG-3’) and purified (High Pure PCR Cleanup Micro Kit,
Roche) before the digoxigenin (DIG)-labeling (according to the manufacturers
protocol; Dig High Prime DNA labelling and Detection Starter Kit |; NBT/ BCIP
detection - Roche). Hybridization and detection were done according to the

manufacturers protocol (Roche).

Real-time PCR

Tail biopsies of mice of line 1-Sox10 (n=6), 2-Sox10 (n=6) and C57BI/6 wildtype
controls were prepared as described by Laird et al. (1991). Real-time PCR was
performed on a Roche-LightCycler 480 system using LightCycler 480 Probes Master
und Universal Probe Library (mouse) according to manufacturer's protocol. The
following primers were used to detect BAC-DNA within the genome: Fw: 5'-
GTCCCTGGGGGTTACCAA-3'; Rev: 5-TCATCAGCCACACCAGACAC-3 together
with universal probe number 22. The reference gene GAPDH was detected with the
primers Fw: 5-CTTGGGCTTCCTTTAGGGTAA-3; Rev: 5-GCGGTTCATTCATTT
CCTTC-3 together with universal probe number 70.

Standard dilution series of CsCl-purified BAC DNA and C57BI/6 genomic DNA were
done in order to calculate the standard curve for iCre and GAPDH, respectively. For
the transgene standard curve the appropriate number of BAC molecules were spiked
into 40 ng of C57BI/6 genomic DNA. Each PCR reaction contained 40 ng of genomic

tail DNA (in total) and was performed in triplicates for each sample. The transgene
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copy numbers of line 1-Sox10 and 2-Sox10 were calculated based on the iCre and

GAPDH standard curve and were multiplied by two to account for a diploid genome.

Genotyping

Tail biopsies of mice were processed as described by Laird et al. (1991). DNA was
amplified by PCR with primers (Fw: 5-AAACACCCACACCTAGAGAC-3’, Rev: 5-
ACCATTTCCTGTTGTTCAGC-3') binding in the 5' UTR (intron 1) of the Sox10 gene
and in the iCre (as shown in Fig. 1a), respectively. 27 cycles at an annealing

temperature of 52°C results in a PCR product of 452 bp.

Animals

Tamoxifen (Sigma-Aldrich) was diluted in ethanol (final concentration: 10%) and corn
oil. For embryonic induction the mother received 3 mg tamoxifen suspension by
gavaging. Adult (2-3 month old) mice received either three times every second day
10mg tamoxifen suspension by gavaging or for 14 days tamoxifen food (400 mg/kg

tamoxifen; LASvendi) and were analyzed 5 days after the last induction day.

Histological analysis

Embryos were fixed for 4 to 12 hours in 4% paraformaldehyde (PFA) before
cryoprotection in 30% sucrose. Whole embryos were frozen in OTC medium
(TissueTek) on dry ice, cut in 14 pm thick sections and mounted on positively
charged glass slides. Postnatal/ adult mice were anaesthetized and transcardially
perfused with 4% PFA. Brains were collected and either postfixed in 4% PFA
overnight (required for the Sox10 immunohistochemistry) or only for 10 min before
being cryoprotected in 30% sucrose. 30 pym thick brain and 14 um thick organ

sections were cut and stained according to standard protocols as described
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previously (Dimou ef al., 2008) with the following primary antibodies: rabbit (rb)-
GFAP (Dako; 1:500), mouse (m)-GFAP (Sigma; 1:500), chick-GFP (Aves Lab;
1:500), m-GSTm (BD; 1:500), m-NeuN (Millipore; 1:500), rb-NG2 (Millipore; 1:500),
guinea pig-Sox10 (kindly provided by Michael Wegner; 1:1000). Secondary
antibodies were chosen according to the primary antibodies and were coupled to
Alexa488, Cy2, Alexab55, Cy3, Alexa647 or Cy5 and sections were counterstained
with 4' 6-diamidino-2-phenylindole (DAPI; Sigma Aldrich).

Images were collected with an Olympus microscope (BX61TRF) or a Zeiss confocal
microscope system (LSM710). The quantitative analysis was done with ImageJ
counting confocal images of 15 pm thick z-stacks. At least two adjacent fields of view
in the medial part of the intact motor and somatosensory cortical GM were quantified
in at least 3 animals and 3 different sections per animal. All results are presented as

average with the standard error of the mean.



3 Results

61

References

Antonellis A, Huynh JL, Lee-Lin SQ, Vinton RM, Renaud G, Loftus SK, Elliot G, Wolfsberg TG, Green ED,
McCallion AS, Pavan WJ. 2008. Identification of neural crest and glial enhancers at the mouse
Sox10 locus through transgenesis in zebrafish. PLoS Genet 4: e1000174.

Black JA, Renganathan M, Waxman SG. 2002. Sodium channel Na(v)1.6 is expressed along
nonmyelinated axons and it contributes to conduction. Brain Res Mol Brain Res 105: 19-28.

Boda E, Vigano F, Rosa P, Fumagalli M, Labat-Gest V, Tempia F, Abbracchio MP, Dimou L, Buffo A.
2011. The GPR17 receptor in NG2 expressing cells: Focus on in vivocell maturation and
participation in acute trauma and chronic damage. Glia.

Bremer M, Frob F, Kichko T, Reeh P, Tamm ER, Suter U, Wegner M. 2011. Sox10 is required for
Schwann-cell homeostasis and myelin maintenance in the adult peripheral nerve. Glia 59:
1022-1032.

Breuskin |, Bodson M, Thelen N, Thiry M, Borgs L, Nguyen L, Lefebvre PP, Malgrange B. 2009. Sox10
promotes the survival of cochlear progenitors during the establishment of the organ of Corti.
Dev Biol 335: 327-339.

Britsch S, Goerich DE, Riethmacher D, Peirano Rl, Rossner M, Nave KA, Birchmeier C, Wegner M.
2001. The transcription factor Sox10is a key regulator of peripheral glial development. Genes
Dev 15: 66-78.

Burns AJ, Delalande JM. 2005. Neural crest cell origin for intrinsic ganglia of the developing chicken
lung. Dev Biol 277: 63-79.

Deal KK, Cantrell VA, Chandler RL, Saunders TL, Mortlock DP, Southard-Smith EM. 2006. Distant
regulatory elements in a Sox10-beta GEO BAC transgene are required for expression of Sox10
in the enteric nervous system and other neural crest-derived tissues. Dev Dyn 235: 1413-
1432.

Dimou L, Simon C, Kirchhoff F, Takebayashi H, Gotz M. 2008. Progeny of Olig2-expressing progenitors
in the gray and white matter of the adult mouse cerebral cortex. ] Neurosci 28: 10434-10442.

Dutton IR, Antonellis A, Carney TJ, Rodrigues FS, Pavan WJ, Ward A, Kelsh RN. 2008. An evolutionarily
conserved intronic region controls the spatiotemporal expression of the transcription factor
Sox10. BMC Dev Biol 8: 105.

Feil R, Wagner J, Metzger D, Chambon P. 1997. Regulation of Cre recombinase activity by mutated
estrogen receptor ligand-binding domains. Biochem Biophys Res Commun 237: 752-757.

Goldstein ME, House SB, Gainer H. 1991. NF-L and peripherin immunoreactivities define distinct
classes of rat sensory ganglion cells. ] Neurosci Res 30: 92-104.

Korn J, Christ B, Kurz H. 2002. Neuroectodermal origin of brain pericytes and vascular smooth muscle
cells. | Comp Neurol 442: 78-88.

Kuhlbrodt K, Herbarth B, Sock E, Hermans-Borgmeyer |, Wegner M. 1998. Sox10, a novel
transcriptional modulator in glial cells. ] Neurosci 18: 237-250.

Kuspert M, Hammer A, Bosl MR, Wegner M. 2011. Olig2 regulates Sox10 expression in
oligodendrocyte precursors through an evolutionary conserved distal enhancer. Nucleic
Acids Res 39: 1280-1293.

Laird PW, Zijderveld A, Linders K, Rudnicki MA, Jaenisch R, Berns A. 1991. Simplified mammalian DNA
isolation procedure. Nucleic Acids Res 19: 4293.

Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA, Court DL, Jenkins NA, Copeland NG.
2001. A highly efficient Escherichia coli-based chromosome engineering system adapted for
recombinogenic targeting and subcloning of BAC DNA. Genomics 73: 56-65.

Lefebvre V, Dumitriu B, Penzo-Mendez A, Han Y, Pallavi B. 2007. Control of cell fate and
differentiation by Sry-related high-mobility-group box (Sox) transcription factors. Int J
Biochem Cell Biol 39: 2195-2214.



3 Results

62

Ludwig A, Schlierf B, Schardt A, Nave KA, Wegner M. 2004. Sox10-rtTA mouse line for tetracycline-
inducible expression of transgenes in neural crest cells and oligodendrocytes. Genesis 40:
171-175.

Montero JA, Giron B, Arrechedera H, Cheng YC, Scotting P, Chimal-Monroy J, Garcia-Porrero JA, Hurle
IM. 2002. Expression of Sox8, Sox9 and Sox10 in the developing valves and autonomic nerves
of the embryonic heart. Mech Dev 118: 199-202.

Nakamura T, Colbert MC, Robbins J. 2006. Neural crest cells retain multipotential characteristics in
the developing valves and label the cardiac conduction system. Circ Res 98: 1547-1554.

Paratore C, Goerich DE, Suter U, Wegner M, Sommer L. 2001. Survival and glial fate acquisition of
neural crest cells are regulated by an interplay between the transcription factor Sox10 and
extrinsic combinatorial signaling. Development 128: 3949-3961.

Pusch C, Hustert E, Pfeifer D, Sudbeck P, Kist R, Roe B, Wang Z, Balling R, Blin N, Scherer G. 1998. The
S0X10/Sox10 gene from human and mouse: sequence, expression, and transactivation by
the encoded HMG domain transcription factor. Hum Genet 103: 115-123.

Reiprich S, Stolt CC, Schreiner S, Parlato R, Wegner M. 2008. SoxE proteins are differentially required
in mouse adrenal gland development. Mol Biol Cell 19: 1575-1586.

Shibata S, Yasuda A, Renault-Mihara F, Suyama S, Katoh H, Inoue T, Inoue YU, Nagoshi N, Sato M,
Nakamura M, Akazawa C, Okano H. 2010. Sox10-Venus mice: a new tool for real-time
labeling of neural crest lineage cells and oligodendrocytes. Mol Brain 3: 31.

Shimshek DR, Kim J, Hubner MR, Spergel DJ, Buchholz F, Casanova E, Stewart AF, Seeburg PH,
Sprengel R. 2002. Codon-improved Cre recombinase (iCre) expression in the mouse. Genesis
32:19-26.

Stallcup WB. 2002. The NG2 proteoglycan: past insights and future prospects. J Neurocytol 31: 423-
435.

Stine ZE, Huynh JL, Loftus SK, Gorkin DU, Salmasi AH, Novak T, Purves T, Miller RA, Antonellis A,
Gearhart JP, Pavan WJ, McCallion AS. 2009. Oligodendroglial and pan-neural crest expression
of Cre recombinase directed by Sox10 enhancer. Genesis 47: 765-770.

Stolt CC, Wegner M. 2010. SoxE function in vertebrate nervous system development. Int J Biochem
Cell Biol 42: 437-440.

Werner T, Hammer A, Wahlbuhl M, Bosl MR, Wegner M. 2007. Multiple conserved regulatory
elements with overlapping functions determine Sox10 expression in mouse embryogenesis.
Nucleic Acids Res 35: 6526-6538.

Winkler EA, Bell RD, Zlokovic BV. 2010. Pericyte-specific expression of PDGF beta receptor in mouse
models with normal and deficient PDGF beta receptor signaling. Mol Neurodegener 5: 32.



3 Results

63

Acknowledgements

We thank Ingo Burtscher and Sascha Imhof for their help in generating the transgenic
mouse line and Giacomo Masserdotti for his support with the Real-time PCR. We are
very grateful to Michael Wegner for providing us the Sox10-antibody, to Gabriele
Jaeger, Ines Muhlhahn and Johanna Zaisserer for excellent technical assistance and
to Francesca Vigano for careful correction of this manuscript. This work was
supported by grants of the Breuer Stifftung and the Deutsche
Forschungsgemeinschaft, including the SFB 596 and SFB 870, the European
Community (Integrated Project EUTRACC), the Helmholtz Association (HELMA), the
Bundesministerium fuer Bildung und Forschung (BMBF), the Bavarian State Ministry

of the Sciences, Research and the Arts and the Friedrich Bauer Stiftung.



3 Results

64

Figure legends

Figure 1

Generation of the Sox10-iCreER™ BAC-transgenic mouse line. a) Scheme showing
the wildtype BAC used for cloning. Exon 3 of the Sox10 gene, encoding the start
codon, is replaced by a targeting vector. This targeting vector comprises the 5’ and 3’
homology arm (HA), the iCre and ER™ coding gene sequence and the neomycin-
resistance box (Neo-box) flanked by Fri-sites. After homologous recombination of the
targeting vector into the wildtype BAC, the Neo-box is excised by FIpE resulting in the
transgenic BAC with the targeted Sox10 ANeo-box. Position of the forward (Fw) and
reverse (Rev) primers for the genotyping PCR are indicated as well as the location of
the southern probe. b) Genotyping PCR using primers Fw and Rev to distinguish
transgenic mice from wildtype animals. ¢) Southern Blot analysis showing the DNA-
ladder, Arvll-digested genomic DNA of tail biopsies from the two transgenic mouse

lines and wildtype mice and positive control DNA.

Figure 2

Analysis of the brain of adult induced Sox10-iCreER">-mice. a-b) Overview of the
distribution of reporter+ cells in the brain in line 1-Sox10 (a) and 2-Sox10 (b). c-f)
Confocal images showing reporter+ cells in the cortical white matter (WM, c), gray
matter (GM, d), dentate gyrus (e) and subependymal zone (SEZ, f) that colocalize
with Sox10. g) Quantification of reporter+ cells in the adult cortical gray matter. h-h")
Confocal images of reporter+ cells in the adult gray matter (h) that colocalize with
Sox10 (h’) and/or GSTTr (h”). i) Graph showing the identity of recombined cells. j-')
Confocal images showing reporter+ cells (j) that are double-stained (arrow) or are

immuno-negative (arrowhead) for NG2/GSTm (). k) Graph depicting the
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recombination efficiency of line 1- and 2-Sox10 in the adult cortical gray matter. c-f,
h-h”, i-i": line 1-Sox10; a-f, h-h”, i-": maximal intensity projections of confocal images;

scale bars: 20 pm

Figure 3

Analysis of peripheral organs of adult induced Sox10-iCreER™-mice. a-f) Confocal
images showing reporter+ cells in the intestine (a), stomach (b), adrenal gland (c),
sciatic nerve (d), skin (arrowheads; e) and eye (f). Recombined GFP+ cells in the
intestine, stomach, adrenal gland and sciatic nerve (a-d) are peripheral glial cells, co-
localizing either with GFAP (a-c) or Sox10 (d). a-c, e: maximal intensity projections of

confocal images; d, f: single confocal plain; scale bars: 10 pm

Figure 4

Embryonic induction (at E10.5) and analysis (at E17.5) of the Sox10-iCreER"-mouse
line. a-f) Confocal images showing reporter+ cells in the inner ear (a-a”), trigeminus
(b), dorsal root ganglia (c-c'), adrenal gland (d), skin (e) and gut (f-f). Recombined
GFP+ cells in the cochlea (a) colocalize either with NeuN+ hair cells (arrow, a’) or are
probably NeuN- supporting cells in the organ of Corti (arrowheads, a”). Reporter+
cells in the dorsal root ganglia (c) partially colocalize with peripherin (arrows, ¢’). c-e:
single confocal plane; a-b, f-f: maximal intensity projections of confocal images;
arrows point to double-immunopositive cells, arrowheads indicate single-

immunopositive cells.

Figure §
Analysis of adult Sox10-iCreER™-mice induced at E7.5. a-f") Confocal images

showing reporter+ cells in the eye (a), heart (b), gut (c-¢”), adrenal gland (d-d”) and
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the cortical gray matter (GM, e-f’). Recombined GFP+ cells in the intestine (c-c’) are
NeuN+ enteric neurons (c”). Instead, reporter+ cells in the adrenal gland (d) are
either peripheral glial cells, colocalizing with GFAP (arrow, d’-d”), or are probably
chromaffine cells (arrowheads, d-d”). Recombined GFP+ cells in the CNS (e, f) are
pericytes, double-stained with PDGFRB (arrows, e-e”) and NG2 (arrows, f-f*). b:
single confocal plane; a, c-f: maximal intensity projections of confocal images;
arrows point to double-immunopositive cells, arrowheads indicate single-

immunopositive cells; a,c, d-f” scale bar: 10 ym; b, ¢’-¢”" scale bar: 5 pm

Table1
Comparison of reporter+ cells in different tissues in two different Sox10 transgenic
mouse lines, namely S4F:Cre (Stine et al. 2009) and the here described inducible

Sox10-iCreER™. (n.a. - not analyzed)
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Tissue S4F:Cre Sox10-iCreER" - Recombination
embryonic {7.5-E10.5) adult
Otic vesicle Yes Yes n.a.
PNS Yes Yes Yes
Melanocytes — Skin Yes Yes Yes
Melanocytes - Eye n.a. Yes Yes
Enteric Nervous Yes Yes Yes
System {cells not specified) {neurons and glial cells) {glial cells)
Adrenal Gland n.a. Yes Yes
Oligodendrocyte Yes No Yes
lineage
Pericytes n.a. Yes No
Limb Yes No n.a.




4 Discussion

4.1 Adult NG2+ glia — a slow cycling and self-renewing cell population

NG2+ glia are the predominant proliferating cells outside the neurogenic niches in the adult
intact CNS (Dawson et al., 2003; Dimou et al., 2008; Gensert and Goldman, 2001; Horner et
al., 2000; Simon et al., 2011a). In the cortical GM these cells have a cell cycle length of about
37 days with a particular long G1-phase (Simon et al., 2011a), being in line with other recent
publications in humans and rodents (Geha et al., 2010; Psachoulia et al., 2009). Notably, the
cell cycle length of NG2+ cells increases with age that might be due to a further prolongation
of the G1-phase (Lasiene et al., 2009; Psachoulia et al., 2009) and results in a decrease in
differentiation (Kang et al., 2010; Zhu et al., 2011). This age-dependent alteration of the cell
cycle is not specific for parenchymal progenitors, but has already been described for
neuroepithelial precursors, as for example during development (Takahashi et al., 1995).
Here, the length of the G1-phase of neuroepithelial progenitors increases during
embryogenesis and can be even correlated to the fate of neuroepithelial progenitors and the
mode of cell division (reviewed in Gotz and Huttner, 2005). In short, this cell cycle length
hypothesis suggests that during early neurogenesis neuroepithelial progenitors (with a short
G1-phase) divide symmetrically by expanding their pool. Later on, these progenitors have a
prolonged Gl-phase and will divide asymmetric by giving rise to a neuron and a
neuroepithelial progenitor or symmetrically by generating two neurons (Gotz and Huttner,
2005). Then, at adult stages the stem cells in the neurogenic niches divide mainly
asymmetric by giving rise to another stem cell and to a intermediate progenitor that can
generate continuously new neurons via symmetric divisions in vitro (Costa et al., 2011).
However, adult NG2+ glia have been shown to divide mainly symmetrically in vivo, according
to their morphology and receptor distribution (Ge et al., 2009). In contrast, recent data now
provide more evidence that a considerable proportion of NG2+ glia divides also asymmetric
when analyzing NG2 and epidermal growth factor receptor (EGFR) expression (Sugiarto et
al., 2011) and thereby supporting previous publications in vivo (Polito and Reynolds, 2005;
Zhu et al., 2011). In summary, these in vivo data suggest heterogeneity amongst proliferating
NG2+ cells: Some NG2+ cells divide symmetrically and either remain NG2+ or give rise to two
mature oligodendrocytes or divide asymmetrically with one daughter cell to remain NG2+

and the other one to differentiate. However, it remains open whether there is a similar
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relationship between the cell cycle length and the mode of division for NG2+ cells as it is
shown for neural-glial progenitors. Instead, the age-dependent alterations of the cell cycle
length of NG2+ glia and their differentiation seem to be rather complex. Their proliferation/
differentiation behavior might reflect intrinsic differences (Shi et al., 1998), changes in the
access to growth factors that are released by neighboring cells, e.g. neurons, astrocytes and
endothelial cells (Arai and Lo, 2009a, 2009b; Kang et al., 2010), or simply the reduced need

of mature oligodendrocytes with age.

Despite the fact that adult NG2+ cells can differentiate into mature oligodendrocytes (Dimou
et al., 2008; Kang et al., 2010; Rivers et al., 2008; Zhu et al., 2011), the number of NG2+ glia
remains constant over life (Rivers et al., 2008), thereby suggesting indirectly that these cells
can self-renew. In my study | could provide for the first time direct evidence that NG2+ cells
in the intact brain parenchyma can self-renew. In addition, radiation experiments of the
adult cortex, causing a depletion of NG2+ glia, showed a subsequent restoration of the NG2+
glial network by the remaining NG2+ progenitors (Irvine and Blakemore, 2007; Panagiotakos
et al., 2007). Therefore, these data suggest a feedback mechanism between NG2+ cells to
regulate their cellular density. However, less is known about it on a molecular basis
(reviewed by Orentas and Miller, 1998). Results of primary oligodendrocytes cultures
propose a regulatory system that is independent of other cell types, e.g. astrocytes and
neurons (Zhang and Miller, 1996), and does not rely on the coupling of NG2+ glia to other
cells by gap-junctions or electrical activity (Von Blankenfeld et al., 1993). Therefore, to keep
the NG2+ cell population constant a remaining model might consist of cell-cell contacts
mediated by glycoproteins, as shown for fibroblasts (Wieser et al., 1990), and/ or a locally
restricted autocrine release of proliferative factors by NG2+ cells. In the future, it might be
important to define the mechanisms that control NG2+ cell density as these cells are the
basis to generate mature (myelinating) oligodendrocytes. Failure in repopulation of a
functional NG2+ glial network could result in demyelination (Panagiotakos et al., 2007), that
contributes to neurodegeneration (Nave, 2010). Therefore, it would be interesting to
distinguish the intrinsic properties of NG2+ glia from environmental influences in regard to
their proliferation/ differentiation behavior. Such studies would certainly help to shed more

light on the development of demyelinating diseases, e.g. Multiple Sclerosis.
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4.2 Heterogeneity of NG2+ glia

Although NG2+ cells show mainly a homogenous antigen expression pattern (Figure 2),
studies analyzing properties of NG2+ glia in different brain regions, e.g. cell cycle length,
progeny and electrophysiological characteristics, suggest a region-dependent heterogeneity
amongst the NG2+ cell population. Several publications could show that NG2+ cells in the
cortical WM have an accelerated cell cycle speed compared to NG2+ progenitors in the
cortical GM (Psachoulia et al., 2009; Rivers et al., 2008). This decrease in cell cycle length in
the WM could be correlated to an increased differentiation of NG2+ progenitors to mature
oligodendrocytes (Dimou et al., 2008; Kang et al., 2010; Psachoulia et al., 2009; Rivers et al.,
2008). Indeed, fate-mapping analysis of the OIigZ::CreERT'VI mouse line extended this regional
heterogeneity by showing that NG2+ cells in the WM generate more myelinating
oligodendrocytes while NG2+ progeny in the cortical GM remain largely NG2+ and give rise
to few mature oligodendrocytes (Dimou et al., 2008). Kang et al. (2010) confirmed a cortical
GM and WM difference, although they could demonstrate that NG2+ cells in both cortical
areas are able to generate myelinating oligodendrocytes (Kang et al.,, 2010). These
contradicting results might be due to differences in the mouse lines, used in both studies.
First, the recombination rate is higher in the PDGFRa-CreER™ mice than in Olig2::CreER™
mice (Dimou et al., 2008; Kang et al., 2010). Second, the Olig2::CreER™ mouse line might
restrict the analysis to a distinct subpopulation of NG2+ cells as mainly cells with high Olig2
levels were recombined (as discussed in Simon et al., 2011a). Instead, Kang et al. (2010)
labeled a broader NG2+ cell population independent of their Olig2 expression level.
However, there seems to be a consistency about the diversity of NG2+ cells between cortical
GM and WM that is not only reflected in their speed of proliferation and differentiation, but
probably also in their receptor expression and structural relationship to neurons and
astrocytes (reviewed by Maldonado et al., 2011). How is this diversity of cortical NG2+ glia
achieved? One assumption could be an intrinsic heterogeneity of cortical NG2+ cells.
Therefore, NG2+ cells might be pre-primed based on their diverse developmental origin by
being progeny of the lateral and dorsal wall of the subventricular zone and the diencephalon
(Kessaris et al., 2006; Psachoulia et al., 2009). So far studies failed to show any correlation of
the fate to distinct developmental origins (Psachoulia et al., 2009). Therefore, regional

diversity of NG2+ glia might be intrinsically instructed, independent of the developmental
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origin, or rather being instructed by environmental cues, e.g. neuronal activity (as discussed

below).

Nevertheless, all published studies can show likewise a continuous differentiation of NG2+
glia to mature and even to myelinating oligodendrocytes in the adult CNS (Barnabe-Heider et
al., 2010; Dimou et al., 2008; Kang et al., 2010; Psachoulia et al., 2009; Rivers et al., 2008;
Simon et al., 2011a). These data suggest de novo myelination, supported by results showing
an increased number of myelinated axons during adulthood (Nunez et al., 2000; Yates and
Juraska, 2007). Also a life-long turnover of myelin with continuous de- and re-myelination
could be possible as there is no obvious change in brain weight (before the onset of age-
related decline) and only localized volume plasticity is detectable under physiological
conditions (reviewed by Sowell et al., 2004). However, the differentiation rate of mature
oligodendrocytes towards myelinating oligodendrocytes in the adult cortical GM and WM s
low compared to the number of mature oligodendrocytes being present and newly
generated from NG2+ cells in the adult CNS (Dimou et al., 2008; Simon et al., 2011a). This
raises questions about the biological relevance of the continuous generation of these mature
oligodendrocytes in vivo. One possible function of mature oligodendrocytes is to alter the
conduction velocity of neurons locally as a possible adaptation mechanism to neuronal firing
(Nave, 2010; Sanchez et al., 1996). In addition, oligodendrocytes might be relevant to
support axonal integrity and survival (Nave, 2010). For example, loss of peroxisomes in
oligodendrocytes can cause neurodegeneration (Kassmann et al., 2007), whereas lack of
peroxisomes in astrocytes and even in neurons has no impact on neuronal integrity
(Bottelbergs et al., 2010). Additionally, the direct cell-to-cell communication between
mature oligodendrocytes and neurons might be important to maintain the axonal integrity
as alterations in their signalling can cause progressive axonal loss as shown for non-
myelinating Schwann cells — the cell type in the peripheral nervous system equivalent to
oligodendrocytes (Chen et al., 2003). Taken together, the precise biological impact of the
diverse NG2+ progenitors and their progeny on neuronal survival and brain homeostasis in
the adult CNS has just started to be elucidated and requires further analysis in regard to

NG2+ glia heterogeneity.
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4.3 Regulation of proliferation and differentiation of NG2+ glia by neuronal
activity

Early in vitro data of primary oligodendrocyte cultures suggested a cell-intrinsic timer
mechanism in NG2+ glia that measures the rounds of cell division (Raff, 2006) or time in
general (Gao et al., 1997) before these cells start to differentiate. However, co-cultures of
NG2+ cells together with neurons pointed to additional regulatory mechanisms for their
proliferation/differentiation, comprising environmental cues that might outweigh the
intrinsic timer (Rosenberg et al., 2008). In line with this, there are observations showing that
NG2+ cells can keep their synaptic connections, e.g. to neurons, during cell division (Ge et
al., 2009; Tanaka et al., 2009), whereas they receive less neuronal input upon differentiation
(De Biase et al., 2010; Kukley et al., 2010). Not only the contact of NG2+ cells to neurons but
also neuronal activity can influence the rate of proliferation/differentiation of NG2+ glia in
the intact adult cortex. Upon increased physical activity the number of NG2+ progenitors is
temporarily decreased while their differentiation is enhanced (Simon et al., 2011a). The
remaining proliferating cells are not randomly localized within the cortical GM compared to
control mice. Instead, these NG2+ progenitors show a specific column-like distribution
within the somatosensory and motor cortex upon increased physical activity (Simon et al.,
2011a). This proliferative pattern might be associated with neuronal activity as a
synchronized firing of neurons in a column-like structure upon stimulation has been already
described (Opris et al., 2011; Zhang and Alloway, 2004). In addition, NG2+ progenitors
prematurely leave the G1-phase and differentiate into oligodendrocytes, thereby supporting
previous publications (Barres and Raff, 1993; Demerens et al., 1996; Li et al., 2010). Although
direct stimulation of neurons resulted in an increase in proliferating cells in the spinal cord
WM (Li et al., 2010), NG2+ cells in the cortical GM decrease in proliferation temporarily upon
a two weeks period of voluntary physical exercise (Simon et al., 2011a). This difference could
be due to different experimental approaches or the regional diversity of NG2+ glia (see
discussion above about heterogeneity of NG2+ cells). However, NG2+ glia can compensate
the decrease in proliferation during an additional two weeks period on the running wheel (in
total: four weeks of increased physical activity; Simon et al. unpublished data). In addition,
the generation and maintenance of new mature oligodendrocytes in the cortical GM during
voluntary exercise seems to be dependent on increased neuronal activity: While the number

of mature oligodendrocytes decreases during a subsequent period without running wheels,
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BrdU+ oligodendrocytes are maintained during a prolonged period of voluntary exercise
(Simon et al., unpublished data). Therefore, this neuronal activity-dependent differentiation
mechanism of NG2+ cells might support distinct neuronal networks and may contribute to
improved behavior. For example practicing playing the piano is related to structural changes
in the human cortical GM and WM (Bengtsson et al., 2005; Fields, 2005; Gaser and Schlaug,
2003). Along this line, Juraska et al. (1988) could show that an enriched environment results
in an increased number of myelinated axons in the WM of adult rodents (Juraska, 1998). In
contrast, reduced neuronal activity, e.g. by postnatal visual deprivation, resulted in a delay
of myelination of the optic nerve and a delayed maturation of retinal neurons (Gyllensten
and Malmfors, 1963). Overall this neuronal activity-dependent mechanism of
proliferation/differentiation of NG2+ cells could be an additional form of plasticity in the
adult brain whereby distinct neuronal circuits might be improved, newly generated or
stabilized. However, it remains open whether neuronal stimulation not only results in the
generation of mature oligodendrocytes, but also in myelinating oligodendrocytes and if this
is directly correlated with a permanent improved behavior of adult mammals. In addition, it
would be interesting to analyze the molecular correlation to this neuronal activity-
dependent plasticity. /In vitro data suggest that proliferation of NG2+ cells which, in turn,
could be regulated for example (1) by a neuronal release of glutamate, adjacent activation of
AMPA receptors on NG2+ cells that in turn could result in the activation of cAMP response
binding element (CREB; (Redondo et al., 2007)) or (2) by the secretion of PDGF (a known
mitogenic signal for NG2+ glia) from astrocytes due to neuronal activity (Figure 8; (Barres

and Raff, 1993; Calver et al., 1998; Engel and Wolswijk, 1996)).

Little is known about mitogenic signals or even cell cycle inhibitors that are released by
neurons and astrocytes upon neuronal activity in vivo. Instead, more data exist regarding the
differentiation of NG2+ cells upon electrical stimulation of neurons. Pathways, that could be
stimulated upon neuronal activity, are the expression of serum-response factor (SRF) in
neurons (Knoll and Nordheim, 2009; Stritt et al., 2009), resulting in the transcriptional
inhibition of connective tissue growth factor (CTGF) — a neuronal paracrine factor, known to
sequester extracellular insulin-like growth factor 1 (IGF 1; (Chong and Chan, 2010)).
Therefore, IGF 1 could bind to its receptor on NG2+ cells that would result in differentiation,
at least in vitro (Cui et al., 2010; Galvin et al., 2010). Besides neuronal SRF, the release of ATP

by neurons could influence the proliferation and differentiation of NG2+ glia. Neuronal ATP
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release can result for example in the secretaion of physiological concentrations of leukemia
inhibitory factor (LIF) by astrocytes that in turn could promote maturation of NG2+ cells
(Ishibashi et al., 2006). In addition, adenosine (a metabolite of ATP) can inhibit the
proliferation of NG2+ cells and promote their differentiation dependent on neuronal activity
(Stevens et al., 2002). Besides the above mentioned molecules, there is a wide range of
other factors, being expressed by neurons (e.g. Jagged 1, Lingo and PSA-NCAM) or secreted
by other cell types that can influence the differentiation of NG2+ glia (Figure 8; (Chong and
Chan, 2010; Emery, 2010; Kremer et al., 2011)). However, the majority of these data derived

from in vitro experiments and the analysis of neonatal NG2+ cells
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Figure 8 Scheme summarizing the neuronal influence on the differentiation of NG2+ cells. Possible neuronal cues are
shown that can either enhance or block the differentiation of NG2+ glia towards myelinating oligodendrocytes. (adapted
from Emery 2010)

The major intracellular pathways in NG2+ cells involved in the regulation
proliferation/differentiation are the Notch and Wnt/BMP pathways that act as negative
regulators, blocking the differentiation of NG2+ cells (Figure 8; (Emery, 2010; Feigenson et
al., 2011; Li and Richardson, 2009; Teo and Kahn, 2010; Wang et al., 1998; Zhou and
Armstrong, 2007)). Otherwise, sonic hedgehog (Shh; (Ulloa and Marti, 2010)), released by
neurons in an activity-dependent way (Beug et al., 2011), promotes the differentiation of
NG2+ glia at least during development (Nery et al., 2001). Although the differentiation of
NG2+ cells seems to be tightly regulated by neuronal activity, it remains still open if neuronal
stimulation has a direct impact on the proliferation rate of adult NG2+ glia. It could also be
possible that the proliferation of NG2+ cells is a secondary consequence of the
differentiation of NG2+ cells upon neuronal activity: Once a NG2+ cell differentiates,

surrounding NG2+ cells could start to proliferate in order to maintain the NG2+ cell density
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within the CNS as shown after four weeks of voluntary exercise (Simon et al., unpublished
data). This would suggest that neuronal activity might largely influence NG2+ cell
differentiation. Furthermore, it is still not clear whether the communication between
neurons and NG2+ glia is uni- or bidirectional. Therefore, ablating NG2+ cells in the adult
CNS might reveal new insights in the plasticity of neuronal networks and its behavioral
impact. In addition, studying the reaction of NG2+ glia under pathological conditions, e.g.
neuronal hyperexcitibility (epilepsy) or transmitter imbalance (autism), might shed new light

on the disease mechanismes.

4.4 Reaction of NG2+ glia to acute injury

The response of NG2+ glia to trauma occurs with a similar temporal profile as microglia.
Moreover, NG2+ glia react not only by cellular hypertrophy and up-regulation of NG2, but
also by increased proliferation around the injury side (Simon et al., 2011a). These data are
consistent with other publications analyzing either acute lesion (stab wound as well as cryo
injuries) in the cortical GM (Buffo et al., 2005; Hampton et al., 2004; Rhodes et al., 2006;
Tatsumi et al., 2005) and in the cerebellum (Levine, 1994) or demyelinating lesion in the
spinal cord (Watanabe et al., 2002). The morphological and proliferative reaction of NG2+
cells is transient and decreases to basal levels already 14 days post injury (Simon et al.,
2011a). This decline in NG2+ glial reactivity again correlates again to the decrease in
reactivity of microglia. Rhodes et al. (2006) showed that the response of NG2+ cells to
traumata is dependent on the break-down of the BBB. Signals, being secreted by
macrophages and platelets (e.g. tumor necrosis factor a, transforming growth factor B,
interleukin 1a and interferon y), can cause morphologically alterations of NG2+ cells towards
a reactive phenotype. In addition, NG2+ cells achieve the fast proliferative response to acute
traumata by re-entering the cell cycle and by shortening its length (Simon et al., 2011a),
consistent with data from spinal cord lesions (Watanabe et al., 2002). This short cell cycle
length after injury is comparable to postnatal stages (as determined by Psachoulia et al.
(2009)), thereby supporting the hypothesis that NG2+ glia can recapitulate developmental
stages upon pathological conditions (Chong and Chan, 2010). Indeed, in vitro data support
the concept that adult NG2+ cells can accelerate their cell cycle speed in the presence of
distinct mitogens, e.g. PDGF, neuregulin-1 and increased cAMP levels (Shi et al., 1998), or

decrease their proliferation by inhibitory signals, e.g. ADP/ ATP (Agresti et al., 2005b) and
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interferon-y (Agresti et al., 1996). In addition, numerous factors have been shown or
proposed to regulate the proliferation of NG2+ cells after lesion in vivo, as for example
factors that are released by injured axons and endothelial cells or by neighboring
oligodendrocytes and astrocytes (reviewed in (Fawcett and Asher, 1999; Levine et al., 2001).
These molecules include growth factors that are up-regulated after injury, e.g. PDGF, FGF,
IGF and CNTF (Barres and Raff, 1994; Fortin et al., 2005; Liu et al., 1994; Mason et al., 2003;
Redwine and Armstrong, 1998; Tripathi and McTigue, 2008). In particular, inflammatory
lesions induce local production of several cytokines and chemokines (McTigue and Tripathi,
2008) which, together with other blood derived factors, might influence the proliferation of
NG2+ cells (Kerstetter et al., 2009; Rhodes et al., 2006; Taylor et al., 2010). In addition, other
pathways might have an impact on the reactivity of NG2+ glia upon injury, e.g. Shh, Wnt,
Notch and BMP signalling (Amankulor et al., 2009; Boda and Buffo, 2010). However, the
effects of mitogens on NG2+ glia might vary in different brain areas and injury paradigms
and could also be dependent on the developmental stage (Mason and Goldman, 2002;

Pfeiffer et al., 1993).

The recapitulation of developmental stages of NG2+ cells upon acute injury might not only
be limited to the cell cycle speed, but could also compromise a fate change towards
astrocytes. Indeed, several studies showed that a small subpopulation of adult NG2+ glia can
up-regulate intermediate filaments, e.g. GFAP, vimentin and nestin, upon acute injury
(Alonso, 2005; Busch et al., 2010; Komitova et al., 2011; Sellers et al., 2009; Tatsumi et al.,
2008). So far, these molecules are known to be expressed in reactive astrocytes after trauma
in the adult brain parenchyma (Robel et al., 2011b) and in adult stem cells (Kriegstein and
Alvarez-Buylla, 2009). In addition, our fate-mapping data of the Sox10-iCreER™ mouse line
support the expression of astrocytic antigens (e.g. GFAP, S100B and vimentin) after acute
injury in progeny of the oligodendrocyte lineage (Simon et al., unpublished data). This
observation is supported by recent fate-mapping study, using NG2-CreER™ mice (Komitova
et al., 2011) suggesting that some NG2+ cells could adopt at least partially astrocytic-like
features. However, the generation of astrocytes from NG2+ cells is controversially discussed
as others failed to confirm it, e.g. in fate-mapping analysis of Olig2+ progenitors in lesions in
Olig2::CreER™ mice (Barnabe-Heider et al., 2010; Dimou et al., 2008). The discrepancy
between these studies could be due to differences between the mouse lines, e.g. particularly

the different recombination rate (as already discussed herein) and the altered
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recombination of distinct cell types. The Olig2::CreER™ mouse line is characterized by
recombining low numbers of parenchymal astrocytes already in the intact CNS (Dimou et al.,
2008) while recombined cells in Sox10-iCreER™ mouse line are restricted to the
oligodendrocyte lineage (Simon et al., 2011b). In addition, the fate-mapping analysis of the
Sox10-iCreER™ mice after injury revealed that astrocytic-like NG2+ cells probably derive
from non-dividing NG2+ cells as they do not incorporate BrdU after stab wound injury
(Simon et al., unpublished data). Therefore, these cells also remained undetectable in other
studies, focusing only on proliferating NG2+ glia (Simon et al., 2011a). Additional data even
suggest that these astrocytic-like subpopulation of NG2+ cells appear only transient
(Komitova et al., 2011; Sellers et al., 2009) or these cells upregulate only transiently GFAP,
S100B and vimentin. Furthermore, this subpopulation of NG2+ cells seems to be related to

acute traumata while chronic/ degenerative lesion paradigms lack them (Kang et al., 2010).

Nevertheless, less is known about the function of NG2+ cells around the injury site. Ablation
of proliferating glial cells after acute trauma suggested an improved axonal recovery (Rhodes
et al., 2003). Whether this is due to a decrease in microglia, astrocytes or NG2+ glia, as all of
them proliferate after acute injury, is still unkown. In addition, the astrocytic-like NG2+ cells
are only detectable during the acute phase of lesions (Komitova et al., 2011; Sellers et al.,
2009) and might be associated with phagocytic functions (Sellers et al., 2009), e.g. by
removing myelin debris that is another toxic component in the lesion site (Nave, 2010). To
gain further insights in the contribution of NG2+ cells within the glial scar it would be
important to define new molecules, allowing to distinguish “quiescent” NG2+ cells from

reactive ones and to ablate NG2+ glia from the lesion.

4.5 Sox10-iCreER™ mouse line — a new tool to fate-map neural crest cells
and the oligodendrocyte lineage

In this study, | generated a mouse line to overcome the low recombination rate in NG2+
cells, as published for other mouse lines (Dimou et al., 2008; Zhu et al., 2011), and yet being
specific to the neural crest and to the oligodendrocyte lineage in the adult CNS (Simon et al.,
2011b). This Sox10-iCreER™ mouse line is indeed unique as the fate of Sox10+ cells can be
analyzed at distinct stages. In contrast, previously published mouse lines, e.g. Sox10-Cre or
Sox 10-Venus, label either Sox10+ cells already at embryonic stages or only transiently when

the Sox10 promoter is active, respectively (Shibata et al., 2010; Stine et al., 2009). In
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addition, the expression from both endogenous Sox10 alleles is spared in the BAC-transgenic
Sox10-iCreER™ mouse line and thereby circumventing a heterozygote phenotype, that is
characterized e.g. by partial aganglionosis in the intestine of the Sox10::lacZ and Sox10::rtTA
mice (Britsch et al., 2001; Ludwig et al., 2004; Paratore et al., 2001). Taken together the
results obtained so far, this new Sox10-iCreER™ mouse line can reveal new insights in the
neural crest lineage due to its unique features. We have now direct evidence that pericytes
in the adult CNS are the progeny of neural crest. This data support similar observations in
the thymus (Muller et al.,, 2008) and are in line with results obtained from quail-chick
transplantation experiments (Korn et al., 2002) and in the human tissue plasminogen
activator-Cre mice (Pietri et al.,, 2003). Recently, neural crest derivatives gained in
importance as these cells display stem cell capacity and can be reprogrammed to other cell
types (Binder et al., 2011; Dupin et al., 2007; Zhao and Prather, 2011). In particular, adult
cortical pericytes have been shown to be reprogrammed to neurons in vitro (Sanchez et al.,
2011, under revision) and might serve as a new endogenous source for brain repair upon
lesion. In general, the Sox10-iCreER™ mice recapitulate the endogenous Sox10 expression in
the PNS and CNS during development and in the adult. For example, recombination in the
adult CNS of Sox10-iCreER"™ mice will label exclusively the oligodendrocyte lineage with high
efficiency in contrast to previous published mouse lines using the Olig2, NG2 and PDGFRa
promoter (Dimou et al., 2008; Kang et al., 2010; Rivers et al., 2008; Zhu et al., 2011). This
highly efficient recombination of Sox10+ cells is not only limited to the CNS but also
detectable in the PNS. Therefore, the Sox10-iCreER™ mouse line is a useful tool to
conditionally ablate genes in Sox10+ cells to obtain more information about the Sox10+
lineage. This is of particular importance as Sox10+ cells can be involved in a variety of
diseases in peripheral organs as well as in the CNS, e.g. melanoma, Wardenburg-
Hirschsprung disease, glioma, acute traumata, MS, schizophrenia and autism (Agnarsdottir
et al., 2010; Britsch et al., 2001; Carmody and Lewis, 2010; Iwamoto et al., 2005; Lim et al.,
2011; Nishiyama et al., 2009; Simon et al., 2011a).
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4.6 A translational perspective: NG2+ glial biology towards clinical
application

NG2+ glia compose not only the major dividing cell population in the brain parenchyma of
rodents, but also in humans (Geha et al., 2010; Nunes et al., 2003). Therefore, these cells are
susceptible for oncogenic mutations that might result in tumor formation (Visvader, 2011).
Indeed, NG2+ cells are the predominant proliferative population in different types of glioma
(Chekenya and Pilkington, 2002; Liu et al., 2011; Shoshan et al., 1999) and are shown to be
the origin of these tumors (Lindberg et al., 2009; Liu et al., 2011). Glioma are the most
common brain tumors with a high rate of malignancy that goes along with poor survival
probability (Norden and Wen, 2006). Common treatments besides operations are the
administration of cytostatic drugs and the radiation of tumorigenic brain areas that are both
strategies targeting proliferating cells. Liu et al. (2011) labeled a profound number of dividing
tumorigenic NG2+ cells within one week BrdU pulse, suggesting that these cells might have
an accelerated cell cycle speed compared to non-tumorigenic NG2+ progenitors (Simon et
al., 2011a). However, the cell cycle of tumorigenic NG2+ glia might be too slow to be
efficiently targeted by cytostatica with short half-life times, e.g. Temozolomide
(EssexPharma, 2009). In addition, brain-permeable cytostatica might also hit non-
tumorigenic NG2+ cells that could result in an increased proliferation of surrounding NG2+
glia (as discussed above). In addition, radiation might, for example, cause neurotoxicity,
disruption of BBB, inflammation and demyelination (Panagiotakos et al., 2007; Perry and
Schmidt, 2006; Zhao and Robbins, 2009) that are events associated with a high reactivity of
NG2+ glia (as discussed above). Overall, cytostatic drugs and radiation might increase the
likelihood of a tumorigenic transformation of NG2+ cells and could probably be one
explanation for the high chemoresistance and recurrence rate of glioma (Giannopoulos and
Kyritsis, 2010). Therefore, there is the need to distinguish non-tumorigenic NG2+ progenitors
from their tumorigenic counterparts on a molecular basis to develop novel cellular-specific

pharmacological approaches in glioma therapy.
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A1 List of abbreviations

pm Micrometer

AChR Acetylcholine receptor

AMPA a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate
APC (CC1) Adenomatosis polyposis coli
AraC Cytosine-D-arabinofuranoside
ASPA Aspartoacylase

ATP Adenosine triphosphate

BAC Bacterial artificial chromosome
BBB Blood brain barrier

BDNF Brain-derived neurotrophic factor
BLBP Brain lipid binding protein

BMP Bone morphogenic protein

bp Base pairs

BrdU 5’-bromo-desoxyuridine

ca® Calcium ion

cAMP Cyclic adenosine monophosphate
cc1 See APC

CD11b Cluster of differentiation 11b
CD45 Cluster of differentiation 45

CNS Central nervous system

CNTF Ciliary neurotrophic factor

CsCl Cesium chloride

CTGF Connective tissue growth factor

d Day

DAPI 4’,6’-diamidino-2-phenylindole
Dcx Doublecortin

DIG Digoxigenin

dpi Days post injury

dpr Days post recombination

DRG Dorsal root ganglia

E Embryonic day

e.g. Exempli gratia

ECM Extracellular matrix

EGFR Epidermal growth factor receptor
EPSC Excitatory postsynaptic current
ER Estrogen receptor

FGF Fibroblast growth factor

G gram

GABA y-aminobutyric acid

GDNF Glial cell line derived neurotrophic factor
GFAP Glial fibrillary acidic protein

GFP Green fluorescent protein

GLAST Alias Slc1a3 - solute carrier family 1 (glial high affinity glutamate transporter), member 3
Glu Glutamate

GM Gray matter

Gp Guinea pig

GPR17 G-protein coupled receptor 17
GSTn Glutathione-S-transferase 1

h Hour

HDAC Histon deacetylase

Hes Hairy and enhancer of split

lbal Induction of brown adipocytes 1
iCreER" Improved Cre recombinase fused to a truncated estrogen receptor
Id Inhibitor of differentiation

IGF Insulin-like growth factor

IL interleukin

IPSC Inhibitory postsynaptic current
JAMA Junctional adhesion molecule A
kb Kilo base pairs

kg Kilogram
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lacz B-galactosidase

LGE Lateral ganglionic eminence

LI Labeling index

LIF Leukemia inhibitory factor

Lingo Leucine rich repeat and Ig domain containing
m Mouse

M Molar

MAG Myelin-associated glycoprotein

Mash Ascl1 — achaete-scute complex homolog 1
MBP Myelin basic protein

mg Milligram

MGE Medial ganglionic eminence

min Minute

mm Millimeter

MMP Metalloproteinase

MOG Myelin oligodendrocyte glycoprotein

MS Multiple sklerosis

Neo Neomycine

NeuN Neuronal nuclear antigen

NG2 Neuron-glia antigen 2

NGF Nerve growth factor

NT Neurotrophin

OHT 4-hydroxy tamoxifen

OLIG2 Oligodendrocyte transcription factor 2
OPC Oligodendrocyte precursor cell

PAC P1-derived artificial chromosome

PDGF Platelet-derived growth factor

PDGFRa Platelet-derived growth factor a receptor
PFA Paraformaldehyde

PhD Doctor of Philosophy

PLP/ DM20 Myelin proteolipid protein

PNS Peripheral nervous system

PSA-NCAM Poly sialated-neural cell adhesion molecule
R26R Rosa26 reporter mouse line, expressing 3-galactosidase
Rb Rabbit

Rt Rat

rtTA Tetracycline reverse transcription activator
s.C. Subcutan

S100B $100 calcium binding protein B

SEM Standard error of the mean

Shh Sonic hedgehog

Sox SRY (sex determining region Y)-related high mobility group box protein
SRF Serum response factor

TAM Tamoxifen

Tcf Transcription factor

TGF T growth factor

TH1 T-helper cell 1

TH2 T-helper cell 2

TIMP Tissue inhibitory of metalloproteinase
™ Tamoxifen

TNC Tenascin

TNF Tumor necrosis factor

UTR Untranslated region

WM White matter

Whnt Wingless-related MMTV integration site
Wt Wildtype

YY Ying and Yang

z.B. Zum Beispiel

Z/EG GFP reporter mouse line

ZNS Zentrales Nervensystem
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A2 List of figures

Figure 1 Origin of NG2+ CEIIS (OPCS)...ucuuvvieerereerierire ettt sv e s senee
Figure 2 The oligodendrocyte lineage in the adult CNS.......ccccevvvvvivviiiievenenene,
Figure 3 Scheme depicting the formation of a glutamate-mediated (Glu) tripartite
contact between neurons, astrocytes and NG2+ cells in the gray and
WHITE Mt ittt et
Figure 4 Scheme showing an acute 1eSioNn Side.........coeveveeveiieeienie v
Figure 5 Scheme summarizing factors that are released by microglia amongst

others upon acute inflammation and grouped according their effect on
neurons into pro-inflammatory and anti-inflammatory cues...............

Figure 6 Scheme summarizing the reaction of gray matter astrocytes upon acute
110 25T
Figure 7 Cartoon summarizing the Cre/loxP system using the example of

Olig2::CreER™ mice crossed to a green fluorescent protein (GFP)
FEPOItEr MOUSE lINE...cuicviiceiece ettt s e

Figure 8 Scheme summarizing the neuronal influence on the differentiation of
NG 24 CRIIS ittt s steste st e st st st e e senaenaens
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A3 List of tables

Table 1

Summary of inducible transgenic mouse lines to target NG2+ glia
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