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ABSTRACT

Nestin, a class VI intermediate filament (nanofilament) protein, is
commonly used as a marker for neural stem/progenitor cells (NSPCs),
but its role in neurogenesis remains elusive. Nestin is also expressed in
immature and reactive astrocytes. The up-regulation of intermediate
filament proteins glial fibrillary acidic protein (GFAP), vimentin and
nestin is a characteristic feature of reactive astrocytes, accompanied by
alterations in the expression of many other genes. We found that
transgenic mice deficient for nestin have increased number of newly
born hippocampal neurons 6 weeks after BrdU in vivo labeling,
suggesting increased generation and/or survival of newly born neurons.
We also showed that in vitro nestin deficient astrocytes provide a more
pro-neurogenic environment that results in a 2-fold increase in
neuronal differentiation of NSPCs.

Astrocytes are highly heterogeneous cells and fulfill a variety of
important functions in healthy as well as diseased brain. In addition,
astrocytes can exhibit features characteristic of NSPCs and modulate
neurogenesis by inhibiting neuronal differentiation of NSPCs through
Jaggedl-mediated Notch signaling. Given the vast array of astrocyte
functions, classification of astrocyte subpopulations on a molecular
level is highly desirable. We used single cell quantitative real-time
PCR to investigate the heterogeneity of astrocytes with respect to their
Notch signaling competence. Our results show that the Notch signal
sending but not Notch signal receiving competence of astrocytes
depends on GFAP and vimentin. Further, we showed that nestin and
heparin binding EGF-like growth factor (HB-EGF) may serve as
classifiers of astrocyte subpopulations in vitro.

Utilizing our newly developed Bioactive3D and standard 2D cell
culture systems, we showed that HB-EGF alters astrocyte morphology
towards a more radial glia-like phenotype. HB-EGF affects
proliferation, differentiation and expression of Notch signal pathway
related genes and leads to the up-regulation of nestin expression. HB-
EGF in cell culture media results in partial de-differentiation of
astrocytes and therefore should be used with caution.
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1 INTRODUCTION

1.1  Development of the mammalian central nervous system
(CNS)

1.1.1 The major cellular players of the CNS

The mammalian central nervous system (CNS) consists of three
parts: the brain, the retina and the spinal cord. Functions of the spinal
cord are e.g. to conduct sensory information from the peripheral
nervous system to the brain and to control simple muscle reflexes. The
brain is responsible for the integration and evaluation of the sensory
information and coordination of conscious or unconscious responses
and, in addition, for complex functions such as thinking, memory and
emotions.

The major cellular players within the mammalian CNS are
neurons and glial cells. The CNS consists of roughly the same number
of neurons and glial cells, however the neuron-glia ratio depends on
the CNS region [1]. In addition, the ratio is increased in organisms of
higher taxonomy as is the morphological complexity of astrocytes [2].
Neurons are defined as electrically excitable cells, which convey
information through electrical action potentials or through chemical-
induced signal transduction via neurotransmitters. Neurons are a highly
heterogeneous cell class based on their functions and morphology,
with various subpopulations, such as sensory neurons, interneurons or
motoneurons. Glial cells are defined as electrically non-excitable cells
and comprise macroglial cells, such as astrocytes, oligodendrocytes,

NG-2 glia, and microglia in the CNS. Oligodendrocytes are equivalent
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to the Schwann cells of the peripheral nervous system and have
myelinating function isolating neuronal axons. NG-2 glia are
oligodendrocyte precursor cells and the most recent identified
subpopulation of glia. Microglia are the immune cells within the CNS.
Astrocytes are highly multifunctional cells and play important roles in
extracellular ion homeostasis, recycling of neurotransmitters,

neurogenesis and also in CNS regeneration.

1.1.2 Neural stem/progenitor cells in CNS development

The development of the CNS starts during early embryogenesis
within the one-layered neuroepithelium of the neural plate, which later
forms the neural tube. Neural stem cells (NSCs) of the neural tube
(neuroephitelial cells), characterized by unlimited self-renewing
capability and multi-potency, generate the two major cell classes of the
CNS, neurons and macroglia (astrocytes, oligodendrocytes and NG-2
glia), while microglia are generated by mesodermal stem cells. NSCs
divide symmetrically, generating two daughter NSCs until the onset of
neurogenesis (embryonic day 9-10 in mice). After the onset of
neurogenesis, NSCs start to divide asymmetrically to generate one
NSC and a more differentiated neural progenitor cell (NPC), which is
restricted in its possible lineage development to neurons. With the
onset of neurogenesis, the neuroepithelium becomes multilayered and
most neuroephitelial cells change their molecular properties (e.g.
down-regulation of tight junctions) and start to show some astrocyte
features, such as the presence of glutamate transporters, and are named

radial glia cells, that give either rise directly to neurons or differentiate
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into neural intermediate progenitor cells (capable to generate neurons
or macroglial cells) through asymmetric division. In most regions of
the mouse CNS, the molecular shift from neuroepithelial cells to radial
glia cells occurs between embryonic day 10 — 12. Most radial glia cells
are lineage restricted to neurons, astrocytes or oligodendrocytes and
they serve as a migration scaffold for neurons. The onset of generation
of the macroglial cells (gliogenesis), astrocytes (astrogenesis) and
oligodendrocytes (oligodenrocytogenesis), occurs after the onset of
neurogenesis in CNS development, with the peak of astrogenesis at
perinatal time points and the peak of oligodendrocytogenesis at
postnatal time points (Fig. 1; for review see [3]).

Neurogenesis Astrogenesis Oligodendrocytogenesis

Fig.1 Development of the major cell types within the CNS. During embryogenesis
neurogenesis starts first, followed by astrogenesis that lasts into perinatal and postnatal time
points. Oligodendrocytogenesis starts perinatal and lasts into adulthood. Modified after
Verkhratsky & Butt, Glial Physiology and Pathophysiology, 2013.
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1.2 Adult neurogenesis

1.2.1 Neurogenesis in the adult CNS occurs in two distinct regions

The traditional view of neurogenesis in the CNS was that
generation of neurons from neuroepithelial cells and/or radial glia cells
occurs only during embryogenesis and perinatal stages. Studies by J.
Altman 50 years ago provided the first evidence of postnatal
neurogenesis in rat hippocampi [4]. Functional integration of newly
born neurons in adults was first shown in songbirds in 1984 [5] and in
1992 NSCs were first isolated from adult mammalian brain [6, 7].

The capacity of the healthy adult mammalian CNS to generate
and functionally integrate new neurons into existing neuronal networks
is extremely limited under physiological conditions in comparison to
the developing CNS. In addition, within the healthy CNS adult
neurogenesis occurs in two distinct neurogenic niches only, namely the
subventricular zone (SVZ) of the lateral ventricles and the subgranular
zone (SGZ) of the hippocampal dentate gyrus (Fig. 2), while
gliogenesis in the adult brain is not restricted to specific niches. Newly
born neurons in the SVZ migrate along the rostral migratory stream
into the olfactory bulb and replace interneurons throughout the
lifespan. Newly born neurons in the SGZ of the dentate gyrus are
capable to integrate into existing hippocampal neuronal networks but
remain within the hippocampus (for review see [8]). The survival and
functional integration of newly born neurons is affected by
intracellular factors, such as cell-cycle regulators and transcription
factors, extracellular factors, such as cell-cell signaling mechanisms,

released growth factors or hormones (for review see [9]) but also by
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external stimuli of the environment, such as learning and memory,
enriched environment, physical activity, stress or diet [10-15].

Hippocampus
with dentate gyrus

X~ =

Hypothalamus

Fig. 2 The neurogenic niches within the adult rodent brain. New-born neurons are either

generated in the subventricular zone of the lateral ventricles (LV) and migrate along the
rostral migratory stream (RMS) to the olfactory bulb (OB), where they replace interneurons,
or in the subgranular zone of the dentate gyrus within the hippocampus, where they are

integrated into functional neuronal networks. CB, cerebellum.

1.2.2 Neural stem/progenitor cells in the adult brain

Adult hippocampal neurogenesis has been implicated in
mechanisms for learning and memory and disturbed adult neurogenesis
within the SGZ of the dentate gyrus has been associated with
depression, neuroinflammation and epilepsy. Adult neurogenesis
within the SVZ of the lateral ventricles has been implicated in
olfaction. Identification of the neural stem/progenitor cells (NSPCs),
that give rise to new neurons in the adult CNS, was one of the main
research subjects in the past years, however the matter of the origin of

adult-born neurons is still under debate.
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Recently two non-mutually exclusive models of the origin of
adult-born neurons were proposed, suggesting that newly born neurons
in the hippocampus arise either from radial glia-like cells (also known
as type I cells or type I progenitors) or from non-radial precursors (also
known as type II cells) that are defined by their expression of the
progenitor cell marker Sox2 (Fig. 3A). Both cell types reside within
the SGZ and are considered to be quiescent, slowly dividing NSCs.
Radial glia-like cells express the astrocyte marker glial fibrillary acidic
protein (GFAP) and also the stem/progenitor cell marker nestin.
However, radial glia-like cells or non-radial precursors do not directly
generate newly born neurons but divide asymmetrically and produce
intermediate progenitor cells (also known as type D cells).
Intermediate progenitor cells generate neuroblasts that are integrated
into the granular cell layer and mature into granule cells. Radial glia-
like astrocytes within the SGZ also maintain the functional properties
of normal astrocytes. The different origin of newly born neurons in the
adult may be an indicator for the existence of several subpopulations of
adult neural stem cells within the CNS.

In the SVZ of the lateral ventricles NSCs (also named radial
glia-like cells, type B cells or SVZ astrocytes) give rise to newly born
neurons (Fig. 3B). Radial glia-like cells express stem cell specific
markers, such as nestin and Sox2, but also astrocyte specific markers,
such as GFAP and the glutamate aspartate transporter (GLAST).
Radial glia-like cells are suggested to be quiescent, slowly dividing
NSCs that give rise to type C cells (or transient-amplifying progenitor

cells) that have a high proliferative capability, function as intermediate
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progenitor cells in the adult SVZ and generate immature neuroblasts
(type A cells), which subsequently migrate along the rostral migratory
stream into to olfactory bulb to replace interneurons (for review see
[16, 17]).

A Radial glia-like cell B

(Type I cell)

Non-radial precursor
cell (Type Il cell)

Radial glia-like cell
(B cell)

A Transient

amplifying cell (C cell)

Intermediate
progenitor cell

Neuroblast o Neuroblast (A cell)

i

L)

®

(=]

\v New granule cell
0

e

. Ependymal cell

\\ Astrocyte

Mature granule cell

Astrocyte

Fig. 3 Schematic illustration of the neurogenic niche in the SGZ of the dentate gyrus (A)
and the SVZ of the lateral ventricles (B). A) Radial glia-like cells (Type I cells) and non-
radial precursors (Type Il cells), located in the granular cell layer of the dentate gyrus,
generate intermediate progenitor cells. Proliferation of intermediate progenitor cells leads to
generation of neuroblasts that develop into new granule cells and are finally integrated as
mature granule cells in the neuronal hippocampal network. B) Radial glia-like cells (B cells)
in the SVZ generate transient amplifying cells (C cells), which generate immature neuroblasts
(A cells) that migrate along the rostral migratory stream into the olfactory bulb to replace

interneurons.

1.2.3 The cellular environment of the adult neurogenic niches
Transplantation studies of NSPCs or neural grafts into various
regions of the adult CNS showed, that neuronal differentiation of the
transplanted NSPCs or grafts only occurs in the two adult neurogenic
niches [18-21]. These findings point to the cellular environment as a
key modulator for neurogenesis in adult CNS.
The major cellular players that influence the micro-

environment of the adult neurogenic niches are astrocytes, endothelial
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and ependymal cells, microglia, mature neurons and the progeny of
adult NSCs and/or NPCs. NPCs with dividing capability were shown
to be located closely to the capillaries of the vasculature, implicating
that vascular derived signals and molecules regulate proliferation of
NPCs [22, 23]. Astrocytes that are in cell-cell contact with cells of the
vascular system and connected through gap junctions, can modify the
effects of blood-derived molecules and can regulate the disposal of
endothelial-derived cytokines or growth factors. Moreover, astrocytes
can control proliferation and differentiation of adult NPCs and affect
migration, maturation and synapse formation through diffusible or
membrane-attached factors [24]. Besides astrocytes, microglia are also
known to actively regulate neurogenesis in the adult CNS through
phagocytosis of apoptotic newly generated neurons in the adult SGZ

[25].

1.3 Astrocytes

1.3.1 The functions of astrocytes in healthy brain

Astrocytes are the most abundant glial cell type within the CNS
[26]. They constitute 50% of all glial cells, besides oligodendrocytes,
NG-2 glia and microglia. Under physiological conditions astrocytes are
often (and wrongly) referred to as “quiescent” astrocytes, since they
were believed to provide mainly structural support for the CNS.
However, over the 30 last years, astrocytes were shown to be highly

complex and multifunctional cells involved in various cellular
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processes, mechanisms and cell-cell interactions necessary for a
normally functioning brain [27, 28].

Astrocytes are in direct cell-cell contact with neurons,
oligodendrocytes, microglia, endothelial cells, pericytes and other
astrocytes, thereby influencing and modulating the environment in the
brain. Named “astro-cyte” because of their star-shaped morphology, it
was later shown that astrocytes exhibit a more “bushy” morphology
with many fine processes [29-31]. This morphology allows one human
astrocyte to be in contact with up to two million synaptic terminals [2],
thereby regulating neuronal activity via for example recycling of
neurotransmitters, such as glutamate [32]. In addition, astrocytes are
directly involved in synaptogenesis by affecting synaptic plasticity and
pruning of new synapses [33-36] and were recently shown to actively
engulf synapses in the developing as well as adult CNS depending on
neuronal activity [37]. Homeostatic functions of astrocytes include
regulation of extracellular H' (for review see [38, 39]) and K'
concentration (for review see [40]) as well as regulation of the H,0
transport (for review see [41]). Astrocytes locally regulate cerebral
blood flow [42, 43] and their end-feet are in contact with endothelial
cells, thereby regulating the formation and maintenance of the blood-
brain-barrier [44].

Astrocytes cannot communicate with each other electrically
through action potentials like neurons, but they are connected by gap
junctions into so-called astrocyte syncytia and communicate through
Ca*" waves and other molecules [45]. Release of molecules by

astrocytes  (gliotransmission) affects neuronal differentiation,
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proliferation and morphology (see also 1.2.3 The cellular environment
of the adult neurogenic niches) and also synaptic strength [46-48].
Recently it was shown, that astrocytes affect neurogenesis by actively
inhibiting neuronal differentiation of NSPCs through Jag-1 mediated
Notch signaling [49].

1.3.2 Astrocytes in diseased brain — reactive astrocytes

Upon CNS injury, neuroinflammation, neurotrauma, such as
stroke, or neurodegenerative diseases, such as Alzheimer’s disease or
Parkinson’s disease, astrocytes become reactive [50]. This
phenomenon is called reactive gliosis and is accompanied by various
morphological and functional changes of astrocytes [27, 51, 52].
Hallmarks of reactive gliosis are hypertrophy of astrocyte processes,
up-regulation of the cytoskeletal intermediate filament proteins GFAP
and vimentin and re-expression of nestin. However, the extent of
astrocyte activation depends on the type and severity of CNS damage
and changes in morphology, proliferation and alteration of gene
expression during reactive gliosis is context dependent and differs
under various pathophysiological conditions [53-55]. Astrocyte
activation ranges from reversible and time-limited changes in gene
expression, such as up-regulation of GFAP and re-expression of the
intermediate filament proteins synemin and nestin [56, 57], to the
irreversible generation of a glial scar due to proliferation of reactive
astrocytes near the injury site [52, 58]. A glial scar protects the
surrounding, healthy tissue from spreading CNS damage [52, 58], but

also forms a physical barrier for axonal regeneration after the acute

10
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stage of injury [59]. However, the (patho-) physiological response of
the CNS is not restricted to astrocytes becoming reactive, but involves

a multicellular reaction of all cell types within the CNS [60].

1.3.3 Astrocytes are heterogeneous

Astrocytes exhibit a high degree of heterogeneity [61, 62] and
given the highly complex functions of astrocytes in healthy as well as
diseased CNS, classification of astrocyte subpopulations on a
molecular level is highly desirable. So far, astrocytes have been
classified as protoplasmic or fibrous astrocytes, based on their
morphological structure and their occurrence in gray and white matter,
respectively [51]. In addition, Bergmann Glia in the cerebellum and
Miiller Glia in the retina have been classified as subpopulations of
astrocytes based on their morphology, physiological properties,
expression of specific markers and their response to injury [62, 63].
However, it is still a matter of debate, if and how many other astrocyte
subpopulations exist, which of these exist already in vivo and if some
of these can be found exclusively in vitro.

The most common used astrocyte-specific markers are GFAP,
S100B and glutamine synthetase. The aldehyde dehydrogenase 1
family, member L1 (AldhlL1; also known as 10-
formyltetrahydrofolate dehydrogenase) was suggested as an additional
astrocyte marker, that in healthy brain is present in more astrocytes

than GFAP [64].

11
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14  The intermediate filament (nanofilament) system

1.4.1 Intermediate filaments

The cytoskeleton of most eukaryotic cells consists of
microfilaments (actin filaments), microtubules and the intermediate
filament system. The actin filaments are the thinnest of all cytoskeletal
components and important for determination of the cell shape as well
as cell motility, while microtubules are the thickest cytoskeletal
components and are important for e.g. intracellular transport and cell
division. In contrast to actin filaments and microtubuli, the expression
of intermediate filament proteins is highly tissue-specific (Fig. 4) and
fulfills functions beyond mechanical stability (for review see [65, 66]).

Intracellular localization and function of mitochondria, the
Golgi and the nucleus as well as intracellular protein targeting depend
on intact intermediate filaments. In addition, the intermediate filament
cytoskeleton was shown to have cytoprotective functions in stress and
injury situations and act as signaling platform controlling various cell
responses to stress. Over 70 cytoplasmic and nuclear intermediate
filament proteins are known and their expression is highly dynamic
and depends on the developmental stage, the cell- and tissue-type as
well as on the physiological condition (e.g. healthy versus diseased
cell/tissue). All intermediate filament protein molecules consist of a
rod, head and tail domain. The a-helical rod domain is highly
conserved, while the flanking N-terminal head and C-terminal tail
domains differ both in amino acid sequence and length. Intermediate
filament proteins wusually form polymers by either homo-

polymerization or hetero-polymerization with each other, a process,

12
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which is regulated by phosphorylation/dephosphorylation of threonine
and/or serine residues of the N-terminal head domain (for review see
[65]).

Intermediate filament proteins can be divided into 6 different
classes depending on their amino acid sequence and protein structure.
Type I intermediate filament proteins comprise acidic keratins, while
type II comprise basic keratins. The astrocyte intermediate filament
proteins GFAP and vimentin belong to class III, while the neuronal
intermediate filament proteins neurofilament-L, -M, -H and o-
internexin belong to class IV. Intermediate filament proteins
comprising the nuclear envelope (lamin A, B, C) belong to class V.
Nestin, a stem cell marker and astrocyte intermediate filament protein

belongs to type VI intermediate filament proteins (Fig. 4).

Lens \ Hair shaft and nail
- Phakinin || [l - Keratin Ha1-8 (Il)
- Filensin - Keratin Hb1-6 (1)

Nervous system
-Neurofilaments-L, -M, -H (IV)
- a-internexin (1V)

- Nestin (V1)

- GFAP (Il1)

- Vimentin (Il)

- Synemin (V1)

Epidermal keratins
- Keratin 1,2,5,6 (11)
- Keratin 9,10,14.17, 19 (1)

Simple epidermal keratins
- Keratin 7, 8 (I1)
- Keratin 18-20 (1)

Muscle (cardiac, skeletal, smooth)
- Desmin (I11)

- Syncoilin (I11)

- Synemin (IV)

Liver (stellate cells) I
- GFAP (I11)

- Vimentin (I1l)
- Synemin (V1)

Enteric glia
- GFAP (IIl)

Blood vessel/mesenchyme
- Vimentin (I1l)

Nucleus
0 -Lamin A, B, C (V)

Fig. 4 Expression and classification of intermediate filament proteins. The expression of

intermediate filament proteins is tissue-specific and depends on the developmental stage. All
intermediate filament proteins can be classified into 6 different subclasses. Modified after
Toivola et al. 2005.
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1.4.2 Nestin

Expression of nestin was first described in neuroephitelial cells
[67, 68] but ranges from NSPCs, immature astrocytes in the
developing CNS [68, 69] to developing heart, muscle, kidney and testis
tissue [70-72]. In the adult brain, nestin expression is maintained in
NSPCs and radial glia [73] and is induced in reactive astrocytes after
injury, stroke and in neurodegenerative diseases [56, 74]. Nestin
expression is often used as a marker specific for NSPCs [68, 75, 76],
however its functional role in neurogenesis remains elusive.

Nestin was shown to regulate apoptosis and myoblast
differentiation via interaction with Cdk5 [77-79]. Further, assembly
and disassembly of nestin with its polymerization partners (nestin
cannot self-polymerize [56]) is regulated by the Cdc2 kinase. Together
with cyclin B, Cdc2 comprises the maturation/M-phase promoting
factor complex, which regulates the transition within the cell-cycle,
implicating that nestin is important for dividing and migrating cells

[80-82].

1.4.3 Glial fibrillary acidic protein (GFAP)

Expression of GFAP within the CNS occurs in astrocytes [83]
and radial glia [84-86] and in the peripheral nervous system in non-
myelin forming Schwann cells and enteric glia cells, but is also
expressed in ependymal cells, kidney, testis, epidermis, osteocytes,
chondrocytes, pancreatic and liver tissue [87-93]. After injury GFAP

expression is up-regulated in reactive astrocytes.

14
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GFAP, alone or together with vimentin, is implicated to play a
role in many fundamental cellular processes, such as astrocyte motility
and migration [94-96], proliferation [97-101], vesicle trafficking [102-
106], modulation of neuronal activity [107, 108], synaptic plasticity
[109], glutamate transport and synthesis [110-113], neurite outgrowth
[114-117] and cytoprotective functions after injury [30, 118-121].

So far 10 different splice variants of GFAP are known and
literature about GFAP gene expression usually relates to the most
abundant splice form GFAPa (for review see [122]).

GFAP usually polymerizes with vimentin in astrocytes, but
cannot polymerize with nestin in the absence of vimentin. GFAP
replaces nestin as a polymerization partner for vimentin after
maturation of astrocytes [56]. However, in vimentin deficient
astrocytes it has been shown that GFAP can polymerize into

abnormally bundled intermediate filaments [56].

1.4.4 Vimentin

Expression of vimentin occurs in astrocytes, in cells of
mesenchymal origin, leukocytes, epithelial cells, fibroblasts and
developing muscle. Functions of vimentin comprise maintaining cell
shape, compartmentalization and anchoring of organelles such as the
nucleus and the endoplasmatic reticulum (for reviews see [65, 66, 123,
124]). Similar to GFAP, vimentin plays important roles in many
fundamental cellular processes, such as during wound healing [125,
126], in mechanotransduction of shear stress [127], cyto-protection

after CNS injury [30], migration and serves as a signaling platform (for

15



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

review see [123]). In addition, vimentin is implicated to play a role in
intracellular vesicle trafficking [102-106] and in astrocyte motility
[95].

In astrocytes, Vimentin cannot polymerize into homodimers in
the absence of GFAP and forms heterodimers with nestin in immature

astrocytes and with GFAP in mature astrocytes [56].

1.4.5 The role of intermediate filament proteins in diseases

The pivotal role of intermediate filament proteins in cellular
functions and tissue integrity becomes obvious in the disease context.
So far, 98 clinical disorders are associated with (a) mutation(s) of
intermediate filament protein genes (Human intermediate filament
database; www.interfil.org; [128]). To name only a few, mutations in
keratin 14 or keratin 5 (type I & II intermediate filament proteins)
cause several forms of epidermis bullosa simplex, an inheritable skin
blistering disorder. Mutations in GFAP (type III intermediate filament
protein) can cause Alexander’s disease, a progressive neurological
disorder, which is fatal within about 10 years after disease onset.
Characteristic features are accumulation of Rosenthal fibers in
astrocytes and chronic gliosis. Mutations in peripherin (type III
intermediate filament protein) and neurofilament-L, -M, -H (type IV
intermediate  filament proteins) are associated with the
neurodegenerative disease amyotrophic lateral sclerosis (also known as
Lou Gehrig’s disease), a disorder characterized by loss of motoneurons

in the spinal cord and the CNS.
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1.5  Signaling pathways

1.5.1 Notch signaling pathway

The Notch signaling pathway is throughout species a highly
conserved and interconnected mechanism. The Notch signaling
pathway has a fundamental role during tissue and organ development
by regulating proliferation, differentiation and apoptosis. It was
recently shown, that Notch signaling promotes the differentiation of
NPCs into glial cells [129], decreases neuronal differentiation and
proliferation [130] and that Notch signaling is necessary to maintain
the pool of existing NSPCs [131-135]. Dysregulation of Notch
signaling has been linked to several diseases, developmental defects
and cancers, such as leukemia (for review see [136-139]).

The Notch signaling machinery of mammals consists of 4
known receptors (Notch1-4) and two Jagged (Jag) ligands (Jagl, Jag2),
3 Delta-like (DIl) ligands (DIl1, DII3, DIl4) and 2 Delta-like
homologue (DIk) ligands (DIk1, DIk2). The Notch receptor consists of
an extracellular domain and an intracellular domain. Shortly, activation
of the Notch signaling pathway occurs via binding of one of the
ligands to the Notch extracellular domain of one of the receptors (Fig.
5). The membrane-tethered receptor is enzymatically cleaved by an
ADAM/TACE metalloprotease releasing the ligand-bound Notch
extracellular domain, which is subsequently transendocytosed into the
Notch ligand expressing cell. This transendocytotic step is essential for
eliciting Notch signaling. A second enzymatic cleavage by the v-
secretase complex releases the membrane-tethered Notch intracellular

domain from the plasma membrane, which 1is subsequently
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translocated to the nucleus and affects gene expression of Notch
regulated down-stream targets, such as the transcriptional regulators
Hairy and Enhancer of split (HES; HES1 and HESS). The
transendocytosed Notch extracellular domain undergoes lysosomal
degradation, while the ligand is either recycled and represented at the

membrane or also degraded (for review see [136-139]).

Degradation
SIGNAL SENDING

CELL Transendocytosi/
Recycling ‘

? Ligand

Receptor with

Notch extracellular domain
and

Notch intracellular domain

3&~ Cleavage site

Cis inhibition

—

w— Cellmembrane

SIGNAL RECEIVING e = I — — Nuclear membrane
—m ===~ ~
CELL = - --- Nucleus % ~3

Transcriptional activation/inhibition
of target genes

Fig. 5 Simplified illustration of receptor/ligand binding of the Notch signaling cascade.
Ligands undergo constitutive cycles of recycling and representation at the membrane of the
signal sending cell. The Notch extracellular domain of the receptor of the signal receiving cell
binds to the ligand of the signal sending cell (trans interaction) and is subsequently cleaved by
ADAM/TACE (“the 1. scissor”) which releases the Notch extracellular domain  for
transendocytosis together with the ligand into the signal sending cell. A second cleavage step
by the y-sectretase complex (“the 2. scissor”) releases the Notch intracellular domain from the
membrane of the signal receiving cell. The Notch intracellular domain is translocated to the
nucleus were it regulates transcription of downstream target genes of the Notch signaling
pathway. Binding of receptor and ligand, presented on the membrane of the same cell is

indicated as Cis inhibition.
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Regulation of the Notch signaling activity occurs on several
levels, but lacks an enzymatic amplification step. This might be one
reason for the gene dosage sensitivity, due to haploinsufficiency (a
diploid organism has one functional copy of a gene, while the other is
inactive) of Notch signal pathway related genes. Positive and/or
negative transcriptional feedback loops may amplify only small
differences in ligand expression that in turn affect the signaling
between two neighboring cells. In addition, Notch signal activity is
regulated via cis or trans interactions of the ligands and receptors.

Trans interactions occur between two neighboring cells, one
being the signal sending cell (ligand expressing cell) while the other
receives the signal (receptor expressing cell), cis interactions have
been proposed to be inhibitory and occur when ligand and receptor are
presented at the same cell. The ratio of cis and trans interactions can
modulate signaling activity between neighboring cells. Other crucial
steps of Notch signal activity regulation are ubiquitination,
glycosylation and phosphorylation of the receptors and ligands, which
mark ligands or receptors for degradation or endocytosis with
subsequent intracellular trafficking. In addition, Notch signal activity
is always interconnected with multiple signaling pathways, such as the
EGFR signaling pathway, and the integration of multiple signaling
mechanisms result in cell fate determinations, such as proliferation,
differentiation or apoptosis [136-138, 140]. Cross-talk between Notch
signaling pathway and the EGFR signaling pathway is necessary to
keep the balance between NSC pool and NPC pool [141], since Notch
signaling controls self-renewal and identity of NSCs [132, 142, 143],
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while EGFR signaling promotes proliferation and migration of NPCs
[144].

1.5.2 HB-EGF- a ligand for the EGFR signaling pathway

Heparin binding epidermal growth factor-like growth factor
(HB-EGF) is one of several known ligands of the EGFR signaling
pathway. Other ligands comprise the epidermal growth factor (EGF),
transforming growth factor o (TGF-a), amphiregulin, heregulin,
epiregulin, betacellulin, epigen and neuregulin 1-4. Further, four
receptors are known: ErbB1 (also known as EGFR) and ErbB2-4.
Activation of the EGFR signaling pathway leads to a highly complex
cascade of down-stream signaling and affects proliferation, migration,
differentiation or apoptosis of neighboring cells (for review see [145]).

The receptors of the EGFR signaling pathway belong to the
tyrosine kinase receptor family and are transmembrane receptors.
ErbB1 and ErbB4 are able to build functional homo- or heterodimers,
while ErbB2 has no ligand binding capability and is functional only as
a heterodimer. Similar, ErbB3 is only functional as a heterodimer,
since the tyrosine kinase activity of ErbB3 is defect. All known ligands
of the ErbB receptors contain a EGF domain and are extracellularly
presented as membrane-bound ligands (for review see [145]). In case
of HB-EGF, the membrane bound proHB-EGF is cleaved (so called
ectodomain shedding) by matrix metalloproteinases or a disintegrin
and metalloproteinases (ADAMs) and the soluble HB-EGF is released
into the extracellular space. Subsequently, soluble HB-EGF binds to
the ErbB receptors at neighboring cells and activates the EGFR
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signaling cascade [146]. However, membrane bound proHB-EGF can
also bind ErbBs and activate EGFR signaling in a juxtacrine fashion
[147]. HB-EGF is a known ligand for the receptors ErbB1 and ErbB4.
Activation of the EGFR signaling cascade via HB-EGF binding to
ErbBl1 results also in activation of the Ras-MAPK pathway affecting
proliferation. Activation of EGFR signaling via HB-EGF binding to
ErbB4 is associated with regulation of differentiation (for review see
[145]).

Sixty percent of HB-EGF deficient mice die shortly after birth
[148] and the expression pattern of HB-EGF during CNS development
suggests a role in maturation of neurons and glial cells [149]. In
addition, HB-EGF in vivo has a neuroprotective function after
ischemia [150, 151] and was shown to improve functional recovery
after stroke [152] and wound healing [153, 154]. HB-EGF in vitro
increases migration of astrocytes in a scratch-wound model when used
with the co-factor insulin-like growth factor 1 [155] and functions as a
potent mitogen for fibroblasts, smooth muscle cells and keratinocytes
[156]. Recently it was reported that HB-EGF induces de-differentiation
of Miiller glia into multipotent progenitor cells in zebra fish retina
[157]. In addition, HB-EGF was suggested as a replacement for serum
in primary astrocyte cultures [158]. Taken together, the functional
complexity of EGFR signaling, the expression of HB-EGF during
development as well as its possible role in neuroprotection after injury
make HB-EGF a highly interesting molecule and a possible target for

treatment strategies in CNS regeneration.
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2 METHODOLOGICAL
CONSIDERATIONS

In this chapter methodological considerations of some state-of-
the-art methods used in the Papers I-IIl are given. For detailed
experimental procedures of all used techniques, please refer to the

Material and Methods parts of the respective paper.

2.1  Mouse models — genetic ablation of intermediate

filament proteins in mice (Paper I-11I)

To study the role of intermediate filament proteins GFAP,
vimentin and nestin we used mice deficient for GFAP and vimentin
(GFAP" Vim™", Paper ) or nestin (Nes™, Paper II).

We used Nes” mice and their respective wild-type controls on
a mixed genetic background (C57BL/6(B6)-129/Sv). The Nes” mice
are viable and reproduce normally [159]. CNS organization in Nes™
mice shows no major defects, but nestin seems to be essential for the
distribution of acetylcholine receptors at neuromuscular junctions
[159]. In contrast to the Nes” mice used here, Park et al. [160] reported
that Nes” mice generated in their lab showed embryonic lethality and
in vitro experiments decreased self-renewal capability of Nes” NSCs
derived from embryonic CNS. However, for the generation of our
mice, several ES clones were used to generate several mouse lines
deficient for nestin in parallel, while the Nes” mice of Park et al. were
generated from only a single ES clone. All Nes” mice lines generated

in the lab of Prof. Andras Nagy showed the same phenotype and in
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immunocytochemical and Western blot analyses of Nes” mice nestin
protein was not detectable.

GFAP” Vim”" mice and their respective wild-type controls are
on a mixed genetic background (C57B1/6-129Sv-1290]la) and they are
viable and reproduce normally [161-164]. Since nestin cannot
polymerize with itself into intermediate filaments [56], GFAP Vim™”
astrocytes are completely devoid of intermediate filaments; the mice
show attenuated reactive gliosis and glial scar formation [162].
However, synaptic and axonal regeneration [30, 165, 166],
transplantation of neural grafts and neural stem cells are improved
[167, 168], and in addition, basal and posttraumatic hippocampal

neurogenesis is increased [49, 169].

2.2 Invitro - the cell culture systems

2.2.1 Bioactive3D — a novel in vivo-like 3-dimensional cell culture
system — compared to conventional 2-dimensional culture systems
(Paper I11)

To study the function of astrocytes in vitro, primary astrocytes
are commonly cultured in 2-dimensional (2D) systems on coated or
un-coated plastic or glass surfaces in the presence of a high percentage
(10%) of fetal calf serum (FCS). Those 2D-cell culture systems
constitute a highly artificial and stressful environment, where
astrocytes are forced to grow without the 3-dimensional (3D) support.
Astrocytes in 2D-cell cultures resemble reactive astrocytes, since they
exhibit increased proliferation, up-regulate the expression of GFAP

and vimentin, re-express nestin and alter gene expression, cell
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morphology and function. Over the last years, several attempts have
been made, to design 3D cell culture systems that provide a less
stressful culture environment by giving structural 3D-support to
preserve the cell morphology and function that allow in vitro studies in
a more in vivo-like environment. Up to date, available 3D-cell culture
systems are based on alginate scaffolds, collagen gels or hydrogels
[170-172] or are comprised of polymer, ceramics or macroporus
scaffolds [173, 174], all of which exhibit several disadvantages. Gels
prevent extensions of cell processes and prolong diffusion of released
molecules. Further, cell type specific coating of gels is impossible.
Rigid polymer, ceramics or macroporus scaffolds can lead to unwanted
clustering and compartmentalization of cells [173, 174]. To circumvent
these problems and to create a more in vivo-like environment for
cultured astrocytes, we utilized bioactively-coated 3D-nanofiber
scaffolds and established a novel 3D-cell culture system
(Bioactive3D). Nanofibers were prepared by electrospinning using a
biocompatible polyether-based polyurethane resin in a 60:40 mixture
of tetrahydrofuran and N,N-dimethylformamide and the nanofibres
were subsequently coated with poly-L-ornithine and laminin [175].
Astrocytes grown in Bioactive3D maintain their complex in
vivo-like morphology (Fig. 6) and motility of cell filopodia is
supported. Further, we demonstrated that astrocytes grown in
Bioactive3D are less exposed to cell culture stress compared to
astrocytes, grown in conventional 2D-cell culture systems, which
results in decreased expression of GFAP, vimentin, synemin and

nestin, reduced proliferation and altered expression of genes involved
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in regulation of proliferation, cell shape determination and cell motility
[176]. The Bioactive3D cell culture system allows us to study the
function of primary astrocytes in vitro since these astrocytes are less

reactive and keep some in vivo-like properties.

Fig. 6 Morphological differences of
astrocytes  cultured in 2D and
Bioactive3D. Primary astrocytes
cultured in Bioactive3D show in vivo-
like morphology (right) compared to flat
and  polygonal  shaped  astrocytes
cultured in conventional 2D cell culture

systems (left). Puschmann et al. 2013.

2.2.2 Neurosphere cultures (Paper I1)

The possibilities to investigate intrinsic molecular properties of
NSCs in vivo are limited and often impossible. One in vitro system, to
study the cell intrinsic mechanisms of NSCs is the neurosphere assay
that has been commonly used to address cell proliferation, self-renewal
and differentiation of NSCs into neurons, astrocytes and
oligodendrocytes. The neurosphere assay is based on the theory that
NSCs, cultured in presence of growth factors but without FCS, divide
symmetrically and build non-adherent, free-floating clusters of
multipotent daughter stem cells that are able to differentiate after
growth factor removal. However, it was reported, that neurospheres are
heterogeneous cell clusters consisting of symmetrically, slowly
dividing NSCs, but also of more restricted progenitor cells, which

divide rapidly. Further it was shown, that the free-floating
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neurospheres are able to merge and even exchange cells with each
other, questioning the pure “stemness” and ’clonality” of the cells
within one neurosphere (for review see [177]). Therefore caution is
advised, when using neurosphere forming capacity (the number of
neurospheres formed) or the size of neurospheres as an indicator of
how many NSCs may exist in vivo and what their proliferative
capability is. Further it needs to be considered, that cells that are not
NSCs can acquire stem cell properties when cultured in the presence of

growth factors and they can also form neurospheres.

2.2.3 The establishment of NSC lines from adult mice (Paper II)

To investigate the functional role of nestin in cell intrinsic
properties of adult NSCs, we established neural stem cell lines of adult
Nes” and the corresponding wild-type control mice in our lab. The
NSC lines were established from brains (without olfactory bulb and
cerebellum) of 4-5 week old mice of both genders. At 4-5 weeks of age
mice have reached maturity and are considered adult animals. The
established cell lines were cultured for at least 25 passages to verify
their stemness, proliferative capability and their capability to generate
neurons and astrocytes. Adult NSC lines generated from male or
female animals did not show differences in their stemness,
proliferative capability or their capability to generate neurons and
astrocytes. However, the NSC lines used in paper Il were derived from
male animals and all experiments were performed with NSCs of
passage 5-7. Proliferation was assessed using a hemocytometer and

differentiation capability was assessed by immunocytochemical

26



Isabell Lebkuechner

detection of cell type specific markers (BIII-tubulin for neurons and
S100B for astrocytes). Directional migration towards a SDF-la
gradient was assessed as previously described [178] using a

chemotaxis chamber.

2.2.4 Astrocyte co-cultures with rat NSCs derived from adult
hippocampus (Paper 11)

To investigate the effect of the astrocyte (wild-type and Nes™)
environment on neuronal differentiation of NSCs, primary mouse
astrocytes were co-cultured with NSCs. The NSCs were derived from
adult rat hippocampus and retrovirally transfected to express green
fluorescent protein (GFP). The NSC cell line (clone HCN-A94/GFPH)
was kindly provided by F.H. Gage (Salk Institute, La Jolla, CA, USA).
For all co-culture experiments NSCs of passage 19-20 were used, a
passage in which GFP expression was detected in only a fraction of all
NSCs. Therefore, proliferating NSCs were labeled with 5-bromo-2-
deoxyuridine (BrdU) for 48h before plating them on top of primary
astrocytes. Total cell number was evaluated by counting BrdU positive
cells, while differentiation properties of NSCs were addressed with
antibodies against GFAP for astrocytes and BIII-tubulin for neurons. It
needs to be considered that BrdU has a low genotoxicity and changes
the methylation pattern of the DNA, which may influence the
differentiation of NSCs (see also paragraph 2.4). The reason, why rat
NSCs were used instead of mouse NSCs was primarily because the rat
NSC line was available in our laboratory and has been used in similar

experiments with GFAP Vim™ astrocytes before [168].
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2.3  Quantitative real-time PCR (RT-qPCR) of individual
astrocytes (Paper I)

Heterogeneity of cells on the levels of mRNA, proteins,
metabolites or lipids within an apparently homogenous cell type is
acknowledged since many years. However, technical limitations in the
past prevented transcriptomical, proteomical, metabolomical or
lipidomical analyses on the level of individual cells. Up to date, single
cell analyses were mainly based on immunocytochemical,
immunohistochemical or flow-cytometric methods restricting the
number of analyzed genes, proteins or metabolites per cell to only a
few, which makes it almost impossible to decipher the complexity of
biological processes, such as signaling pathways, in detail. The rapid
pace of technological development within the last few years makes it
now possible to address heterogeneity on single cell level revealing
unique molecular signatures of individual cells (for review see [179]).

One approach to target heterogeneity among astrocytes is by
means of mRNA expression levels using quantitative real-time PCR
(RT-gPCR) in individual astrocytes. The amount of mRNA molecules
per gene can vary between only a few copies to up to 50.000 molecules
per individual astrocyte [180]. This difference is masked in RT-qPCR
analyses of astrocyte populations, but on the level of individual cells
gives us an accurate representation of variations as well as correlations
of gene expression within astrocytes to classify subpopulations and/or

reveal a detailed picture of signaling mechanisms (Fig. 7).
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Total number of transcripts =8 /°  Total number of transcripts =8 s Total number of transcripts =4 s/ Total number of transcripts =4
Total number of transcripts =5/ Total number of transcripts = 5

Fig. 7 Heterogeneity of mRNA expression and correlation. RT-qPCR analyses of cell
populations cannot distinguish between A) and B) or C) and D).

The mRNA content of one individual mammalian cell is
usually about Ipg of mRNA, which corresponds to approximately
300.000 mRNA molecules of about 10.000 existing genes [181, 182].
RT-qPCR is highly sensitive and detection of only one mRNA
molecule, corresponding to only femtograms of mRNA, within one
cell is possible; further advantages are the wide dynamic range and
high reproducibility of RT-qPCR [183-185]. Technical variability of
RT-qPCR analyses due to minimal mRNA material was shown to be
minute in comparison to the biological variability occurring in gene
expression of individual cells [186].

Genes of interest, also splice variants of the same gene, can be
specifically selected and pre-amplification of mRNA makes it possible
to analyze up to 100 genes per individual cell [187].

The classification of possible subpopulations of heterogeneous
cell types by RT-qPCR is based on mRNA levels. Differences in
mRNA levels do not necessarily lead to alterations in protein

expression, morphological or functional differences. Posttranslational
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mRNA modifications affect translation of mRNA into proteins;
further, transcription is a highly dynamic process and half-life for
specific mRNA molecules is gene-dependent. In addition, protein
modifications such as phosphorylation, dephosphorylation as well as

glycosylation alter the functional properties of proteins.

24  BrdU labeling of proliferating cells and cell fate
determination (Paper II and III)

To detect the small population of dividing neural stem cells in
the adult mammalian brain, BrdU in vivo labeling is commonly used.
BrdU is incorporated into the replicating DNA of dividing cells as well
as during DNA repair mechanisms as a thymidine analogue, followed
by immunohistochemical detection. Incorporation of BrdU into
dividing cells in vivo allows to address the existing number of NSPCs
in the CNS and to follow the survival and cell fate determination of
neural stem cells in CNS over time. The amount of incorporated BrdU
during DNA repair mechanisms is much lower compared to the
amount incorporated during DNA replication and is therefore
negligible. BrdU is known to be genotoxic, which may result in
malformations when administered during embryogenic development
[188], however the toxicity is considered to be very low and it was
shown that hippocampal neurogenesis was not affected in adult rats by
multiple BrdU injections [189, 190]. The ideal dosage of BrdU,
administered intraperitonally and shown to be non-toxic, for the

detection of all dividing cells lays between 100-300mg/kg [189].
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We administered BrdU intraperitonally to label and follow the
cell fate of newly born cells in the adult brain of Nes™" mice in vivo at a
dose of 200mg/kg. Total number of BrdU positive cells was calculated
to address the existing pool of proliferating NSPCs within different
regions of the adult brain. For cell fate determination, double labeling
of BrdU with S100B was used to determine the number of newly
formed astrocytes, double labeling of BrdU with NeuN was used to
address newly generated neurons, double labeling of BrdU with GFAP
was used to address the number of NSCs (corresponding to type 1 cells
also known as radial glia-like cells) and double labeling of BrdU with
doublecortin (Dcx) was used to address the number of neuronal
precursor and immature neurons (corresponding to type 2-3 cells also
known as non-radial precursors or [PCs) [191].

BrdU labeling can also be used for detection of proliferating
cells in vitro (see paragraph 2.2.3). An alternative possibility to label
proliferating cells in vitro is by using 5-ethynyl-2"-deoxyuridine (EdU)
instead of BrdU (Paper III). The mechanism of incorporation into the

DNA of replicating cells as a thymidine analogue remains the same.

31



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

3 AIMS OF THE THESIS

[) To study (i) the heterogeneity of astrocytes on a
single cell level with a particular focus on the Notch
signaling pathway, (ii) the effect of the intermediate
filament (nanofilament) proteins GFAP and
vimentin on the Notch signaling competence of
individual astrocytes, and (iii) to identify possible
astrocyte  subpopulations based on mRNA
expression of individual astrocytes (Paper I).

1) To investigate the role of the intermediate filament
protein nestin (i) in neural stem/progenitor cell
proliferation,  differentiation = and  directional
migration in vitro, and (ii) in the neurogenesis in the
two adult neurogenic niches, the dentate gyrus of the
hippocampus and the subventricular zone of the
lateral ventricles (Paper II).

I11) To address the effect of heparin binding EGF-like
growth factor (HB-EGF) on (i) astrocyte
morphology, (ii) proliferation, (iii) differentiation,
(iv) expression of intermediate filament proteins and
(iv) mRNA expression of selected genes in our
newly developed 3 dimensional cell culture system
(Bioactive3D) and in conventional 2 dimensional

cell culture systems (Paper III).
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4 RESULTS AND DISCUSSION

Paper 1

Heterogeneity of Notch signaling in astrocytes and the effects of
GFAP and vimentin deficiency

Astrocytes are a multifunctional and highly heterogeneous cell
type and fulfill many roles in healthy and injured CNS. Recently, we
showed, that astrocytes actively participate in the regulation of
neurogenesis by inhibiting neuronal differentiation of NSPCs through
Jagl-mediated Notch signaling and that this regulation is dependent on
the cytoplasmic intermediate filament proteins GFAP and vimentin
[49]. Here we show the heterogeneity of astrocytes with regard to their
Notch signal sending competence on a single cell level.

We found that most astrocytes are competent to receive Notch
signals (defined as astrocytes that express the Notchl receptor), while
only a minority of astrocytes is competent to send Notch signals
(defined as astrocytes that express one of the Notch ligands, Jagl or
DIk2) and even fewer astrocytes can send as well as receive Notch
signals (defined as astrocytes that express one of the Notch ligands,
Jagl and DIk2, and the Notchl receptor). Only Notch signal sending
competence seems to depend on GFAP and vimentin since fewer
GFAPVim” astrocytes have Notch signal sending competence,
whereas the size of the Notch signal receiving competent population of
GFAP”Vim™" astrocytes is comparable to wild-type astrocytes.

Gene expression of Notch signal pathway genes Notchl, DIk2
and Sox? is differentially regulated in GFAP Vim™” astrocytes, with up
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to a 1.5-fold increase in DIk2 mRNA levels in GFAP” Vim™" astrocytes
compared to wild-type, while fewer GFAP Vim™” astrocytes express
DIk2 in general. Further, Sox2 and DIk2 mRNA expression is only
correlated in wild-type astrocytes but is absent in GFAP” Vim™”
astrocytes. Since DI/k2 was reported as an inhibitory Notch ligand that
modulates the activity of other Notch ligands, GFAP Vim™” astrocytes
may send more inhibitory Notch signals compared to wild-type
astrocytes, which affect gene expression and correlation of the
remaining Notch signal pathway related genes. The Notch signal
pathway lacks an enzymatic amplification step but is sensitive to the
gene dosage, therefore already small changes in the amount of mRNA
molecules of Notch pathway genes may affect the signaling outcome
in GFAP” Vim™” astrocytes.

To our knowledge, this is the first study to address
heterogeneity of signaling competence in individual astrocytes and it
heralds the importance of single cell analyses for a better

understanding of cell-cell interactions.

Nestin and HB-EGF are possible classifier for astrocyte
subpopulations

Astrocytes have complex functions in healthy and diseased
CNS and are also able to de-differentiate and regain stem cell
characteristics after injury or neurotrauma. This heterogeneity of
astrocytes makes classifications of astrocyte subpopulations based on

expression of specific markers highly desirable since up to date no
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specific markers are known to classify possible astrocyte
subpopulations in vivo or in vitro.

Nestin (Nes) and HB-EGF mRNA expression can be used to
classify both wild-type and GFAP” Vim” astrocyte subpopulations.
Nes and HB-EGF mRNAs are both expressed in immature astrocytes
[56, 158] and are re-expressed in CNS after injury [74, 150, 151, 192].
In addition, nestin serves as a marker for NSCs [193], reactive
astrocytes and astrocytes in a de-differentiated state [194, 195]. Here
we showed that in vitro Nes serves as a classifier in wild-type and
GFAP”"Vim™ astrocytes in the same manner, while the function of HB-
EGF as a classifier seems to depend on the expression of GFAP and
vimentin. Nes"”® and HB-EGF"®® subpopulations of both wild-type
and GFAP " Vim™” astrocytes may resemble either a more immature
astrocyte subpopulation or they represent reactive astrocytes. Since
nestin usually polymerizes with vimentin, both theories go in line with
the finding, that vimentin mRNA levels were decreased in Nes"““ and
HB-EGF"*° subpopulations in wild-type astrocytes.

We propose Nes and HB-EGF mRNA as a possible classifier

for astrocyte subpopulations in vitro.

Paper 11

The absence of nestin does not affect proliferation of adult NSPCs in
vivo and in vitro

The intermediate filament protein nestin is commonly used as a
marker of neural stem/progenitor cells (NSPCs) and is expressed in

NSPCs in the adult subgranular zone (SGZ) of the dentate gyrus in the
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hippocampus and in the subventricular zone (SVZ) of the lateral
ventricles [3, 16]. Nestin is also re-expressed when astrocytes become
reactive [56, 74]. However, the role of nestin in embryonic and adult
neurogenesis remains elusive. Here we investigated the role of nestin
in neurogenesis in Nes” mice.

We found that nestin does not affect proliferation of adult
NSPCs or neuroblasts from the two adult germinal zones in Nes” and
wild-type mice in vivo. Proliferation, differentiation and directional
migration of NSPCs derived from adult Nes” and wild-type brains was
comparable. Previous reports suggested, that nestin is essential for
proliferation of neural progenitor cells [196] and required for normal
zebra fish brain and eye development through control of neural
progenitor cell apoptosis [197]. However, those findings were based on
knock down techniques in embryonic stem cells and the same
mechanisms might not apply to adult NSPCs. Recently, nestin was
shown to not be essential for the development of the CNS [159],
suggesting, that the role of nestin during CNS development can be

compensated by other proteins.

Increased adult neurogenesis in the hippocampal dentate gyrus of
mice deficient for nestin

The hippocampus of Nes” mice had 48%-58% more neurons
compared to wild-type mice 6 weeks after BrdU administration,
whereas we did not see a difference 2 weeks after BrdU
administration. These data imply that the process of survival of newly

born neurons is altered at a later stage of neuronal maturation and
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integration in Nes” mice. Survival of newly born neurons is dependent
on the activity and functional integration into the cellular environment.
Increasing evidence supports the theory of astrocytes as key
modulators of the neurogenic niches, since astrocytes can share
characteristic properties with neural stem cells [198-200] and can also
create a neurogenesis-supportive milieu [201]. The molecular
mechanisms by which astrocytes control neurogenesis, neural
plasticity and regeneration are affected by the expression of the
intermediate filament proteins GFAP and vimentin. In concordance
with our recent finding, that GFAP” Vim™”" deficient astrocytes provide
a more pro-neurogenic milieu compared to wild-type astrocytes [49],
we show here that adult rat NSCs gave rise to a higher percentage of
neurons in co-cultures with Nes” compared to wild-type astrocytes. In
addition, under differentiation conditions, neuronal differentiation of
P4.5 Nes” neurosphere-derived cells was increased compared to wild-
type. These data suggest that Nes” astrocytes provide a more pro-
neurogenic environment than wild-type astrocytes. Moreover, the
results from co-culture experiments suggest that this pro-neurogenic
effect depends on cell-cell contact.

Astrocytes in the unchallenged hippocampus do express no or
very low levels of nestin, while neural stem cells in the hippocampus
are nestin positive. Therefore, the pro-survival environment in Nes™
mice may rather be provided by other cells, such as neural stem cells
than astrocytes. The survival and integration of adult-born neurons
may depend on several factors, such as excitation through NMDA

receptors [202], activation of TrkB receptors by brain-derived
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neurotrophic factor [203, 204], Notch signaling [132] or intracellular
activation of Cdk5 [205, 206]. The exact role of nestin in this process
remains to be elucidated.

As astrocytes control the microenvironment of neurons and in
particular synaptic function, not least by an active uptake of
neurotransmitters, it is not surprising that they regulate also the
survival of newly born neurons and their integration into the existing
networks. Our results provide support for such a scenario, although the
mechanisms by which nestin and perhaps other intermediate filament
proteins and their networks control this process remain elusive. Further
analysis of the role of nestin in this process may provide important
clues on how intermediate filament proteins and the intermediate
filament network affect the ability of astrocytes to control neurogenesis

and perhaps also other aspects of neuronal function.

Paper 111

HB-EGF affects astrocyte proliferation and alters astrocyte morphology
towards a radial glia-like phenotype

Astrocytes are usually cultured in 2D-cell culture systems in
the presence of a high percentage of FCS. FCS is an essential, but
highly undefined, component to maintain and expand astrocyte
cultures and it is known to alter astrocyte properties, such as gene
expression, proliferation and morphology. Recently, HB-EGF was
suggested as a replacement for serum in astrocyte cultures [158].
Additionally, it was shown, that HB-EGF induces de-differentiation of

Miiller glia into multipotent progenitors in zebra fish retinas [157].
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Here we utilized the Bioactive3D system [176] to address the
effect of HB-EGF on astrocyte morphology, proliferation,
differentiation, expression of intermediate filament proteins and
mRNA expression of selected genes.

In the presence of HB-EGF we observed a stronger increase in
proliferation in Bioactive3D compared to 2D cultured astrocytes,
which may be due to the lower baseline reactivity of astrocytes in the
Bioactive3D culture system [176]. Alterations of astrocyte morphology
induced by HB-EGF lead to a more radial glia-like phenotype. A
similar de-differentiating phenotype was observed after conditioned
media to the cell cultures from astrocytes in an in vitro injury model
[194] and it was also reported that HB-EGF is released after injury in
vivo [207].

HB-EGF affects astrocyte intermediate filament expression and leads to
partial astrocyte de-differentiation

In line with the observed morphological changes towards a
radial glia-like phenotype, we found that HB-EGF leads to an increase
in the expression of the intermediate filament protein nestin, a marker
for reactive astrocytes [192], neural progenitor cells [193] and also de-
differentiating astrocytes [194, 195] in both cell culture systems. Notch
signaling enhances nestin expression in human gliomas [208] and here
we show that expression of Notch signal pathway related genes was
differentially affected in both culture systems. mRNA expression of
the Notch signal pathway ligand DI/I/] was up-regulated in both culture

systems, while its suppressor Hes! was down-regulated only in
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Bioactive3D. This may be an indication of a HB-EGF-induced

amplified Notch signaling cascade in Bioactive3D compared to 2D
cultures.

Taken together, the changes in astrocyte morphology towards a
radial glia-like phenotype, increased nestin protein expression and the
differential expression of Notch signal pathway related genes, indicate
that the addition of HB-EGF leads to a partial de-differentiation of
astrocytes in vitro. Thus, HB-EGF should be used as a component of

astrocyte culture media only with caution.

40



Isabell Lebkuechner

ACKNOWLEDGMENTS

Over the last years, so many people have helped and supported me in
countless ways, from teaching me, guiding me, motivating me, encouraging me,
supporting me, believing in me, helping me, listening to me, to being my friends.
Without all of you, this thesis would hardly have been possible and I am sincerely
grateful for that!

First, I would like to express my sincere gratitude to my main supervisor
Milos Pekny, for accepting me as a PhD student and for giving me the opportunity to
take part in extremely interesting scientific research. Thank you for your never-
ending enthusiasm for science and research, for creating a stimulating atmosphere
and for always providing important scientific input, supervision and feedback! Thank
you for sharing your knowledge about —not only- astrocytes and for giving me the
opportunity to be part of eduGLIA!

Ulrika Wilhelmsson — thank you for being my second supervisor, for
always being supportive and helpful, for sharing your scientific experience and
knowledge and for providing valuable advice and ideas for research!

Anders Stahlberg — my “qPCR” supervisor. Thank you for introducing me
to single cell qPCR and for sharing your experience!

Marcela Pekna — thank you for your support and scientific input, ideas and
discussions. Thank you for all your help with the manuscript writing!

Thanks to all my (ex-) colleagues in the Pekny lab for supporting, helping,
teaching me and everything else! Thank you, Daniel, not only for sharing the little
cubicle but also for sharing your knowledge about all the little mysteries of single
cell qPCR! Yolanda — thank you so much for teaching me all the little “cell culture
things”, for always trying to answer all my questions and for showing me how much
fun kayaking and climbing is! Thank you, Till — for always being helpful and trying
to answer whatever I asked, for sharing your knowledge and experience about/with
astrocytes, for teaching and supervising me! Thank you Elin, for your help with
FACSing and all the other single cell stuff, but mostly for your friendship and for

being the way you are! Good luck with your studies, you’ll be an amazing doctor!

41



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

Xiaoguang — for sharing the eduGLIA experience with me! Meng — for being a great
colleague and good luck for your PhD! I wish all of you the best for your futures!

My thanks go also to my (ex-) colleagues from our neighboring “Pekna
lab”! Thank you Marta, Nancy and Anna for all those interesting literature
seminars, help in the lab, exchanging lab material, etc.! Special thanks go to Noriko,
for being such a kind committee member at my half time control and Michaela, for
all the nice chats and for sharing my “obsession” and always being up for it !

Thanks to everybody at the 4™ floor of CBR, especially to Ann-Marie
Alborn for your technical support and organizing all the ordering!

TATAA — my “qPCR lab”! Thank you all for sharing your wisdom about
simply everything qPCR-related and for making me feel welcome in your lab!

My very special thanks goes to everybody involved in the Marie Curie ITN
eduGLIA! I am still so grateful for the opportunity of being part of this international
network and for the possibility to participate in all those amazing training courses
and summer schools and to meet the top scientists in our field. My gratitude goes to
all the PIs (Prof. Dr. Reichenbach, Prof. Butt, Prof. Gotz, Prof. Hanani, Dr. Oliet,
Prof. Sykova, Prof. Pekny, Prof. Verkhratsky, Prof. Zorec, Dr. Kubista, Prof.
Kirchhoff, Prof. Ueffig, Prof. Wolburg) for constant and valuable feedback and
support, for sharing your own experiences and knowledge! Thank you, Sigrid &
Thomas — for excellent organization of everything! And last but not least, I’d like to
thank all the fellows (Joanna, Ilaria, Ciro, Rebekah, Ciaran, Mina, Hannah, Kristi,
David, Cai, Xiaoguang, Craig, Priyanka, Gydrgyi and above all Valentina) for the
amazing three years we had together! Good luck with everything in your futures! I

miss you all — but I am sure we will meet again somewhere in the whole wide world!

Martina - danke fiir all die konstruktiven “Losungsvorschldge”, die daraus
zustande kamen, dass du - wenn auch nicht im gleichen - so doch in einem sehr
dhnlichen Boot sitzt! Es hat wohl keiner damit gerechnet, dass aus einem
gemeinsamen Hobby eine so lang-anhaltende Freundschaft entsteht und ueberlebt!
Nina & Felix - “Wir bleiben ja nur fiir 2 Jahre!” — selten war ich iiber eine
Planénderung so froh! Ein riessen Danke fiir eure Freundschaft, fuer das Teilen der

“swedish experience”, fiir all die netten Abende, etc.! Danke Nina fiir all die coffees,

42



Isabell Lebkuechner

fiirs stetige ermutigen und zuhdren! Ich wiinsche euch beiden alles Gliick der Welt
fiir eure gemeinsame Zukunft! Nina A., Dani, Shawn, Kittichate — Thank you for
sharing the experience of being a “foreign” PhD student in Sweden! For supporting
me, discussing statistics with me, believing in me, listening to me — simply, for being
my friends! I wish you all the best for your PhDs and your futures! I hope I could/can
at least partially return some of the support you gave me! Ein ganz grosses Danke
ebenfalls an “Rhon-Claudi”! Was fuer ein erstaunlicher (der Beste!) Zufall das
doch war, der uns zusammentreffen lies! Danke fiir die vielen Abende und Gespriache
mit einer “Gleichgesinnten” und hoffentlich noch vielen weiteren Abenteuern in der
Zukunft! Ulrica P.-G. - I learned so much from you in such a short time; I wish we’d
met earlier! Thanks for your never-ending optimism and pushing me -just in the right
way- to my limits! Danke Luci, Eve, Jess, Chris, Joe, Patrick und Thomas, dass
ihr Teil meines Lebens seid und mit mir durch so manche Hoéhen und Tiefen
gegangen seid!

Mein grosster Dank jedoch geht an meine Familie, die sich vermutlich
schon lange iiber gar nichts mehr wundert, die mich immer meinen eigenen Weg
gehen lies (und noch immer lésst) und die mich in all meinen Entscheidungen und

Wiinschen stets unterstiitzt hat!

This work was supported by Swedish Medical Research Council (11548), ALF Gothenburg (11392), AFA
Research Foundation, Soderberg’s Foundations, Sten A. Olsson Foundation for Research and Culture,
Hjarnfonden, Hagstromer’s Foundation Millennium, Amlév’s Foundation, E. Jacobson’s Donation Fund,
VINNOVA Health Program, the Swedish Stroke Foundation, the Swedish Society of Medicine, the Free
Mason Foundation, Chalmers University of Technology, NanoNet COST Action (BM1002), EU FP 7
Program EduGlia (237956), EU FP 7 Program TargetBraln (279017).

43



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

Bibliography

10.

11.

12.

13.

Azevedo, F.A., et al., Equal numbers of neuronal and nonneuronal cells
make the human brain an isometrically scaled-up primate brain. J
Comp Neurol, 2009. 513(5): p. 532-41.

Oberheim, N.A., et al., Astrocytic complexity distinguishes the human
brain. Trends Neurosci, 2006. 29(10): p. 547-53.

Gotz, M. and W.B. Huttner, The cell biology of neurogenesis. Nat Rev
Mol Cell Biol, 2005. 6(10): p. 777-88.

Altman, J. and G.D. Das, Autoradiographic and histological evidence
of postnatal hippocampal neurogenesis in rats. J Comp Neurol, 1965.
124(3): p. 319-35.

Paton, J.A. and F.N. Nottebohm, Neurons generated in the adult brain
are recruited into functional circuits. Science, 1984. 225(4666): p.
1046-8.

Reynolds, B.A. and S. Weiss, Generation of neurons and astrocytes from
isolated cells of the adult mammalian central nervous system. Science,
1992. 255(5052): p. 1707-10.

Richards, L.J., T.J. Kilpatrick, and P.F. Bartlett, De novo generation of
neuronal cells from the adult mouse brain. Proc Natl Acad Sci U S A,
1992.89(18): p. 8591-5.

Gage, F.H., Mammalian neural stem cells. Science, 2000. 287(5457): p.
1433-8.

Zhao, C., W. Deng, and F.H. Gage, Mechanisms and functional
implications of adult neurogenesis. Cell, 2008. 132(4): p. 645-60.

Kempermann, G., H.G. Kuhn, and F.H. Gage, More hippocampal
neurons in adult mice living in an enriched environment. Nature, 1997.
386(6624): p. 493-5.

Crews, F.T., K. Nixon, and M.E. Wilkie, Exercise reverses ethanol
inhibition of neural stem cell proliferation. Alcohol, 2004. 33(1): p. 63-
71.

Gould, E., et al., Learning enhances adult neurogenesis in the
hippocampal formation. Nat Neurosci, 1999. 2(3): p. 260-5.

Gould, E. and P. Tanapat, Stress and hippocampal neurogenesis. Biol
Psychiatry, 1999. 46(11): p. 1472-9.

44



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Gould, E., et al., Neurogenesis in adulthood: a possible role in
learning. Trends Cogn Sci, 1999. 3(5): p. 186-192.

van Praag, H., et al., Running enhances neurogenesis, learning, and
long-term potentiation in mice. Proc Natl Acad Sci U S A, 1999. 96(23):
p. 13427-31.

Ming, G.L. and H. Song, Adult neurogenesis in the mammalian brain:
significant answers and significant questions. Neuron, 2011. 70(4): p.
687-702.

Kriegstein, A. and A. Alvarez-Buylla, The glial nature of embryonic and
adult neural stem cells. Annu Rev Neurosci, 2009. 32: p. 149-84.

Suhonen, J.O., et al., Differentiation of adult hippocampus-derived
progenitors into olfactory neurons in vivo. Nature, 1996. 383(6601): p.
624-7.

Shihabuddin, L.S., et al., Adult spinal cord stem cells generate neurons
after transplantation in the adult dentate gyrus. J Neurosci, 2000.
20(23): p. 8727-35.

Goh, E.L., et al., Adult neural stem cells and repair of the adult central
nervous system. J Hematother Stem Cell Res, 2003. 12(6): p. 671-9.

Emsley, J.G., et al., Adult neurogenesis and repair of the adult CNS
with neural progenitors, precursors, and stem cells. Prog Neurobiol,
2005. 75(5): p. 321-41.

Leventhal, C., et al., Endothelial trophic support of neuronal production
and recruitment from the adult mammalian subependyma. Mol Cell
Neurosci, 1999. 13(6): p. 450-64.

Palmer, T.D., A.R. Willhoite, and F.H. Gage, Vascular niche for adult
hippocampal neurogenesis. J Comp Neurol, 2000. 425(4): p. 479-94.

Barkho, B.Z., et al., Identification of astrocyte-expressed factors that
modulate neural stem/progenitor cell differentiation. Stem Cells Dev,
2006. 15(3): p. 407-21.

Sierra, A., et al., Microglia shape adult hippocampal neurogenesis
through apoptosis-coupled phagocytosis. Cell Stem Cell, 2010. 7(4): p.
483-95.

Markiewicz, I. and B. Lukomska, The role of astrocytes in the
physiology and pathology of the central nervous system. Acta Neurobiol
Exp (Wars), 2006. 66(4): p. 343-58.

Nilsson, M. and M. Pekny, Enriched environment and astrocytes in
central nervous system regeneration. J Rehabil Med, 2007. 39(5): p.
345-52.

45



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

28. Oberheim, N.A., S.A. Goldman, and M. Nedergaard, Heterogeneity of
astrocytic form and function. Methods Mol Biol, 2012. 814: p. 23-45.

29. Bushong, E.A., et al., Protoplasmic astrocytes in CAl stratum radiatum
occupy separate anatomical domains. J Neurosci, 2002. 22(1): p. 183-
92.

30. Wilhelmsson, U., et al., Absence of glial fibrillary acidic protein and

vimentin prevents hypertrophy of astrocytic processes and improves
post-traumatic regeneration. J Neurosci, 2004. 24(21): p. 5016-21.

31. Wilhelmsson, U., et al., Redefining the concept of reactive astrocytes as
cells that remain within their unique domains upon reaction to injury.
Proc Natl Acad Sci U S A4, 2006. 103(46): p. 17513-8.

32. Anderson, C.M. and R.A. Swanson, Astrocyte glutamate transport:
review of properties, regulation, and physiological functions. Glia,
2000. 32(1): p. 1-14.

33. Christopherson, K.S., et al., Thrombospondins are astrocyte-secreted
proteins that promote CNS synaptogenesis. Cell, 2005. 120(3): p. 421-
33.

34. Kucukdereli, H., et al., Control of excitatory CNS synaptogenesis by
astrocyte-secreted proteins Hevin and SPARC. Proc Natl Acad Sci U S
A, 2011. 108(32): p. E440-9.

35. Stevens, B., et al., The classical complement cascade mediates CNS
synapse elimination. Cell, 2007. 131(6): p. 1164-78.

36. Ullian, E.M., et al., Control of synapse number by glia. Science, 2001.
291(5504): p. 657-61.

37. Chung, W.S., et al., Astrocytes mediate synapse elimination through
MEGF10 and MERTK pathways. Nature, 2013. 504(7480): p. 394-400.

38. Deitmer, JW. and C.R. Rose, pH regulation and proton signalling by
glial cells. Prog Neurobiol, 1996. 48(2): p. 73-103.

39. Deitmer, JW. and C.R. Rose, lon changes and signalling in
perisynaptic glia. Brain Res Rev, 2010. 63(1-2): p. 113-29.

40. Walz, W., Role of astrocytes in the clearance of excess extracellular
potassium. Neurochem Int, 2000. 36(4-5): p. 291-300.

41. Simard, M. and M. Nedergaard, The neurobiology of glia in the context
of water and ion homeostasis. Neuroscience, 2004. 129(4): p. 877-96.

42. Takano, T., et al., Astrocyte-mediated control of cerebral blood flow.
Nat Neurosci, 2006. 9(2): p. 260-7.

46



43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Zonta, M., et al., Neuron-to-astrocyte signaling is central to the
dynamic control of brain microcirculation. Nat Neurosci, 2003. 6(1): p.
43-50.

Abbott, N.J., L. Ronnback, and E. Hansson, Astrocyte-endothelial
interactions at the blood-brain barrier. Nat Rev Neurosci, 2006. 7(1): p.
41-53.

Parpura, V. and A. Verkhratsky, The astrocyte excitability brief: from
receptors to gliotransmission. Neurochem Int, 2012. 61(4): p. 610-21.

Jourdain, P., et al., Glutamate exocytosis from astrocytes controls
synaptic strength. Nat Neurosci, 2007. 10(3): p. 331-9.

Halassa, M.M. and P.G. Haydon, Integrated brain circuits: astrocytic
networks modulate neuronal activity and behavior. Annu Rev Physiol,
2010. 72: p. 335-55.

Beattie, E.C., et al., Control of synaptic strength by glial TNFalpha.
Science, 2002. 295(5563): p. 2282-5.

Wilhelmsson, U., et al., Astrocytes negatively regulate neurogenesis
through the JAGGED 1-mediated notch pathway. Stem Cells, 2012.
30010): p. 2320-9.

Parpura, V., et al., Glial cells in (patho)physiology. J Neurochem, 2012.
121(1): p. 4-27.

Sofroniew, M.V. and H.V. Vinters, Astrocytes: biology and pathology.
Acta Neuropathol, 2010. 119(1): p. 7-35.

Eddleston, M. and L. Mucke, Molecular Profile of Reactive Astrocytes -
Implications for Their Role in Neurologic Disease. Neuroscience, 1993.
54(1): p. 15-36.

Bardehle, S., et al., Live imaging of astrocyte responses to acute injury
reveals selective juxtavascular proliferation. Nat Neurosci, 2013. 16(5):
p. 580-6.

Sirko, S., et al., Reactive glia in the injured brain acquire stem cell
properties in response to sonic hedgehog. [corrected]. Cell Stem Cell,
2013. 12(4): p. 426-39.

Zamanian, J.L., et al., Genomic analysis of reactive astrogliosis. J
Neurosci, 2012. 32(18): p. 6391-410.

Eliasson, C., et al., Intermediate filament protein partnership in
astrocytes. J Biol Chem, 1999. 274(34): p. 23996-4006.

Jing, R., et al., Synemin is expressed in reactive astrocytes in
neurotrauma and interacts differentially with vimentin and GFAP
intermediate filament networks. J Cell Sci, 2007. 120(Pt 7): p. 1267-77.

47



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Sofroniew, M.V., Molecular dissection of reactive astrogliosis and glial
scar formation. Trends Neurosci, 2009. 32(12): p. 638-47.

Ridet, J.L., et al., Reactive astrocytes: cellular and molecular cues to
biological function. Trends Neurosci, 1997. 20(12): p. 570-7.

Burda, J.E. and M.V. Sofroniew, Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron, 2014. 81(2): p. 229-48.

Matyash, V. and H. Kettenmann, Heterogeneity in astrocyte
morphology and physiology. Brain Res Rev, 2010. 63(1-2): p. 2-10.

Zhang, Y. and B.A. Barres, Astrocyte heterogeneity: an
underappreciated topic in neurobiology. Curr Opin Neurobiol, 2010.
20(5): p. 588-94.

Emsley, J.G. and J.D. Macklis, Astroglial heterogeneity closely reflects
the neuronal-defined anatomy of the adult murine CNS. Neuron Glia
Biol, 2006. 2(3): p. 175-86.

Cahoy, J.D., et al., A transcriptome database for astrocytes, neurons,
and oligodendrocytes: a new resource for understanding brain
development and function. J Neurosci, 2008. 28(1): p. 264-78.

Toivola, D.M., et al., Cellular integrity plus: organelle-related and
protein-targeting functions of intermediate filaments. Trends Cell Biol,
2005. 15(11): p. 608-17.

Pekny, M. and E.B. Lane, Intermediate filaments and stress. Exp Cell
Res, 2007. 313(10): p. 2244-54.

Hockfield, S. and R.D. McKay, Identification of major cell classes in the
developing mammalian nervous system. J Neurosci, 1985. 5(12): p.
3310-28.

Lendahl, U., L.B. Zimmerman, and R.D. McKay, CNS stem cells express
a new class of intermediate filament protein. Cell, 1990. 60(4): p. 585-
95.

Zerlin, M., S.W. Levison, and J.E. Goldman, Early patterns of
migration, morphogenesis, and intermediate filament expression of

subventricular zone cells in the postnatal rat forebrain. J Neurosci,
1995. 15(11): p. 7238-49.

Chen, J., et al., Differential expression of the intermediate filament
protein nestin during renal development and its localization in adult
podocytes. J Am Soc Nephrol, 2006. 17(5): p. 1283-91.

Frojdman, K., et al., The intermediate filament protein nestin occurs
transiently in differentiating testis of rat and mouse. Differentiation,
1997. 61(4): p. 243-9.

48



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Kachinsky, A.M., J.A. Dominov, and J.B. Miller, Intermediate filaments
in cardiac myogenesis: nestin in the developing mouse heart. J
Histochem Cytochem, 1995. 43(8): p. 843-7.

Morshead, C.M., et al., Neural stem cells in the adult mammalian
forebrain: a relatively quiescent subpopulation of subependymal cells.
Neuron, 1994. 13(5): p. 1071-82.

Frisen, J., et al., Rapid, widespread, and longlasting induction of nestin
contributes to the generation of glial scar tissue after CNS injury. J Cell
Biol, 1995. 131(2): p. 453-64.

Doetsch, F., J.M. Garcia-Verdugo, and A. Alvarez-Buylla, Cellular
composition and three-dimensional organization of the subventricular
germinal zone in the adult mammalian brain. J Neurosci, 1997. 17(13):
p. 5046-61.

Mignone, J.L., et al., Neural stem and progenitor cells in nestin-GFP
transgenic mice. J Comp Neurol, 2004. 469(3): p. 311-24.

Pallari, HM., et al., Nestin as a regulator of Cdk5 in differentiating
myoblasts. Mol Biol Cell, 2011. 22(9): p. 1539-49.

Sahlgren, C.M., et al., Cdk5 regulates the organization of Nestin and its
association with p35. Mol Cell Biol, 2003. 23(14): p. 5090-106.

Sahlgren, C.M., et al., A nestin scaffold links Cdk5/p35 signaling to
oxidant-induced cell death. EMBO J, 2006. 25(20): p. 4808-19.

Dabhlstrand, J., et al., Characterization of the human nestin gene reveals
a close evolutionary relationship to neurofilaments. J Cell Sci, 1992.
103 (Pt2): p. 589-97.

Herrmann, H. and U. Aebi, Intermediate filaments and their associates:
multi-talented structural elements specifying cytoarchitecture and
cytodynamics. Curr Opin Cell Biol, 2000. 12(1): p. 79-90.

Marvin, M.J., et al., A rod end deletion in the intermediate filament
protein nestin alters its subcellular localization in neuroepithelial cells
of transgenic mice. J Cell Sci, 1998. 111 (Pt 14): p. 1951-61.

Jacque, C.M., et al., Determination of glial fibrillary acidic protein
(GFAP) in human brain tumors. J Neurol Sci, 1978. 35(1). p. 147-55.

Levitt, P. and P. Rakic, Immunoperoxidase localization of glial
fibrillary acidic protein in radial glial cells and astrocytes of the
developing rhesus monkey brain. J Comp Neurol, 1980. 193(3): p. 815-
40.

Malatesta, P., I. Appolloni, and F. Calzolari, Radial glia and neural
stem cells. Cell Tissue Res, 2008. 331(1): p. 165-78.

49



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Sancho-Tello, M., et al., Developmental pattern of GFAP and vimentin
gene expression in rat brain and in radial glial cultures. Glia, 1995.
15(2): p. 157-66.

Roessmann, U., et al., Glial fibrillary acidic protein (GFAP) in
ependymal cells during development. An immunocytochemical study.
Brain Res, 1980. 200(1): p. 13-21.

Buniatian, G., et al., The immunoreactivity of glial fibrillary acidic
protein in mesangial cells and podocytes of the glomeruli of rat kidney
in vivo and in culture. Biol Cell, 1998. 90(1): p. 53-61.

Maunoury, R., et al., Glial fibrillary acidic protein immunoreactivity in
adrenocortical and Leydig cells of the Syrian golden hamster
(Mesocricetus auratus). J Neuroimmunol, 1991. 35(1-3): p. 119-29.

Davidoff, M.S., et al., Leydig cells of the human testis possess astrocyte
and oligodendrocyte marker molecules. Acta Histochem, 2002. 104(1):
p. 39-49.

von Koskull, H., Rapid identification of glial cells in human amniotic
fluid with indirect immunofluorescence. Acta Cytol, 1984. 28(4): p.
393-400.

Kasantikul, V. and S. Shuangshoti, Positivity to glial fibrillary acidic
protein in bone, cartilage, and chordoma. J Surg Oncol, 1989. 41(1): p.
22-6.

Apte, M.V, et al., Periacinar stellate shaped cells in rat pancreas:
identification, isolation, and culture. Gut, 1998. 43(1): p. 128-33.

Elobeid, A., et al., Effects of inducible glial fibrillary acidic protein on
glioma cell motility and proliferation. J Neurosci Res, 2000. 60(2): p.
245-56.

Lepekhin, E.A., et al., Intermediate filaments regulate astrocyte motility.
J Neurochem, 2001. 79(3): p. 617-25.

Yoshida, T., et al., The functional alteration of mutant GFAP depends
on the location of the domain: morphological and functional studies
using astrocytoma-derived cells. J Hum Genet, 2007. 52(4). p. 362-9.

Messing, A., et al., Fatal encephalopathy with astrocyte inclusions in
GFAP transgenic mice. Am J Pathol, 1998. 152(2): p. 391-8.

Pekny, M., et al., GFAP-deficient astrocytes are capable of stellation in
vitro when cocultured with neurons and exhibit a reduced amount of
intermediate filaments and an increased cell saturation density. Exp
Cell Res, 1998. 239(2): p. 332-43.

50



99. Rutka, J.T., et al., Effects of antisense glial fibrillary acidic protein
complementary DNA on the growth, invasion, and adhesion of human
astrocytoma cells. Cancer Res, 1994. 54(12): p. 3267-72.

100. Rutka, J.T. and S.L. Smith, Transfection of human astrocytoma cells
with glial fibrillary acidic protein complementary DNA: analysis of
expression, proliferation, and tumorigenicity. Cancer Res, 1993.
53(15): p. 3624-31.

101. Toda, M., et al., Suppression of glial tumor growth by expression of
glial fibrillary acidic protein. Neurochem Res, 1999. 24(2): p. 339-43.

102. Potokar, M., et al., Cytoskeleton and vesicle mobility in astrocytes.
Traffic, 2007. 8(1): p. 12-20.

103. Potokar, M., et al., Intermediate filaments attenuate stimulation-
dependent mobility of endosomes/lysosomes in astrocytes. Glia, 2010.
58(10): p. 1208-19.

104. Potokar, M., et al., Stimulation inhibits the mobility of recycling
peptidergic vesicles in astrocytes. Glia, 2008. 56(2): p. 135-44.

105. Stenovec, M., et al., Ca2+-dependent mobility of vesicles capturing
anti-VGLUTI antibodies. Exp Cell Res, 2007. 313(18): p. 3809-18.

106. Vardjan, N., et al., IFN-gamma-induced increase in the mobility of
MHC class Il compartments in astrocytes depends on intermediate
filaments. J Neuroinflammation, 2012. 9: p. 144.

107. McCall, M A., et al., Targeted deletion in astrocyte intermediate
filament (Gfap) alters neuronal physiology. Proc Natl Acad Sci U S 4,
1996. 93(13): p. 6361-6.

108. Shibuki, K., et al., Deficient cerebellar long-term depression, impaired
eyeblink conditioning, and normal motor coordination in GFAP mutant
mice. Neuron, 1996. 16(3): p. 587-99.

109. Emirandetti, A., et al., Astrocyte reactivity influences the number of
presynaptic terminals apposed to spinal motoneurons after axotomy.
Brain Res, 2006. 1095(1): p. 35-42.

110. Pines, G., et al., Cloning and expression of a rat brain L-glutamate
transporter. Nature, 1992. 360(6403): p. 464-7.

111. Rothstein, J.D., et al., Localization of neuronal and glial glutamate
transporters. Neuron, 1994. 13(3): p. 713-25.

112. Storck, T., et al., Structure, expression, and functional analysis of a
Na(+)-dependent glutamate/aspartate transporter from rat brain. Proc
Natl Acad Sci U S 4, 1992. 89(22): p. 10955-9.

51



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Bak, L.K., A. Schousboe, and H.S. Waagepetersen, The
glutamate/GABA-glutamine cycle: aspects of transport,
neurotransmitter homeostasis and ammonia transfer. J Neurochem,
2006. 98(3): p. 641-53.

Menet, V., et al., Inactivation of the glial fibrillary acidic protein gene,
but not that of vimentin, improves neuronal survival and neurite growth
by modifying adhesion molecule expression. J Neurosci, 2001. 21(16):
p. 6147-58.

Costa, S., et al., Astroglial permissivity for neuritic outgrowth in
neuron-astrocyte cocultures depends on regulation of laminin
bioavailability. Glia, 2002. 37(2): p. 105-13.

Laping, N.J., et al., Glial fibrillary acidic protein: regulation by
hormones, cytokines, and growth factors. Brain Pathol, 1994. 4(3): p.
259-75.

Rozovsky, L, et al., Estradiol (E2) enhances neurite outgrowth by
repressing glial fibrillary acidic protein expression and reorganizing
laminin. Endocrinology, 2002. 143(2): p. 636-46.

Nawashiro, H., et al., High susceptibility to cerebral ischemia in
GFAP-null mice. J Cereb Blood Flow Metab, 2000. 20(7): p. 1040-4.

Nawashiro, H., et al., Mice lacking GFAP are hypersensitive to
traumatic cerebrospinal injury. Neuroreport, 1998. 9(8): p. 1691-6.

Otani, N., et al., Enhanced hippocampal neurodegeneration after
traumatic or kainate excitotoxicity in GFAP-null mice. J Clin Neurosci,
2006. 13(9): p. 934-8.

Tanaka, H., et al., Disturbance of hippocampal long-term potentiation
after transient ischemia in GFAP deficient mice. J Neurosci Res, 2002.
67(1): p. 11-20.

Middeldorp, J. and E.M. Hol, GFAP in health and disease. Prog
Neurobiol, 2011. 93(3): p. 421-43.

Eriksson, J.E., et al., Introducing intermediate filaments: from
discovery to disease. J Clin Invest, 2009. 119(7): p. 1763-71.

Fuchs, E. and K. Weber, Intermediate filaments: structure, dynamics,
function, and disease. Annu Rev Biochem, 1994. 63: p. 345-82.

Eckes, B., et al., Impaired wound healing in embryonic and adult mice
lacking vimentin. J Cell Sci, 2000. 113 ( Pt 13): p. 2455-62.

Rogel, M.R., et al., Vimentin is sufficient and required for wound repair
and remodeling in alveolar epithelial cells. FASEB J, 2011. 25(11): p.
3873-83.

52



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Henrion, D., et al., Impaired flow-induced dilation in mesenteric
resistance arteries from mice lacking vimentin. J Clin Invest, 1997.
100(11): p. 2909-14.

Szeverenyi, I, et al., The Human Intermediate Filament Database:
comprehensive information on a gene family involved in many human
diseases. Hum Mutat, 2008. 29(3): p. 351-60.

Givogri, M 1, et al., Notch signaling in astrocytes and neuroblasts of
the adult subventricular zone in health and after cortical injury. Dev
Neurosci, 2006. 28(1-2): p. 81-91.

Chambers, C.B., et al., Spatiotemporal selectivity of response to Notchl
signals in mammalian forebrain precursors. Development, 2001.
128(5): p. 689-702.

Imayoshi, I, et al., Essential roles of Notch signaling in maintenance of
neural stem cells in developing and adult brains. J Neurosci, 2010.
3009): p. 3489-98.

Breunig, J.J., et al., Notch regulates cell fate and dendrite morphology
of newborn neurons in the postnatal dentate gyrus. Proc Natl Acad Sci
US A, 2007. 104(51): p. 20558-63.

Lugert, S., et al., Quiescent and active hippocampal neural stem cells
with distinct morphologies respond selectively to physiological and
pathological stimuli and aging. Cell Stem Cell, 2010. 6(5): p. 445-56.

Ehm, O., et al., RBPJkappa-dependent signaling is essential for long-
term maintenance of neural stem cells in the adult hippocampus. J
Neurosci, 2010. 30(41): p. 13794-807.

Ables, J.L., et al., Notchl is required for maintenance of the reservoir of
adult hippocampal stem cells. J Neurosci, 2010. 30(31): p. 10484-92.

Guruharsha, K.G., M.W. Kankel, and S. Artavanis-Tsakonas, The Notch
signalling system: recent insights into the complexity of a conserved
pathway. Nat Rev Genet, 2012. 13(9): p. 654-66.

Fortini, M.E., Notch signaling: the core pathway and its
posttranslational regulation. Dev Cell, 2009. 16(5). p. 633-47.

Fortini, M.E. and D. Bilder, Endocytic regulation of Notch signaling.
Curr Opin Genet Dev, 2009. 19(4): p. 323-8.

Sanchez-Solana, B., et al., The EGF-like proteins DLKI and DLK?2
function as inhibitory non-canonical ligands of NOTCH1 receptor that
modulate each other's activities. Biochim Biophys Acta, 2011. 1813(6):
p. 1153-64.

Zhou, Z.D., et al., Notch as a molecular switch in neural stem cells.
IUBMB Life, 2010. 62(8): p. spcone.

53



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Aguirre, A., M.E. Rubio, and V. Gallo, Notch and EGFR pathway
interaction regulates neural stem cell number and self-renewal. Nature,
2010. 467(7313): p. 323-7.

Hitoshi, S., et al., Notch pathway molecules are essential for the
maintenance, but not the generation, of mammalian neural stem cells.
Genes Dev, 2002. 16(7): p. 846-58.

Alexson, T.O., et al., Notch signaling is required to maintain all neural
stem cell populations--irrespective of spatial or temporal niche. Dev
Neurosci, 2006. 28(1-2): p. 34-48.

Lillien, L. and H. Raphael, BMP and FGF regulate the development of
EGF-responsive neural progenitor cells. Development, 2000. 127(22):
p. 4993-5005.

Citri, A. and Y. Yarden, EGF-ERBB signalling: towards the systems
level. Nat Rev Mol Cell Biol, 2006. 7(7): p. 505-16.

Elenius, K., et al., Activation of HER4 by heparin-binding EGF-like
growth factor stimulates chemotaxis but not proliferation. EMBO J,
1997. 16(6): p. 1268-78.

Higashiyama, S., et al., The membrane protein CD9/DRAP 27
potentiates the juxtacrine growth factor activity of the membrane-
anchored heparin-binding EGF-like growth factor. J Cell Biol, 1995.
128(5): p. 929-38.

Yamazaki, S., et al., Mice with defects in HB-EGF ectodomain shedding
show severe developmental abnormalities. J Cell Biol, 2003. 163(3): p.
469-75.

Kornblum, H.L, et al., Multiple trophic actions of heparin-binding
epidermal growth factor (HB-EGF) in the central nervous system. Eur J
Neurosci, 1999. 11(9): p. 3236-46.

Jin, K., et al., Heparin-binding epidermal growth factor-like growth
factor: hypoxia-inducible expression in vitro and stimulation of
neurogenesis in vitro and in vivo. J Neurosci, 2002. 22(13): p. 5365-73.

Jin, K., et al., Post-ischemic administration of heparin-binding
epidermal growth factor-like growth factor (HB-EGF) reduces infarct
size and modifies neurogenesis after focal cerebral ischemia in the rat.
J Cereb Blood Flow Metab, 2004. 24(4): p. 399-408.

Sugiura, S., et al., Adenovirus-mediated gene transfer of heparin-
binding epidermal growth factor-like growth factor enhances
neurogenesis and angiogenesis after focal cerebral ischemia in rats.
Stroke, 2005. 36(4): p. 859-64.

54



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Shirakata, Y., et al., Heparin-binding EGF-like growth factor
accelerates keratinocyte migration and skin wound healing. J Cell Sci,
2005. 118(Pt 11): p. 2363-70.

Tolino, M.A., E.R. Block, and J.K. Klarlund, Brief treatment with
heparin-binding EGF-like growth factor, but not with EGF, is sufficient
to accelerate epithelial wound healing. Biochim Biophys Acta, 2011.
1810(9): p. 875-8.

Faber-Elman, A., et al., Involvement of wound-associated factors in rat
brain astrocyte migratory response to axonal injury: in vitro simulation.
J Clin Invest, 1996. 97(1).: p. 162-71.

Higashiyama, S., J.A. Abraham, and M. Klagsbrun, Heparin-binding
EGF-like growth factor stimulation of smooth muscle cell migration:
dependence on interactions with cell surface heparan sulfate. J Cell
Biol, 1993. 122(4): p. 933-40.

Wan, J., R. Ramachandran, and D. Goldman, HB-EGF is necessary and
sufficient for Muller glia dedifferentiation and retina regeneration. Dev
Cell, 2012. 22(2): p. 334-47.

Foo, L.C., et al., Development of a method for the purification and
culture of rodent astrocytes. Neuron, 2011. 71(5): p. 799-811.

Mobhseni, P., et al., Nestin is not essential for development of the CNS
but required for dispersion of acetylcholine receptor clusters at the area
of neuromuscular junctions. J Neurosci, 2011. 31(32): p. 11547-52.

Park, D., et al., Nestin is required for the proper self-renewal of neural
stem cells. Stem Cells, 2010. 28(12): p. 2162-71.

Pekny, M., et al., The impact of genetic removal of GFAP and/or
vimentin on glutamine levels and transport of glucose and ascorbate in
astrocytes. Neurochem Res, 1999. 24(11): p. 1357-62.

Pekny, M., et al., Abnormal reaction to central nervous system injury in
mice lacking glial fibrillary acidic protein and vimentin. J Cell Biol,
1999. 145(3): p. 503-14.

Colucci-Guyon, E., et al., Mice lacking vimentin develop and reproduce
without an obvious phenotype. Cell, 1994. 79(4): p. 679-94.

Pekny, M., et al., Mice lacking glial fibrillary acidic protein display
astrocytes devoid of intermediate filaments but develop and reproduce
normally. EMBO J, 1995. 14(8): p. 1590-8.

Cho, K.S., et al., Re-establishing the regenerative potential of central
nervous system axons in postnatal mice. J Cell Sci, 2005. 118(Pt 5): p.
863-72.

55



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

166. Menet, V., et al., Axonal plasticity and functional recovery after spinal
cord injury in mice deficient in both glial fibrillary acidic protein and
vimentin genes. Proc Natl Acad Sci U S 4, 2003. 100(15): p. 8999-

9004.

167. Kinouchi, R., et al., Robust neural integration from retinal transplants
in mice deficient in GFAP and vimentin. Nat Neurosci, 2003. 6(8): p.
863-8.

168. Widestrand, A., et al., Increased neurogenesis and astrogenesis from

neural progenitor cells grafted in the hippocampus of GFAP-/- Vim-/-
mice. Stem Cells, 2007. 25(10): p. 2619-27.

169. Larsson, A., et al., Increased cell proliferation and neurogenesis in the
hippocampal dentate gyrus of old GFAP(-/-)Vim(-/-) mice. Neurochem
Res, 2004. 29(11): p. 2069-73.

170. East, E., J.P. Golding, and J.B. Phillips, A versatile 3D culture model
facilitates monitoring of astrocytes undergoing reactive gliosis. J Tissue
Eng Regen Med, 2009. 3(8): p. 634-46.

171. Elkayam, T., et al., Enhancing the drug metabolism activities of C34--a
human hepatocyte cell line--by tissue engineering within alginate
scaffolds. Tissue Eng, 2006. 12(5): p. 1357-68.

172. Hwang, C.M., et al., Fabrication of three-dimensional porous cell-laden
hydrogel for tissue engineering. Biofabrication, 2010. 2(3). p. 035003.

173. Murray-Dunning, C., et al., Three-dimensional alignment of schwann
cells using hydrolysable microfiber scaffolds: strategies for peripheral
nerve repair. Methods Mol Biol, 2011. 695: p. 155-66.

174. Mygind, T., et al., Mesenchymal stem cell ingrowth and differentiation
on coralline hydroxyapatite scaffolds. Biomaterials, 2007. 28(6): p.
1036-47.

175. Mattanavee, W., et al., Immobilization of biomolecules on the surface of
electrospun polycaprolactone fibrous scaffolds for tissue engineering.
ACS Appl Mater Interfaces, 2009. 1(5): p. 1076-85.

176. Puschmann, T.B., et al., Bioactive 3D cell culture system minimizes
cellular stress and maintains the in vivo-like morphological complexity
of astroglial cells. Glia, 2013. 61(3): p. 432-40.

177. Gil-Perotin, S., et al., Adult neural stem cells from the subventricular
zone: a review of the neurosphere assay. Anat Rec (Hoboken), 2013.
296(9): p. 1435-52.

178. Shinjyo, N., et al., Complement-derived anaphylatoxin C3a regulates in
vitro differentiation and migration of neural progenitor cells. Stem
Cells, 2009. 27(11): p. 2824-32.

56



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Wang, D. and S. Bodovitz, Single cell analysis: the new frontier in
'omics’. Trends Biotechnol, 2010. 28(6): p. 281-90.

Stahlberg, A., et al., Defining cell populations with single-cell gene
expression profiling: correlations and identification of astrocyte
subpopulations. Nucleic Acids Res, 2011. 39(4): p. e24.

Kawasaki, E.S., Microarrays and the gene expression profile of a single
cell. Ann N'Y Acad Sci, 2004. 1020: p. 92-100.

Velculescu, V.E., et al., Analysis of human transcriptomes. Nat Genet,
1999. 23(4): p. 387-8.

Nolan, T., R.E. Hands, and S.A. Bustin, Quantification of mRNA using
real-time RT-PCR. Nat Protoc, 2006. 1(3): p. 1559-82.

Ptaffl, M.W., A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res, 2001. 29(9): p. e45.

Bustin, S.A., Quantification of mRNA using real-time reverse
transcription PCR (RT-PCR): trends and problems. J Mol Endocrinol,
2002. 29(1): p. 23-39.

Bengtsson, M., et al., Quantification of mRNA in single cells and
modelling of RT-qPCR induced noise. BMC Mol Biol, 2008. 9: p. 63.

Stahlberg, A., M. Kubista, and P. Aman, Single-cell gene-expression
profiling and its potential diagnostic applications. Expert Rev Mol
Diagn, 2011. 11(7): p. 735-40.

Kolb, B., et al., Embryonic and postnatal injections of
bromodeoxyuridine produce age-dependent morphological and
behavioral abnormalities. J Neurosci, 1999. 19(6): p. 2337-46.

Cameron, HA. and R.D. McKay, Adult neurogenesis produces a large
pool of new granule cells in the dentate gyrus. J Comp Neurol, 2001.
435(4): p. 406-17.

Taupin, P., BrdU immunohistochemistry for studying adult
neurogenesis: paradigms, pitfalls, limitations, and validation. Brain Res
Rev, 2007. 53(1): p. 198-214.

Filippov, V., et al., Subpopulation of nestin-expressing progenitor cells
in the adult murine hippocampus shows electrophysiological and
morphological characteristics of astrocytes. Mol Cell Neurosci, 2003.
23(3): p. 373-82.

Clarke, S.R., et al., Reactive astrocytes express the embryonic
intermediate neurofilament nestin. Neuroreport, 1994. 5(15): p. 1885-8.

57



The role of the intermediate filament (nanofilament) protein nestin in neural progenitor cell
and astrocyte differentiation

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Shimada, 1.S., et al., Self-renewal and differentiation of reactive
astrocyte-derived neural stem/progenitor cells isolated from the cortical
peri-infarct area after stroke. J Neurosci, 2012. 32(23): p. 7926-40.

Yang, H., et al., De-differentiation response of cultured astrocytes to
injury induced by scratch or conditioned culture medium of scratch-
insulted astrocytes. Cell Mol Neurobiol, 2009. 29(4): p. 455-73.

Yang, H., et al., ErbB2 activation contributes to de-differentiation of
astrocytes into radial glial cells following induction of scratch-insulted
astrocyte conditioned medium. Neurochem Int, 2011. 59(7): p. 1010-8.

Xue, X.J. and X.B. Yuan, Nestin is essential for mitogen-stimulated
proliferation of neural progenitor cells. Mol Cell Neurosci, 2010. 45(1):
p. 26-36.

Chen, H.L., C.H. Yuh, and K.K. Wu, Nestin Is Essential for Zebrafish
Brain and Eye Development through Control of Progenitor Cell
Apoptosis. PLoS One, 2010. 5(2).

Buffo, A., et al., Origin and progeny of reactive gliosis: A source of
multipotent cells in the injured brain. Proc Natl Acad Sci U S A, 2008.
105(9): p. 3581-6.

Laywell, E.D., et al., Identification of a multipotent astrocytic stem cell
in the immature and adult mouse brain. Proc Natl Acad Sci U S A,
2000. 97(25): p. 13883-8.

Seri, B., et al., Astrocytes give rise to new neurons in the adult
mammalian hippocampus. J Neurosci, 2001. 21(18): p. 7153-60.

Palmer, T.D., J. Takahashi, and F.H. Gage, The adult rat hippocampus
contains primordial neural stem cells. Mol Cell Neurosci, 1997. 8(6): p.
389-404.

Tashiro, A., et al., NMDA-receptor-mediated, cell-specific integration
of new neurons in adult dentate gyrus. Nature, 2006. 442(7105): p. 929-
33.

Bergami, M., et al., Deletion of TrkB in adult progenitors alters
newborn neuron integration into hippocampal circuits and increases
anxiety-like behavior. Proc Natl Acad Sci U S A, 2008. 105(40): p.
15570-5.

Chan, J.P., et al., Depletion of central BDNF in mice impedes terminal
differentiation of new granule neurons in the adult hippocampus. Mol
Cell Neurosci, 2008. 39(3): p. 372-83.

Jessberger, S., et al., Cdk5 regulates accurate maturation of newborn
granule cells in the adult hippocampus. PLoS Biol, 2008. 6(11): p.
e272.

58



206.

207.

208.

Tobias, A., M. Saxena, and V. Lelievre, CDK35: the "pathfinder" for new
born neurons in adult hippocampus? Cell Adh Migr, 2009. 3(4): p. 319-
21.

Marikovsky, M., et al., Appearance of heparin-binding EGF-like growth
factor in wound fluid as a response to injury. Proc Natl Acad Sci U S A,
1993. 90(9): p. 3889-93.

Shih, A.H. and E.C. Holland, Notch signaling enhances nestin
expression in gliomas. Neoplasia, 2006. 8(12): p. 1072-82.

59






	20140508summary
	Flik I
	Paper 1 - 20140508
	Flik II
	Paper 2 - 20140509
	Flik III
	Paper 3


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20140508152206
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     409
     214
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.5315
            
                
         Both
         3
         AllDoc
         27
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

        
     0
     20
     19
     20
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
     Bleed handling: Use trim box
      

        
     0.0000
     Use
     5.6693
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20140508162448
       685.9843
       S5
       Blank
       467.7165
          

     Best
     636
     208
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
     Bleed handling: Use trim box
      

        
     0.0000
     Use
     5.6693
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20140509102636
       685.9843
       S5
       Blank
       467.7165
          

     Best
     636
     208
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20140506105450
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     409
     214
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.5315
            
                
         Both
         3
         AllDoc
         27
              

       CurrentAVDoc
          

     Uniform
     8.5039
     Right
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

        
     12
     13
     12
     13
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after last page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     1
     Always
     1
     1
     /DOC-NAS-03/Order/876xx/87696/ARBETSMAPP/100ex/visitkort-00325-973.pdf
     1
     1
     68
     567
     276
     SubDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     1
     SameAsCur
     AtEnd
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: yes
     Margins and crop marks: none
     Sheet size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Sheet orientation: best fit
     Scale by 70.00 %
     Align: centre
     Bleed handling: Use trim box
      

        
     0.0000
     Use
     5.6693
     20.0001
     0
     Corners
     0.2999
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     0
            
       D:20140507091403
       685.9843
       S5
       Blank
       467.7165
          

     Best
     636
     208
    
    
     0.0000
     C
     0
            
       CurrentAVDoc
          

     0.0000
     0
     2
     0
     1
     0 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after last page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     1
     Always
     1
     1
     /DOC-NAS-03/Order/876xx/87696/ARBETSMAPP/100ex/visitkort-00325-973.pdf
     1
     1
     68
     567
     276
    
     SubDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     1
     SameAsCur
     AtEnd
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0d beta 2
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base





