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1. Introduction

1.1.Neural precursor cells

It was in the 1960s when neurogenesis in the adaithmalian central nervous system was
first described (2). However, it took 30 years unéural stem cells were for the first time
isolated from the adult mouse brain (58), whichvprbthe existence of adult neurogenesis,
a milestone in the field of neuroscience at thaeti So only since that time was the “no
new neuron” dogma disproven.

The two cardinal features of a stem cell are unéthself-renewal and multipotency. The
first criterion implies that cell division resulis the generation of at least one identical
copy of the mother cell. In case the mother cefidpces two identical copies the term
symmetric cell division is used whereas in contrasymmetric cell division means that one
copy of the mother cell and one more differentiatall is generated. Multipotency
describes the ability of a cell to generate attleas different cell types.

The direct progeny of a neural stem cell is theralgorogenitor cell. Although the latter is
more differentiated than a neural stem cell itametimes difficult to distinguish between
these two cell developmental stages. Hence, thertewral precursor cell was introduced,
which combines neural stem cells and neural pragecells and implies that the cell is
undifferentiated and dividing (36).

1.1.1. The two stem cell niches and stem cell hierarchy

Suvendriculag

L °'i:".1:"
e T
S
SIS
.-"_""--.__\_,_,.-A — _,.p'_-'-"d-
kenipse Rpsiral migratory
TTUS Elream —

Fig. 1.1. The two germinative centres in the adultmouse brain, the dentate gyrus and the
subventricular zone (longitudinal section).Also shown is the rostral migratory stream, alevigch the
neural precursor cells from the subventricular zavigrate into the olfactory bulli(1.3). Scale bar: 1 mm
(29).
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The adult mammalian brain contains two germinative cenfiigesl(1), the subventricular
zone and the dentate gyrus, which is located inside the hippocampus (2@@a)from
its role as a neurogenic region the dentate gyrus contains geafislevhich represent the
principle excitatory neurons of the hippocampus. The developmeng afetitate gyrus is
initiated by a primary germinative region in the wall of thieral ventricle, which gives
rise to a secondary matrix, in turn forming a third matrix, whiatbours the precursor cell
population in the adult animal.

The second neurogenic region, the subventricular zone (SVZ) esafi@m the
ventricular zone (VZ), which originates from the neuroepitheklif@long the primordial
ventricles. The development of the SVZ in mice starts at arBadd68). The embryonic
VZ consists of two functional regions, the dorsal neocortical badvéntral ganglionic
VZ. Whereas the first one generates the layered cdhexatter gives rise to interneurons,
astrocytes and oligodendrocytdig.(1.2), each presenting a lineage, into which a neural

stem cell can differentiate.

stermn cell @ )

®
—

lineage restricted progenitor cells

@ @ O
' Vo
e
V\.,'-mq-ﬂ-(
QA

Oligodendrocyte Astrocyte Neuron

=

Fig. 1.2. Hierarchy ol stem cels. The progeny of the neural stem ce the neural progenitor cell, whic
differentiates into lineage restricted progenitefl These give rise to oligodendrocytes, astexynd

neurons (http://wwwO.gsf.de/idg/groups/adult_ngertesis/start.html).
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Stem cell hierarchy begins with the most primitive and mukipbstem cell. The cells
along the hierarchy get more and more differentiated andimallly get determined for a
certain lineage. The progenitor cell already has limited piatershows limited self-
renewal and gives rise to lineage restricted progenitcs, atentually differentiating into

neurons and glia cells (20).

1.1.2. Subtypes of neural precursor cells

Doetschet al. (13) investigated the composition of the subventricular z&&) and
therefore established ultrastructural and immunocytochemicatiarfor the identification
of cell types in the adult rodent SVZ. Three main cell type® wikentified, which are type
A, B and C cells, whereas the geneologic order is B, C anmkls. Subventricular
treatment with the antimitotic substance cytosine-beta-bBiaoséuranoside resulted in
elimination of type A and C cells while part of the B ceienained and started dividing
soon after the treatment. Two days later, C cells readergllowed by type A cells,
showing that type B cells are the primary precursor celisarSVZ (12).

Type B cells represent thastrocyte-like stem cells of the SVZ. They can be divided into
B1 and B2 cells, which refers to their exposure to the epemdymto the striatum
respectively. It has been shown that they ensheathe chaypedk tells, which is thought
to be trophic support and isolation from electrical and chemicalenfle from the
surrounding parenchyma. Type B cells can be characterized by tlessirprof vimentin,
glial fibrillary acidic protein (GFAP) and the intermediatiarinent nestintéb. 1.1). Cells
originating from B cells, namely type C cells are thecalbed transient amplifying
progenitor cells. They show the strongest proliferative activity among theettypes of
precursor cells and are the fastest proliferating cells irs¥h& They are immunopositive
for nestin and the homeobox transcription factor distal-less homeobox2)Dl'ype C
cells are considered to be the precursor cells to typels\amd are not found in the rostral
migratory stream (RMSL.1.3). Type A cells are migrating neuroblasts and correspond to
proliferating, migrating neural precursor cells, which show pasitnmunolabelling for
nestin, polysialylated neural cell adhesion molecule (PSA-NCAddublecortin (DCX)
and neuronal class IB-Tubulin (Tujl). They are considered to be the cell population,
which perform chain migration from the SVZ to the olfactoab (1.1.3).
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Tab. 1.1. Expression pattern of marker proteins fortype B-, C- and A-cells

Marker Bcells | Ccells| Acells
Nestin + + +
Glial fibrillary acidic protein (GFAP) + - -
Polysialylated neural cell adhesion molecule (PSA-NCAM) - - 4
Doublecortin (DCX) - +
Neuronal Class lIB-Tubulin (Tujl1) - - +
Vimentin + - -
Distal-less homeobox-2 (DIx-2) - + +

1.1.3. Physiology of neural precursor cells in the intacbrain

In the adult murine brain, type A cells constitutively migrcom the subventricular zone
(SVZ) along the rostral migratory stream (RMS), which is a@tmm long, into the
olfactory bulb (OB fig. 1.1). Thereby glial cells, identical with B cells, form ube-like
structure around the migratory stream and thus shield it aghestst of the brain. Since
cells migrate as elongated aggregates of cells, thectmaim migration is used. In general,
migration occurs unidirectional towards the olfactory bulb howetvés still unknown
what factors are responsible for guidance of the cells (36).

Although migrating type A cells still undergo cell division, piedation rates are reduced
compared to the ones in the SVZ and their cell cycle timenigthened. Additionally,
neuronal maturation is initiated, which is accompanied by the estpresf immature
neuronal markers like DCX, PSA-NCAM and Tuj1.

Once the migrating type A cells reach the olfactory bulb, theyerse and migrate toward
the granule cell layer and the periglomerular layers. Only eptny of the olfactory bulb
do these cells achieve neuronal maturity, detectable by aledsdrophysiological

properties, release of neurotransmitters and expression afemguronal markers (36).

1.1.4. Neural precursor cells in the diseased brain

Neural precursor cells (NPCs) are thought to play a role ironiset and progression of
several neurological diseases. For example links have beenlbatwdeen NPC disfunction
and Alzheimer Disease, Parkinson Disease, stroke, epile@dsypphrenia and spinal cord

injuries (36). However, functional NPCs are believed tamdterapeutic potential.
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Most interesting for the present work are the connections, whidh lieen made between
NPCs and brain tumours. Apart from the theory that NPCs mquréise cell of origin of
brain tumours1.2) there is growing evidence that precursor cells also holgdtential to

suppress glioma growth, which is the subject the present siadges on.

1.1.5. Therapeutic perspectives

Neural precursor cells (NPCs) present a promising therapeoti¢ar brain repair. They
can either be endogenously recruited or exogenously expanded and implamtéte int
brain. For example attempts have been made to improve the outcstnekefby inducing
endogenous regeneration of lost neuronal tissue (26). Similatsdffre been undertaken
for neurodegenerative and demyelinating disorders, spinal cord iajut several other
neuronal pathologies.

Since it was reported that NPCs show tropism for gliomag {&)oeing discussed to use
them as carriers for anti-tumourigenic drugs, which would, consgléhe blood brain
barrier, represent an elegant way to deliver drugs to tbwessite. Moreover, it has been
discussed that endogenous precursor cells can be used as deng eadias a source to
repair damaged CNS tissue, caused by the tumour, at thdiszan(@4).

1.2. Neural precursor cells are the likely cell of orign of brain tumours

1.2.1. Clinical evidence for origin of glioblastomdrom neural precursor cells

As mentioned inl.1.4. recent findings support the theory that glioma cells arise from
neural precursor cells. One indication for the stem cell on§igliomas is that there are
specific gene alterations, which occur in diversely diffea¢etl cells within the same
tumour, i.e. glioma cells with a astrocytic, oligodendrocygicd in more rare cases even
neuronal) phenotype carry identical genetic alterations. Theseon genetic alterations
indicate the clonal origin of many tumour cells. Moreover, ttigerse cellular
differentiation of the progeny of that clone indicates that tiginally transformed clone
must have had the potential to give rise to astrocytes, oligangnds and neurons.

Therefore, the originally transformed cell was by definitioost likely a stem cell (20).
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1.2.2. Experimental evidence for origin of gliobla®ma from neural precursor cells
Apart from clinical indications, there is further experimemta@dence that glioblastomas
can derive from neural precursor cells. The group of Holland (82ted a mouse model,
which allows tissue-specific gene transfer of activatad &d/or Akt into astrocytes and
neural progenitor cells. It has been known before that frequerdtigealterations in
glioblastoma multiformel(.3) activate common signal transduction pathways, which in all
cases involve Ras and Akt. Whereas gene transfer of Ras atohlet was not sufficient to
induce tumour formation, combined gene transfer resulted in thdogewent of high-
grade gliomas. Most interestingly, this did not occur in astreciig only after gene
transfer into neural progenitor cells suggesting that gliomia dekive from progenitor
cells, which carry mutations leading to the activation @ Bnd Akt.

Although there is strong evidence that precursor cells repreésenell of origin for brain
tumours, the possibility that glial tumours arise from diffiéisted glia cells can not be
ruled out (43).

1.3. Brain tumours and their classification

Glia cells are the most common cell type in the brain anceragk90 % of the total cell
number (37). They were discovered by Virchow (1856), who describedabidervenkitt,

a kind of glue for neurons (gglia: glue). Initially, they were considered as merely
supporting cells for neurons, yet recently they were shown tdl falfange of far more
complex functions. The group of glia cells consists of astrocylégdendrocytes and
Schwann cells (37).

Historically, brain tumours were thought to consist of transéatnglia cells and are
therefore called gliomas. Different types of gliomas @teoaytomas, oligodendrogliomas
and schwannomas, depending on the relevant cell type. Schwannomasaféspond to
benign tumours. It is still unknown how these transformations occumwaad triggers
them. One theory claims that disruptions in the glial cellecyead to glioma formation.
However, recent research provided more and more evidence itraaglemerge from
neural precursor cell4@2).

Gliomas are the most common group of primary tumours in the brainnaake up
30 — 40 % of all brain tumours (40). The World Health Organisatioad@\introduced a

classification in 1993, which divides astrocytomas into fouignancy grades:
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Tab. 1.2. The World Health Organization (WHO) grading systemfor astrocytomas

Grade Example Criteria

WHO | Pilocytic astrocytoma Low proliferating,
Myxopapillary discrete,
ependymoma/subendymoma non invasive tumour

WHO Il Diffuse astrocytoma Modest proliferating,
Papillary, cellular and clear cell partly invasive tumour
ependymoma

WHO llI Anaplastic astrocytoma Fast proliferating,
Anaplastic ependymoma invasive tumour

WHO IV Glioblastoma multiforme Rapidly proliferating,
Highly malignant glioma-like highly invasive tumour
pineoblastoma and medulloblastoma

In the present work research and conclusions will be restrictezklt® representing

glioblastoma multiforme (GBM), i.e. a grade IV brain tumour.

1.3.1. Epidemiology of gliomas

Gliomas occur with an incidence of 5 in 100,000 (I%jey make up 44 % of all primary
brain tumours and 52 % of these are represented by the glioblastdtifiarme. The peak

of onset of glioblastomas is around 50 - 55 years, which makesatlstnongly age-related
pathology. Men are slightly more prone to these neoplasms. Fudterthe incidence is
2 - 3 times higher in white than in black people. Prognosis is grmbthe median survival
is 14.6 months (67); only few patients survive for three or maaesy®lain risk factors are
high dose radiation, hereditary syndromes and increasing age. Aittitwai¢pst years have
revealed some major approaches to develop new surgicahdiation techniques as well
as multiple antineoplastic drugs, a cure for glioblastoma revaisive (11).

1.3.2. The pathophysiology of glioblastoma

Glioblastoma multiforme (GBM) consist of a heterogenous mixtafe poorly
differentiated neoplastic astrocytes (31). They can occurimsny;, which meanse novo
tumours but can also, although less frequent, develop from lowee gsirocytomas and

thus are defined as secondary tumours. The latter typicaligiate in younger patients
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(< 45 years) whereade novo tumours arise almost solely in elderly patients (around
65 years).

The tumour as such forms a solid mass from which neopladiscace disseminating into
the adjacent brain tissue. The tumour itself can reach a calsliglesize and squeeze out

larger amounts of brain masfg( 1.3), which usually leads to diverse neurological
defects.

Fig. 1.3.Macroscopic view of glioblastoma multiforme in a human brain

(www.neuropat.dote.hu/jpeg/tumor/3gliobl1).

Although primary and secondary tumours differ on the genetic levebity ways, there
are some common genetic abnormalities, which are considered llasarka of
glioblastomas. One of them is the loss of heterozygosity (LOHhoomosome 10, which
seems to be specific for grade IV brain tumours. Very well knave mutations in the
tumour suppressor gene p53 on chromosome 9, which also plays a pivoial atier
types of cancer. In fact, only about one third of glioblastomagesahis mutation, which
corresponds to the percentage in lower grade gliomas. This sutigdstise p53 gene is
involved rather early in neoplastic transformation (40). In abouttargeof all GBMs one
can find amplification of the endothelial growth factor receptoregé&EGFR), which leads
to increased cell proliferation. Furthermore platelet-deryeavth factor alpha (PDGE}
and phosphatase and tensin homolog (PTEN) are two more genes, othehétpression
is altered in GBMs (42;52). PDGdk-belongs to the family of growth factors and is
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involved in the regulation of cell growth and cell division. lays a particular role in
angiogenesis, which is characteristically increased in caagaovide sufficient nutrition
supply for the tumour. The phosphatase PTEN is a tumour suppressor, sviglztad to a
variety of biological functions like apoptosis, inflammation and imity. These genetic
defects have an effect on other cell proteins and finallyitres tumour formation. Thus,
EGFR signalling leads to the activation of Ras and PTEN ateithe negative regulation
of Akt. Combined activation of Ras and Akt is able to trigger tungemesis. Both
signalling pathways are upregulated in glioblastomas and their teamselements have

become potential therapeutic targets (56).

1.3.3. Diagnosis and treatment of glioblastoma

Fig. 1.4. MRT of a human brain, revealing a gliokdstoma multiforme
(rad.usuhs.mil/rad/who/zs224248)

If a neurological examination points to a brain tumour, addititesds will be made. These
mainly include scans like magnetic resonance imaging (MRI, 1.4), computer

tomography (CT) or positron emission tomography (PET). In mosts dhseapy starts
with surgical removal of the tumour. Due to the limited spacéhé brain this is much

more difficult than removing a tumour in other parts of the bodynEfvéhe surgery is
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successful it has to be assumed that tumour cells have alreadd sproughout the brain
and may be the source for tumour relapses.

One of the main properties of glioma cells is their invabeeaviour, which also signifies
the biggest challenge regarding therapy (31;41). Therefore coml@dathemotherapy
typically follows surgery. At present, the standard chemapreartic is temozolomide
(Temodal); its cytotoxicity is due to alcylation of the nucleobase guanine

Although many efforts have been made during the last years t@umghe existing

therapies, the biggest problem is still the extreme ineasature of glioblastomas. It is
virtually impossible to prevent migration of tumour cells into #ugacent brain tissue,

which is the cause of relapses in most cases.

1.4. Cancer stem cells

1.4.1. The cancer stem cell hypothesis

There are two hypothetical models which explain how the devolutiorsiofgée cell leads
to cancer development, the stochastic and the hierarchical.Wddereas the first says
that all cells within a tumour have the same tumourigenic patettie latter states that
only a small subset of cells in the tumour, namely caneen sells, hold the capacity to
generate new tumours. Especially glioblastoma multiformeheasame implies, is a very
heterogeneous tumour and contains multiple cell types. This hypothdsasetbe cell,
which generated them had the capacity to give rise to multgdletypes which is a
hallmark of stem cells (73).

One of the many theories about the origin of cancer stem ckllmis that the
transdifferentiation from normal to tumour stem cells might happerdiylar fusion
between healthy stem cells and differentiated cells. In addithis could explain cellular
aneuploidy and heterogeneity in cancers (6).

Another, in the meantime more supported theory claims that dividoydifferentiated
cells, in the brain primarily represented by neural stetis,care needed for tumour
formation and that cancer stem cells represent an interraedd&e between healthy stem
cells and transformed tumour cells. It has been shown that formaftiexperimental
gliomas preferentially takes place in germinal regions comparegket non-proliferative
brain parenchyma. Furthermore Hollaed al. (32) showed that deletion of tumour

suppressor and/or activation of oncogenes like Ras and Aktsrésitumour formation
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with a higher frequency in nestin-expressing cells than in G&4fPessing astrocytes.
Galli et al. (21) proved that cancer stem cells, isolated by CD133 expression,aepies
fact cancer-initiating cells by transplanting them into thiatstm of adult immunodeficient
mice where they formed new tumours displaying classic featafeglioblastoma

multiforme. In contrast to normal tumour cells fewer cellseverquired to initiate a

tumour even with a higher frequency.

1.4.2. Properties of cancer stem cells

The existence of cancer stem cells (CSC) was first dessedvfor acute myeloid leukaemia
(AML). In the meantime they were also identified in btegancer and central nervous
system (CNS) malignancies. The cancer stem cell thposyulates that CSCs are the
cancer initiating cells and persist in the tumour as a disteltpopulation. They represent
typical stem cell properties, most importantly the abilityr self-renewal and
differentiation into multiple cell types. They may use the samaliferation and
differentiation pathways as normal stem cells, like e.g.Nbé&h- or sonic hedgehog
(SHH)/Wnt signalling pathway. Tumour stem cells in gliomas de identified and
enriched by the expression of CD133, a 120 kDa cell surface proteich vs also a
marker for human neural stem cells (73).

The origin of cancer stem cells however, still remains eudihey might derive from true
tissue originated stem cells, bone marrow stem cells or enadlis, which underwent the

process of dedifferentiation.

1.4.3. Cancer stem cells may represent novel theraytic targets

According to the cancer stem cell theory, these cells shmilkcbnsidered as the primary
target of cancer treatment. Eliminating cancer-initiatogjls would lead to tumour
regression and not, though after initial decline of cancer, ceBslt in final tumour relapse
(fig. 1.5). As this very new and only recently discovered cell typgtiispoorly defined
and not very well classified it resembles a ‘moving tardet’ which it is hard to develop
specific treatment. Another problem is that due to their siityileo normal stem cells the
approach to eliminate them might also affect healthy ddbdsetheless, they do hold novel
possibilities for cancer therapy. One of the biggest chalemg&umour treatment is their
resistance to drugs and toxins. Many stem cell populations show axXygéssion of

ATP-binding cassette (ABC) drug transporters, which protectéfis against cytotoxic
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agents (51). Not only is this another link between stem and tucediar it also suggests a
combination of chemosensitizers and cytotoxic agents which altBG-tlansporter

activity.

Lances siem ced
epecific tharapy

&

Conventonal Tumor relapse
cancar tharapy

o ~&

Fig. 1.5. Cancer stem cell specific and conventioheancer therapy

Tumor regrasan

(http://www.healthnews-(stat.com/primages/canceatment_stem_cells_1.jpg)

1.5. Cell death pathways

There are many ways for a cell to die. The type of celhdeehich is induced, depends on
numerous factors like cell type, age of the cell, impacts: fthe surrounding, availability

of nutrition etc. The intention of this chapter is to give a rougérwew about the most

common types of cell death and does not claim being complete.

1.5.1. Apoptosis

The term apoptosis (gapo: from, ptosis: falling) describes one of the main types of
programmed cell death. It is fundamental for tissue developmentlaysl a pivotal role
for the homeostasis between mitosis and cell death in the @dalbism (77). Loss of
apoptotic activity results in uncontrolled cell proliferation, Whin many cases leads to
the development of tumours. It has therefore become an impasaetin cancer research

to unravel the apoptotic machinery.



1. Introduction 18

apoptosis activated cell shrinkage
by intrinsic or extrinsic chromatin condensation
pathway

normal cell \

APOPTOSIS J nuclear

callapse

lysis of

apoptotic bodies k‘—___—/ apoptotic body

farmation

Fig. 1.6. The distinct steps of apoptosis
(http://www.scq.ubc.ca/wp-content/uploads/2006/@dptosis.gif)

There are many initiating signals, extracellular and ieftalar, which converge in the
same organised apoptotic degradation procedure. The morphologicaldeHtapoptosis
are cell shrinkage accompanied by membrane blebbing while ameoltsly nuclear
chromatin condensation occurs. Finally, the cell dissociates@weral vesicles, apoptotic
bodies, which are subsequently phagocytisigd 1.6). The degradation process is mainly
carried out by gsteinyl-aspetate-cleaving proteaseknown as caspases, which are present
in most cells in their inactive pro-form, awaiting actieatiby cleavage. The tumour
suppressor protein p53, which is able to initiate apoptosis andyisoften mutated in

cancer cells, has become a central subject in cancerdlesea

1.5.2. Alternative non-apoptotic cell death pathway

In contrast to the programmed cell death of apoptosis, necrosishdesihie pathological
process, which occurs after serious physical or chemical icesusted by injury, infection,
cancer, inflammation etc. Morphological features of necr@ses loss of membrane
integrity and disintegration (swelling) of organelles. Celltdeends with total cell lysis,
which evokes a significant inflammatory response. Regardingecanecrotic areas may

develop due to extensive tumour growth, which leads to destrutitve affected tissue.
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Autophagy, or autophagocytosis, is a lysosomal degradation pathway i& a cellular
response to stress or nutrient deprivation. In that case theleggbdes non essential
cellular components in order to release missing nutrientsalitphagic process further
contributes to development, growth regulation and cancer. When autolglaagyto the
total degradation of a cell, it represents autophagic cathdalso known as cytoplasmic
or type Il cell death, another form of programmed cell d€a2h. Many studies have tried
to investigate whether autophagy is able to suppress tumourig@melscould possibly be
considered as an alternative way to combat tumour cells siost of them are resistant to
apoptosis.

A cell can also undergo cell death caused by endoplasmic reti¢BERjrstress. ER stress
can be caused by unfolded proteins and other conditions which disturb tienteRstasis.
The cellular reaction to ER stress is activation of thioldad protein response (UPR),
which provokes changes in the cellular metabolism like genexaslation attenuation
and/or transcriptional upregulation of molecular chaperone gé&iesstress can occur
under both physiological and pathological conditions. Whereas physiolotjeratians of
the ER homeostasis result in temporary translational adjustmkmg-term or acute
ER stress mobilizes the full UPR and often leads to cedthdeER stress has been
associated with a number of diseases, among them diabetesyascdiar diseases, viral
infections, immune response, neurodegenerative diseases andasn. dt has been
reported that hypoxia leads to an activation of the UPR. Since tanufi@n contain
hypoxic cores, UPR activation could be a mechanism to compensap@dherowing
conditions and therefore a rescue mechanism for the tumounweilst this still has to be
investigated, endoplasmic reticulum stress-induced cell deathlso to be considered as a

novel pathway, by which tumour cells can be targeted.
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1.6. Aim of the study

1. To study potential interaction of endogenous neural precursomatlglioma

2. To specify the effect of neural precursor cells on glioeaetbpment

3. To investigate the mechanism determining the extent of thetuamburigenic
effect

4. To examine the factors determining the differences in thetamburigenic

response in young and aged brains

5. To set up appropriat@ vitro experiments in order to observe the direct interaction

between neural precursor and glioma cells

6. To characterize the neural precursor cell-induced gliomaleath
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2. Material and Methods
2.1. Material

2.1.1. Devices

AGFA Curix 60

CCD camera

Centrifuges

Clean bench

Neubauer counting chamber
Cryosystem FCS

Electron microscope 910
Enterprise laser

FACSVantage SE flow cytometer
Fluorescence microscope Axioplan
G-Box gel documentation system
Gelelectrophoresis device
Gradient cycler

Incubator

AGFA, Japan
Proscan, Germany
Eppendorf, Germany
Biowizard, USA
LaborOptik, Germany
Leica Microsystems, Germany
Zeiss, Germany
Coherent, USA
Becton Dickinson, USA
Zeiss
Syngene, UK
BioRad, Germany
Eppendorf

Labotect, Germany

Inverted fluorescence microscope Axiovert 100 Zeiss

Micro-infusion pump
Microscopes

Nucleofector

Photometer

Power Pack 300

Scales

Spectral confocal microscope TCS SP2
Speed Vac

Stereotactic head holder
Thermocycler T3000

Trans blot SD

Victor 1420 Multilabel Counter
Vortex

Water bath

World Precision Instruments, Germany
Zeiss
Amaxa, Germany
Eppendorf
BioRad
Sartorius, Germany
Leica, Germany
Bachofer, Germany
David Kopf Instruments, USA
Biometra, Germany
BioRad
Perkin Wallac GmbH, Germany
Janke & Kunkel, Germany

GFL, Germany
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2.1.2. Plastic ware and other material
96-well plates (for DELFIA TUNEL assay)
96-/ 24-/ 6-well plates

Cuvettes

Falcon cell culture inserts (0.4 pm) for 6-well

Falcon tubes (15 ml, 30 ml)

Hyperfilm ECL

Parafilm

Saran wrap

Tissue culture dishes (60 mm, 30 mm)
Tissue culture flasks (25 én75 cnf)

2.1.3. Chemicals
Acrylamide/Bisacrylamide 30 % solution
Agarose

Ampicillin

APS (ammoniumpersulfate)

Aqua Poly/Mount

Bio-dUTP (50 nmol)

BrdU (5-bromo-2-deoxyuridine)

labelling reagent

CHAPS (3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate)
Complete proteinase inhibitor

DAPI (4’,6-Diamidino-2-Phenylindol-2HCI)
DELFIA Enhancement solution

DELFIA Washing buffer

Dil (1,1-Dioctadecyl-6,6-di-(4-sulfophenyl)
3,3,3,3-tetramethylindocarbocyanine)
Dispase Il

DNAse (desoxyribonuclease)

dNTPs (desoxyribonucleosidtriphosphate)
dTTP (2’-deoxythymidine 5’-triphosphate)

PerkinElmer, Gany
TPP, Switzerland
Eppendorf
Bectooknson
TPP
Amersham Biosciences, USA
Pechiney Plastic Packaging, USA
Dow Chemical Co, USA
TPP
TPP

Sigma, Germany
Roth, Germany
Roche, Germany
Merck, Germany
Polysciences, Inc, USA
Perkin Elmer

Sigma

Amersham Biosciences

Roche
Sigma
PerkinElmer
PerkinElmer
Molecular Probes, USA

Roche
Worthington, USA
Invitrogen, USA
Roche
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ECL Plus (Western Blotting Detection Reagent) Amershamciginses

EGF (endothelial growth factor)
Ethanol

FCS (fetal calf serum)

FGF (fibroblast growth factor)
G418 (= neomycin)

Gel blotting paper

Glucose

Glycerol

Hybond-P PVDF membrane
Isopropanol

Laminin

L-Glutamine

Lipofectamine 2000 transfection reagent
Matrigel

Methanol

MgCl,

Papain

PBS (phosphate buffered saline)
Penicillin/Streptomycin

PFA (paraformaldehyde)
Poly-L-Ornithine
Polyvinylalcohol

Rainbow molecular weight marker
Staurosporine

Sucrose

SYBR®Gold

TdT (Terminal deoxynucleotidyl Transferase

buffer

TEMED (N,N,N’,N’ Tetramethyl-Ethylen-
Diamine)

Tris

Triton X-100

Peprotech, USA
Roth
Gibco
Peprotech
Gibco
Roth
Roth
Sigma
Amersham Biosciences
Roth
Invitrogen
Biochrom AG
Invitrogen
Becton Dickinson
Roth
Invitrogen
Cell Systems, Germany
Gibco
Biochrom AG, Germany
Merck
Sigma
Sigma
Amersham Biosciences
Sigma
Merck
Invitrogen

Amersham Biosciences

Amresco, USA

Roth
Merck
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Trypsin/EDTA (Ethylenediaminetetraacetic
acid)

Tungstosilicic acid hydrate

2.1.4. Enzymes

SuperScript Il Reverse Transcriptase
(200 U/ul)

Tag-Polymerase

TdT-enzyme (500 U)

2.1.5. Kits

BCA Protein Assay Kit

BrdU Cell Proliferation Assay

Cell line C6 Nucleofector Kit
DELFIA DNA fragmentation assay

3DNA Array 50 Expression Array Detection kit

Endo Free Plasmid Maxi Kit

In situ Cell Death Detection Kit, POD
RNeasy Mini Kit

QIlAprep® Spin Miniprep Kit

Biochrom AG

Fluka, Germany

Invitrogen

Invitrogen

Amersham Biosciences

Pierce, USA
Calbiochem, Germany
Amaxa, Germany
Perkin Elmer

Genisphere, USA

Qiagen, Germany

Roche

Qiagen

Qiagen
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2.1.6. Antibodies

2.1.6.1. Primary antibodies

Tab. 2.1. Overview of applied primary antibodies

Antigen Host Dilution | Supplier

5-Bromodeoxyuridine (BrdU) Rat 1:500 Biozol, Germany

Caspase-3 Mouse 1:400 Cell Signaling,
USA

Caspase-7 Rabbit 1:400 Cell Signaling

Cyclin D1 Mouse 1:100 BD Pharmingen,
Germany

Cyclin D2 Rabbit 1:100 Santa Cruz,
Germany

Cyclin D3 Mouse 1:100 Invitrogen

Distal-less homeobox (DIx-2) Guinea pig1:5000 | Kazuaki
Yoshikawa, Osaka
University, Japan
(47)

Doublecortin (DCX) Goat 1:200 Santa Cruz

Glial acidic fibrillary protein (GFAP) | Rabbit 1:500 Dako Cytomation,
Denmark

Green fluorescent protein (GFP) Goat 1:1000 | Acris Antibodies,
Germany

p21 Rabbit 1:100 Santa Cruz

Polysialic Acid-NCAM (PSA-NCAM) | Mouse 1:400 Chemicon, USA

Vimentin Goat 1:400 Santa Cruz

Ki67 Rabbit 1:400 Novocastra
Laboratories Ltd.,
UK

Musashi Rabbit 1:400 Chemicon

NG-2 Rabbit 1:400 Chemicon

2.1.6.2. Secondary antibodies

Tab. 2.2. Overview of applied secondary antibodies

Antigen Host Conjugation Dilution | Supplier

Mouse IgM | Donkey| Rhodamine Red 1:125| Jackson ImmunoResearch

Laboratories, USA
Goat IgG Donkey| Rhodamine Red  1:125| Jackson ImmunoResearch
Laboratories
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Rabbit IgG | Donkey| FITC 1:125 | Jackson ImmunoResearch
Laboratories

Rat IgG Donkey| Biotin 1:125 | Jackson ImmunoResearch
Laboratories

Substrate Conjugation Dilution  Supplier

Streptavidin HRP 1:10,000Amersham Biosciences

Streptavidin Cy5 1:200 Jackson ImmunoResearch
Laboratories

2.1.7. Oligonucleotides (PCR primers and siRNA)

Tab. 2.3. Overview of used oligonucleotides

Name Sequence (5 3) Application | Source

p21 (forward) | gcc tta gcc ctc act ctg tg PCR MWG,
Germany

p21 (reverse) agc tgg cct tag agg tga ca PCR MWG

Cyclin D1 cac agc ggt agg gat gaa at PCR MWG

(forward)

Cyclin D1 ggt aat gcc atc atg gtt cc PCR MWG

(reverse)

Cyclin D2 agt tcc gtc aag agc agc at PCR MWG

(forward)

Cyclin D2 cta gtc tgc ggg ttc tcc tg PCR MWG

(reverse)

Cyclin D3 cga gcc tcc tac ttc cag tg PCR MWG

(forward)

Cyclin D3 aca gag ggc caa aaa ggt ct PCR MWG

(reverse)

3-actin ccc tga agt acc cca ttg aa PCR MWG

(forward)

3-actin gtg gac agt gag gcc aag at PCR MWG

(reverse)

2.1.8. Plasmids

Tab. 2.4. Overview of plasmids

Name Source Properties

pCI-ATF3 Shigetaka Kitajima, ATF-3 is overexpressed under

Tokyo Medical and
Dental University, Japan

the CMV promoter

pMP71GPRE-EGFP

Wolfgang Uckert, MDC,
Berlin, Germany

EGFP is controlled by the
retroviral MPSV promoter

pMP71GPRE-DsRed2

WolfgangUckert, MDC,
Berlin, Germany

DsRed2 is controlled by the
retroviral MPSV promoter
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2.1.9. Media and buffer
2.1.9.1. Cell culture media
FCS was inactivated in the water bath for 30 min at 60f@ fir use. All media were

purchased from Gibco, USA.

Tab. 2.5. Overview of media and buffer in cell culire

Cell culture medium for GL261.: 10 % FCS

DMEM/10 % FCS/1 % PGS 100 U/ml penicillin

100 pg/ml streptomycin
0.2 mM L-glutamine

in DMEM
Cell culture medium for electroporation of| 10 % FCS
GL261 0.2 mM L-glutamine
in RPMI
Cell culture medium for explant 20 pg/ml human transferrin
co-cultures 100 pM putrescin

30 nM sodium selenite
1 nM triiodothyronine

60 U/l insulin

in DMEM/F-12
Cell culture medium for NPCs: 20 % B27
NB/B27 100 U/ml penicillin

100 pg/ml streptomycin
10 % L-glutamate

3 mg/ml glucose

20 ng/ml FGF

20 ng/ml EGF

in Neurobasal A

Freezing medium for GL261 10 % DMSO
15 % FCS
in DMEM

Freezing medium for NPCs 10 % DMSO
in NB/B27

PPD solution 2.5 U/ml papain

250 U/m|l DNAse

1 U/ml dispase Il (neutral protease)
in DMEM 4.5 g/l glucose

Fixans | 8 % formaldehyde
1 % glutaraldehyde
in 0.1 M phosphate buffer

Fixans Il 4 % formaldehyde
0.5 % glutaraldehyde
in 0.1 M phosphate buffer
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2.1.9.2. Bacteria propagation

Tab. 2.6. Medium for bacterial cultures

Luria-Bertani medium (LB)

10 g Bacto-tryptone

5 g Bacto-Yeast extract

5 g NaCl

adjust pH to 7.5 with NaOH, autoclave,
cool to 55°C and add antibiotics suitable
the expression plasmid

for

2.1.9.3. Buffers for immunolabelling

Tab. 2.7.Buffers for immunolabelling

TBS

100 mM Tris
150 mM NacCl, pH 7.4

TBS+

0.1% Triton X-100
3 % donkey serum
in TBS

2.1.9.4. Buffers for PCR
Tab. 2.8. Buffers for PCR

10 x loading buffer

1.7 % xylen cyanol

1.7 % bromphenolblue
80 % saccharose

in Hzo

50 x TAE (Tris-Acetate-EDTA) buffer

242 g Tris-Base
57.1 ml acetic acid
0.5 M EDTA

ad 11 HO, pH 8.0

2.1.9.5. Buffers and solutions for Western Blots

Tab. 2.9.Buffers and solutions for Western Blots

Sample buffer

1 % SDS

1 % Triton X-100

Complete proteinase inhibitor
in TBS, pH 7.4

10 % APS

100 mg NH persulfate
in 1 ml HO bidest.

Lower gel buffer 72.7 g Tris

1.6 g SDS

ad 400 ml HO bidest., pH 8.8
Upper gel buffer 18.2 g Tris

1.2 g SDS

ad 300 ml HO bidest., pH 6.8
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10 x Running buffer 30 g Tris

140 g glycine

10 g SDS

ad 1| HO bidest.

Transfer buffer 2.93 g glycine

5.81 g Tris

0.375 g SDS

ad 800 ml HO and 200 ml methanol

Washing buffer 0.5 % Tween-20
in TBS

Blocking buffer 3 % fat free milk powder
in washing buffer

2.1.10. Software
Tab. 2.10. Software

Product name Supplier

Adobe Photoshop CS Adobe Systems Inc. USA
analySIS 3.2 Soft Imaging System, Germany
Leica Confocal Software Leica, USA

Microsoft Office Microsoft, USA

SPSS 11.0 SPSS, USA

Volocity 2.6.1. Volocity, USA

2.2. Methods

2.2.1.Invivo inoculation of GL261 glioma cells into the mouserhain

2.2.1.1. Anaesthesia

Mice were anaesthetised with intraperitonal injectionsad.1 % xylazyne and 1.5 %
ketaminehydrochloride mixture in 0.9 % NaCl. 10 pl of the anaestmeixture was
injected per 1 g of mouse body weight. The eyes of the mice caezéully covered with
glycerin fat to avoid cornea drying.

2.2.1.2. GL261 glioma cell inoculation into the mae brain
Anaesthetised C57/BL6 mice were immobilized and mounted onto atsietre head

holder in the flat-skull position. The skin of the skull wassdcted with a scalpel blade
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and the skull surface was disinfected with a 10 % potassium icoligk®os. The skull was
carefully drilled with a 20 G needle tip at 1 mm anterior arsdmm lateral to the bregma.
Then a 1 pl syringe with a blunt tip was inserted to a depth ofmdamd retracted to a
depth of 3 mm from the dural surface. 1 pl of the GL261 cell suspefgsioad cells/pl)
was slowly injected over 2 min into the pre-cast hole. Thellaegas then slowly taken

out from the injection canal and the skin was sutured wstlrgical sewing cone.

2.2.1.3. BrdU injections
For BrdU labelling experiments, animals received intraperitanactions of 50 mg of
BrdU/kg of body weight at a concentration of 10 mg/ml BrdU in Istedi9 % NaCl

solution twice daily for three days until 24 h before thergh cell injection.

2.2.1.4. Dil injections

Intraventricular injections of 0.2 % (w/v) Dil in DMSO veeapplied 0.7 mm posterior and
0.8 mm lateral to the bregma on the left side using 0.5 pdtZldepth of 2.8 mm from the
dural surface. Tumour cell injections into the right hemispheezewperformed as

described above. Twenty nestin-GFP mice with or without glgtblaas were used to
prove the reliability of the Dil injection technique and were ifiaed after six hours and

one, four and seven days to observe the intensity and distriloditizih

2.2.1.5. Retrovirus injections

The open reading frames for DsRed2 and EGFP were subcloned froneqdbsR and

pPpEGFP-N1 vectors into the vector pMP71GPRE via the Notl and BesRlction sites.

Stable producer cell clones were generated by co-transfect298ef0A1 packaging cells
with either of the retroviral vector plasmids and the pldspWLneo (15).

Retroviruses (6 — 8 x £@fu/ml) were delivered at a speed of 0.5 pl/5 min with aronic
infusion pump 0 mm posterior and 0.8 mm lateral to the bregmaegdth of 2.0 mm from

the dural surface.

2.2.2. Paraformaldehyde fixation
The mice were killed by a 10 % ketamin intraperitonal injectiod perfused with an
intracardiac injection of freshly prepared 4 % paraformaldehy8&) solution (30 ml per

animal). The PFA perfusate was replaced by a 0.9 % Na@ian. After that, the skull
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was opened and the brain was carefully removed and postfixed ovemighoi PFA.
Finally, the brains were cryopreserved in 30 % sucrose (minirmgubation for
48 h).

2.2.3. Immunohistochemistry of brain sections (flong sections)

The PFA perfused cryoprotected brains were rapidly frozen in drgnd mounted onto a
sliding microtome. 40 um thick sections were collected into a-€f@protecting solution
(25 % glycerol and 25 % ethylenglycol in 0.05 M phosphate buffer). Before
immunolabelling, the sections were washed three times with @B$ subsequently
blocked by incubating them in 3 %6 (in 50 % methanol) for 30 min at room
temperature on a shaker. The sections were again washedtithesewith TBS and
incubated in TBS+ for 30 min for permeabilisation. Then, thé®secwere incubated for
48 - 72 h at 4°C with relevant primary antibodies. Sections washed three times with
TBS and incubated with the fluorescence conjugated secondary argikbdi25) for 3 h
at room temperature. After a final wash they were mounteal mitdroscope glass slides,

covered with coverslips and stored at 4°C until used for microsziognalysis.

2.2.4. Survival study

Wild-type mice (C57/BL6) of P25 and P180 received GL261 gliomairgelitions alone.
Another group of P180 animals obtained a mixture of GL261 cells plus adutal
precursor cells. The application of the cells was performediescribped unde2.2.1.
Injections of tumour cells alone contained 2 % ¢6lls/5 pl and of mixed cell suspensions
6 x 10 NPCs/4 pl plus 2 x T@L261 cells/1 pl with a total volume of 5 pl.

2.2.5. TUNEL and Hoechst 33358 labelling

After performing immunohistochemistry for BrdU, Hoechst 33358 (5éhhgl TBS) was
applied to the slides for 15 min. Thereafter, slides were radusmd used for whole cell
counts. TUNEL labelling for DNA 3'-strand breaks have beengpentd as previously
described (22).

2.2.6. Cell counting and unbiased stereology
In every 13" axial section 1.8 — 4.2 mm from dural surface, the areawthatprimarily

infiltrated by the tumour was being sampled. Anteriorly, thectdfy bulb was excluded
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and posteromedially, the hippocampal formation, at the dorsal £wehioh we cut
laterally toward the surface of the hemisphere. Cell conete determined in an unbiased
approach using an optical fractionator procedure. Tumour volume wasifigdant
according to the Cavalieri principle by determining the tumour exrexery sixth 40 um
brain slice and then multiplying by 6 x 40 um. For further phenotypilysieaof nestin-
GFP-positive cells, 100 cells nearby the tumour were randondgtedl per section. Six

different tissue sections were analysed and tissue fraa thiferent mice was used.

2.2.7.Explant co-cultures

Subventricular zones (SVZs) were microdissected from 250 um sliees of PO nestin-
GFP-transgenic mice. These were co-cultured with threerdiimeal GL261-DsRed cell
aggregates, containing 50,000 cells. Tissues were put nextHhoodsr on a transwell,
embedded in matrigel (1:10 diluted in DMEM) and co-cultured for rsedays in

chemically defined serum-free medium. The medium was chaege third day. As

controls, SVZ explants were co-cultured with cortical #ssu

2.2.8. Cell culture of neural precursor cells

Mice were decapitated and skin and skull were removed. Theveasiclissected from the
brain stem and transferred into cold PBS/Glucose (4.5 g/l). étebellum and olfactory
bulb were taken off and cross sections of the brain contaihiegstibventricular zone
(SVZ) were made. The lateral ventricles of the SVZemmicrodissected, collected in a
15 ml tube and centrifuged (500 g, 5 min, 4°C). The collectedetigsas incubated with
occasional mixing in PPD solution (5 ml/animal) for 40 min at 37f8e tissue was
washed three times with PBS to remove the PPD. Cells plated in 10 cm dishes in
NB/B27 (two to three animals per dish). Cultures were incubdt@d°&€, 5 % CQ@and
medium was changed on the next day. The cells were culturddheytiformed semi-
adherent neurospheres. For splitting, NPCs were collectechbyfegation (500 g, 5 min,
4°C) and dissociatebly pipette-mixing for 35 times. The cells were counted and sended
a clonal density of 500,000 per 10 cm dish in NB/B27.

For adherent cultivation, cells were put on dishes coated with-Lpotpithine and
laminin. These dishes were coated by first incubating thgmpely-L-ornithine solution
(10 pg/ml in HO) overnight at room temperature. On the next day they wedrimsce
with sterile HO and incubated with a laminin solution (5 pg/ml in PBSroight at 37°C.
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2.2.9. Cell culture of glioma cells

The GL261 cell line was purchased from the National CancettutestiNCl-Frederick

(MD, USA). GL261 glioma cells were grown in DMEM/10 % FC$$1PGS in T 25 tissue
culture flasks. The mouse GL261 cell line was selected f@aggenity to the mouse strain
C57/BL6, which was used for the animal experiments. The mediasnclvanged every
two days and cells were passaged when the cell density flatkereached confluency.
Cell cultures were maintained in the incubator &tC3ih a humidified and by 5 % GO

conditioned atmosphere.

2.2.10. Cell co-culture experiments and cell coumtg

GL261-DsRed cells (¥ were co-cultured on coverslips with NPCs isolated from mesti
GFP transgenic mice in ratios of 1:1 and 1:3. After 72 h, thewere fixed with 4 % PFA
and the nuclei were stained with DAPI. The total cell numbes determined using a
fluorescence microscope. Cells labelling for DsRed and DA#&wounted per randomly
selected optical field. On each coverslip, 10 non-overlappiegsawere counted. One
experimental group consisted of cell counts from three coveraliseach series of
experiments was repeated three times. Control groups consisteecoltures of GL261
cells with fibroblasts and astrocytes in the ratio 1:3.

To establish adherent cell cultures of GL261 in NPC-conditioned medium,10
glioblastoma cells were initially seeded in serum-containiegiom. After one day, this
medium was removed, the cells were washed three timesPBi$and cultured in the
NPC-conditioned medium for 72 h. As controls, GL261 cells wereredltin fibroblast-

and astrocyte-conditioned medium for 72 h.

2.2.11. DNA Microarray

2.2.11.1. Stimulation paradigm

GL261 glioma cells were seeded in DMEM/10 % FCS/1 % PGS intoctiltére flasks.
The next day, medium was replaced with fresh NB/B27 (control grood) NPC-
conditioned medium (treated group) respectively. Gene expressite ¢reated group

was analysed after 72 h compared to the control group.



2. Material and Methods 34

2.2.11.2. RNA isolation

Cells were washed with PBS and harvested by scraping themaffalume of 5 ml PBS.
They were centrifuged at 800 rpm, 10 min, 4°C (GL261) and 500 gn54tC (NPC),
respectively. The pellet was resuspended in 10 ml Trizol andba&ted at room
temperature for 5 min. 2 ml chloroform was added, mixed and itedilfar two to three
minutes. Cells were then centrifuged, this time at 5,000 fgrn20 min. The supernatant
was split in 750 pl aliquots, to which 750 pl isopropanol was addedr Aftether
centrifugation (12,000 rpm, 10 min, 4°C), 500 pl ethanol was added foetlet, which
was centrifuged again (7,500 rpm, 5 min, 4°C). The pellet wasl ani a SpeedVac for
5 min with heating and finally dissolved in 100 pl DEP@3HIt was then incubated for
10 min on ice and afterwards for 5 min at 65°C. The RNA conde@ntravas quantified
and the RNA was loaded onto a 1 % agarose gel, where the tvealty#NA bands

appeared.

2.2.11.3. Microarray hybridization

Microarray labelling and hybridization reactions were performedguthe 3DNA Array
50 Expression Array Detection kit. Total RNA (20 ug) of the ctlated with neural
precursor cell-conditioned medium and of untreated control cells wasseetranscribed
with primers each containing a specific capture sequence.widhel@NA samples were
pooled and hybridized to microarray slides containing 20,000 cDNA clareefiumified
chamber at 42°C for 16 h. Dye-swap repeats were performigthsShere washed in
2 x SSC/0.2 % SDS for 10 min, 2 x SSC for 10 min and 0.2 x SSOOfonin at room
temperature. Visualization of bound cDNA was carried out lyitdization with 3DNA in
a humified chamber at 42°C for 3 h. The dendrimers contained Cg$%and bound to
the respective specific capture sequences. Subsequently, widesagain washed as
before.

2.2.11.4. Image acquisition and data analysis

Fluorescence intensities of Cy3 and Cy5 were analyzed withsex lscanner at a
wavelength of 532 and 635 nm. The obtained 16-bit data files wereemaasinto the
Microarray Suite image analysis software. Raw spot iniessif Cy3 and Cy5 were
locally background subtracted. Empty spots and spots holding seqienpdsnt genes
were excluded from further analysis. Variance stabilizatiosms vapplied using the
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vsn package of bioconductor ((33) http://bioconductor.org). For furtheysss:aheans of
normalized log-products and log-ratios of each dye swap experpaenivere used. For

normalization procedures R (http://cran.R-project.org) wabkeahp

2.2.11.5. Identification of differentially expressd genes and cluster analysis

The dataset was first reduced to clones, which showed aragstifiold change of at least
1.5. The threshold of estimated 1.5-fold change was acquireatistisal analysis aiming
at minimizing the percentage of false positives (59). All gesleove a 1.5-fold change
were considered as relevant. A false positive rate vasftire between 2 and 5 %, which
was considered as tolerable. Clones, which were present ondy @nthe array were
sequence-verified, those, which were represented by more ctondbe array with
comparable expression changes were not sequence-verified. Chmstigsis of the

differentially expressed genes was carried out accordingitok@t al. (27).

2.2.12. TUNEL assays

2.2.12.1. The DELFIA DNA fragmentation assay

GL261 glioma cells (1well) were seeded in DMEM/10 % FCS/1 % PGS on a 96-well
plate. The next day the medium was removed and replaced by NPGarwediNB/B27
medium (unconditioned NB/B27 and 10 uM staurosporine served as nemyadiymsitive
controls). After 72 hours of incubation cells were fixed andté@ with the following

reagents from the DELFIA DNA fragmentation assay:

Tab. 2.11. Reactiommixture for the DELFIA DNA fragmentation assay

Reagent Final concentration
CHAPS 0.01 %

Bio-dUTP 5uM

dTTP 15 uM

TdT-buffer (5 x) 1x

TdT-enzyme 55U

H>O ad 50 pl
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After 30 min incubation at 37°C cells were washed six timéh WELFIA washing

buffer. Then, Europium-labelled streptavidin (100 ng/ml) was @éddethe cells for one
hour at room temperature. Again, cells were washed six time2@0 ul of Enhancement
solution was added to each well. After 5 min incubation on the shakeom temperature,
the time-resolved fluorescence was measured using a VIET®RItilabel Counter at a

wavelength of 613 nm.

2.2.12.2. Thdn situ cell death detection kit, POD

To quantify dying glioblastoma cells in co-cultures with nepralcursor cells, astrocytes
and fibroblasts, cells were fixed after the co-culture penihl 4 % PFA for 10 min and
washed three times with PBS. Cell death was detected wfthoeescent cell death
detection kit [n situ cell death detection kit, POD) according to the manufacturer’
instructions. The samples were analysed under a fluorescecresecope at a wavelength
in a range of 450 — 500 nm. TUNEL-positive nuclei of DsRed-expressilg were

counted as described aboze(10).

2.2.13. Immunolabelling

Cells on coverslips were fixed with 4 % PFA for 10 min and thashed three times with
PBS. To permeabilise the cell membrane, cells were inedba TBS+ for 30 min. The
primary antibody was applied overnight at 4°C while cells werd kep wet chamber.
The next day, cells were washed three times with PBS and iecllvah the fluorescence
conjugated secondary antibody for three hours at room temperatiiee weéee finally

washed three times with PBS and mounted onto microscopestitiess

2.2.14. Microscopy

2.2.14.1. Fluorescence microscopy
Immunohistochemical preparations were visualized with a fluenegc microscope.
Fluorescence microscopy was further used to evaluate traoefeates. Live cultures

were analysed for fluorescence using an inverted fluonesamicroscope.
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2.2.14.2. Confocal microscopy

Confocal microscopy was performed using a spectral confocaroseope.
Immunohistochemical preparations were visualized using threeatiffaser channels for
FITC (485 nm/535 nm), TRITC (555 nm/575 nm) and Cy5 (650 nm/665 nm). Appropriate
gain and black level settings were determined on control tissaegd with secondary
antibodies alone. All confocal images were taken with a 4@gnification objective with

a keyhole aperture between 45 pm and 85 pum. Overview imagyes processed with

Photoshop CS and co-localization images were processed withity&#d5.1.

2.2.14.3. Preparation of cryosections and electranicroscopy

Two hours before fixation, the culture medium was changed. Frpetfhared fixans was
added in equal amount to the growing medium. After 2 min this neixtas replaced by
the second fixans and left for two hours at 4°C. Cells wereedasifth 0.1 M phosphate
buffer, harvested with a rubber policeman and centrifuged at 3000 rpgnrfon. After
two washing steps with phosphate buffer, cells were embedded%ndgidatine in 0.1 M
phosphate buffer, cut into small blocks, infiltrated with 2.3 M@se overnight at 4°C and
frozen in liquid nitrogen. Ultrathin cryosections (70 nm) were obthiaccording to
Tokuyasu et al. (70;71) using an ultramicrotome attached to a cryosystem FCS.
Cryosections were contrasted and stabilized with a mixture of tBrigstosilicic acid
hydrate and 2.5 % polyvinylalcohol (M0000) according to Karget al (34). Samples
were examined with an electron microscope at an acceleratitage of 80 kV. Digital
images were taken with a 1k x 1k high speed slow scan CCD @&anérthe analySIS 3.2
software.

2.2.15. BrdU-assay

Neural precursor cells (5 x Yell) were seeded on a poly-L-ornithine-/laminin-coated
96-well plate. The next day, the medium was removed and egplacGL261-conditioned
NB/B27 and unconditioned NB/B27 as a negative control. Cells wetdated for three
days. BrdU label was added to the cells 18 h prior to fixafitve. next day, cells were
fixed with 200 pl fixative/denaturing solution for 30 min. Afterttha00 pl of the anti-
BrdU antibody (1:100 in antibody dilution buffer) was added to the &milene hour at
room temperature. Cells were washed three times with hshvouffer and 100 pl of

peroxidase goat anti-mouse IgG HRP conjugate was added for 30atmimoom
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temperature. Cells were again washed three times wathvbuffer and the plate was
entirely flooded with dHO. After complete KO removal, cells were incubated with 100 pl
substrate solution for 15 min at room temperature in the darkréldation was stopped
with 100 pl of stop solution. The absorbance was measured usingteogpetometric

plate reader at dual wavelengths of 450 — 540 nm.

2.2.16. Transfection methods

2.2.16.1. Electroporation (NucleofectioH")

Cells were passaged two to three days before transfection aedgwmving in their
logarithmic growth phase. They were washed once with PBS amdeshed by
trypsinization. The reaction was stopped by adding serum containingecaiedium and
cells were centrifuged (800 rpm, 10 min, 4°C). After countingrel@ired number of cells
(1 x 1¢- 5 x 16 per sample) was centrifuged at 200 x g for 10 min at 4°Cp&het was
resuspended in 100 pl room temperature Nucleoféttsolution and 1 — 5 pg of the
relevant DNA was added. The sample was transferred infareaxa cuvette, which was
inserted into the cuvette holder and the appropriate programmstaveesd. Then, 500 pl
of pre-warmed culture medium was added and the sample was rtrassfeo plates,
which were pre-incubated with medium. The cells were put back G anti the gene

expression was detectable after 6 — 24 h.

2.2.16.2. Lipofectamine transfection

10° cells/well were plated one day prior to the experiment in abmate so that they
reached 90 - 95 % confluency at the time of transfectionoR@itransfection reaction 4 pl
of Lipofectamine 2000 was mixed with 250 pl OptiMEM and incubate® fiorin at room
temperature. Meanwhile, 4 pug of plasmid DNA was diluted in 250ptiMEM. Then,
250 pl of diluted DNA was added to each vial containing Lipofectar2®@0 and
incubated for 30 min. In the meantime, the normal growth medfuitmeqplated cells was
exchanged for 2 ml/well of OptiMEM. The transfection mixtureLgdofectamine 2000
and plasmid DNA (500 ul per well) was added to the cells. Aftehours, the reagents
were exchanged for normal growth medium. After two to thregs,daells were

trypsinised, pelleted and plated in an appropriate format.
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2.2.16.3. Retroviral transfection

For retroviral transduction, 100 pl of viral supernatant (5%tad x 10 cfu/ml, 2.2.1.5)
was added to 70 % confluent GL261 cells in a 6-well plate.sGedire centrifuged at
2000 rpm for 90 min, 32°C. After one day, the medium was exchangde$br growth
medium and cells were propagated until a number of $wa$ reached. Transduced cells
were purified by FACS sorting and cultured as described. Nongeali the number of

GFP-expressing cells was observed after five passages.

2.2.17. Fluorescence Assisted Cell Sorting (FACS)

To prepare the cells for FACS-sorting, they were trypsthmemechanically dissociated,
centrifuged (800 rpm, 10 min or 500 g, 5 min, 4°C) and thoroughly peadsd in 1 ml
PBS. To eliminate cell clumps, the cell suspension wasdik through a cell strainer with
a 40 um mash. Then, the single-cell suspension was subjedt&CS. Flow cytometric
experiments were carried out using a FACSVantage SE floomgter. Sorting was done
using a 70 micron nozzle. Excitation of the sample was performedstandard 488 nm
water cooled Enterprise laser. Forward scatter (FSC),ssalter (SSC) and fluorescence
were collected by a 539/40 nm band pass filter. The sorted celisgated by the dotplot
FSC versus SSC and positive fluorescent compared to non fluorestienhe positive,

i.e. fluorescent cells were collected and further cultimedeir original culture medium.

2.2.18. Western blot

2.2.18.1. Sample preparation

Cells were washed two times with ice-cold PBS before thepkabuffer was applied
(10 pl/cnf). Cells were scraped with a rubber policeman and theysalids were collected
in 1.5 ml tubes and incubated on ice for 15 min. Then, the samptescemtrifuged at
13,000 rpm for 20 min. The pellet was discarded and the supernallanted; the protein
concentration was determined using the BCA protein assay kifprbkein concentrations
of all samples were equalised with sample buffer. Mercipdoel (5 %) and glycerol
(15 %) was added to the samples and they were incubatedat®35 min.
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2.2.18.2. SDS-PAGE

The gels were cast in glass plates. The composition @elseis shown itab. 2.12.Gels
were loaded with 10 pl molecular weight marker and 20 pl of eachple. Then,

electrophoresis was performed at 100 V for 10 min and at 1f60 &pproximately 45 min.

Tab. 2.12. Composition of a 10 % SDS polyacrylamidgel
Separating gel (lower gel)

Lower gel buffer 2.5ml
Acrylamide 3.3ml
12 % glycerol (in HO) 4.17 ml
10 % APS 30 pl
TEMED 15 pl
Stacking gel (upper gel)

Upper gel buffer 1.25 ml
Acrylamide 750 pl
12 % glycerol (in HO) 3.0ml
10 % APS 20 pl
TEMED 10 l

2.2.18.3. Semi-dry transblotting

Gels were carefully removed from the glass plates and leguéid in transfer buffer for
10 min. Meanwhile, a PVDF membrane was activated by incubatiorethanol for 5 min

and afterwards equilibrated in transfer buffer for 5 min. Atshme time, blotting paper
was soaked in transfer buffer and placed on the lower electrodeela The PVDF

membrane and the separating gel were placed between tves piemoist blotting paper.
The sandwich was covered with the upper electrode (cathode) atedlldntl5 V for

60 min.

2.2.18.4. Immunoblotting

The membrane was incubated in methanol for 5 min, washed on&Siriof 5 min and
then blocked with blocking buffer for 30 min. The primary antibody wes tadded in
blocking buffer for an overnight incubation at 4°C on a shaker. @nnéxt day, the

membrane was washed three times in washing buffet incubated with the HRP
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conjugated secondary antibody for one hour at room temperature. tAfes more

washing steps, each for 20 min, the ECL reagent was appliégdrfon. The membrane
was dried from excess ECL reagent and placed on a transpaitelt was exposed in a
film cassette to ECL films (in the dark room) for variousdimeriods (e.g. 15 s, 30 s,

1 min, 5 min) and the films were developed in the fieweloping machine.

2.2.19. Identification of mMRNA transcripts

2.2.19.1. RNA isolation (RNeasy Mini Kit)

The microdissected SVZ tissu2.2.8) was disrupted and the lysate was homogenized in
600 pl RLT buffer. After centrifugation (14,000 rpm, 3 min, 4°C) @0®f 70 % ethanol
was added to the supernatant. The sample was applied tossyRiN&i column placed in

a 2 ml tube and centrifuged at 10,000 rpm, 15 s, 4°C. The flow-thmeagliiscarded and
700 ul of buffer RW1 was added to the column. The tube was agairifuged and
transferred into a new collection tube. 500 ul of RPE buffes added twice onto the
column to wash the sample. After transfer of the column teva h5 ml tube, 40 ul of
RNase-free water was added onto the membrane. After Sneuibation the tube was
centrifuged at 10,000 rpm for 1 min to elute the DNA. Finahg, RNA concentration was

guantified using a photometer.

2.2.19.2. Reverse transcription (RT) — PCR
To obtain cDNA, which can be used for a PCR reaction, RT-PGR performed.

Therefore the following mixture was prepared:

Oligo-dT 1l
dNTP Mix (10 mM each dATP, dCTP, dGTP, dTTR) 1 pl
Total RNA 1ug
DEPC-HO ad 20 pl
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This was heated up to 65°C for 5 min and quickly chilled on ice. Thenfaollowing
mixture was added:

5 x First-Strand buffer 4 ul
DTT (0.1 M) 2 ul
RNase OUT Recombinant ribonuclease inhibitarul
(49 u/ul)

The mixture was incubated at 42°C for 2 min and 1 pl Superscripoll U) was added.
Hereon, another incubation at 42°C followed for 50 min and the o@asfs inactivated at

70°C for 15 min. The cDNA concentration was quantified usipiotometer.
2.2.19.3. Polymerase chain reaction (PCR)
To amplify certain segmentsf the yielded DNA, PCR reactions were performed.

Therefore the following reaction was mixed:

Tab. 2.13. PCR reaction mixture

10 x PCR buffer | 5 ul
MgCl, 1.5l
dNTP mix 1 pl
Primer 1 1pl
Primer 2 1pl
Taq 0.4 pl
cDNA 5l
H20 35.1 pl

Tab. 2.14. PCR-temperature profiles and number ofycles

Hot start 94°C 1 min

Denaturation 94°C 30s

Primer annealing | Annealing temperature; 30 s

o O B W N

Elongation 72°C 1 min; 35 cycles
End 72°C 8 min
Pause 4°C o0
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Annealing temperature

R-actin 55°C

Cyclin D1 | 56.5°C

Cyclin D2 | 55°C

Cyclin D3 | 59.5°C

p21 53.5°C

2.2.19.4. Gel electrophoresis of the PCR products

The PCR products were loaded onto an agarose gel in order to \@shalim under UV-
light using a fluorescence dye. The 3 % agarose gel (in 1 x TAErpwhs cast and pre-
stained in SybrGold (1:10,000) for 40 min in the dark. 10 pl of each PGdRigirwas
mixed with 5 pl loading buffer and loaded into the gel slotska DNA ladder was also
loaded. Electrophoresis was carried out at a voltage of 90 dpfooximately 45 minThe

DNA bands were visualized using the gel documentation faciliBosa

2.2.20. Statistical analysis

Statistical significance was determined at the p < 0.05 l@bal.results are expressed as
mean values * standard errors of the mean (SEM). Compaasomsg the groups were
performed with the Student’s t test.
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3. Results

3.1. Neural precursor cells from the subventricular zone migrate towards

experimental gliomasin vivo and in vitro

3.1.1. Endogenous neural precursor cells accumulaggound glioblastomasin vivo
Endogenous neural precursor cells (NPCs) are attracted towarpsringental
glioblastomasin vivo (24). To distinguish between NPCs and GL261 glioma cells,
transgenic mice were used expressing enhanced green fluoresteimt (BFP) under the
control of the nestin promoter. Although nestin is not only expressed@s NRis specific
promoter construct largely restricts GFP expression to NP@gadtshown that a short,
evolutionarily conserved region of the nestin promoter is sufficie drive nestin gene
expression in CNS progenitor cells whereas reactive asteoagteendothelial cells require
the whole promoter sequence to express nestin (50). The GFP farareshberefore served
as a marker for NPCs (nestin-GFP-positive cells). GL26amgl cells were stably
transfected to express DsRed. They were injected into thateapdtamen of 25 days old

mice (P25), which resulted in tumour formation after twekefig. 3.1).

Fig. 3.1 Endogenous neural precursor ells surround experimental glioblastome Fluorescenc
microscope composite image of a horizontal sedfiwough the brain. GL261-DsRed glioblastoma cells
were inoculated into the right forebrain of a tigewsic nestin-GFP mouse (P25). Within two weeksinest

GFP cells (green) accumulated around the tumod).(Bcale bar: 1 mm.
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3.1.1.1. Accumulation of neural precursor cells ispecifically induced by glioblastoma
To distinguish whether nestin-GFP-positive cells are geneadtitgcted by injured tissue
or specifically by a tumour, nestin-GFP distribution was analysednimals after
inoculation of tumour cells and in animals after sham operatisiab (vounds). Seven
days after application of the lesion accumulation of nestin-@¥giive cells reached its
peak {ig. 3.2f). 14 days after sham operation, the nestin-GFP-positivedisfitayed the
star-shaped morphology of activated astrocytes and were edatteroughout the
hemispherefig. 3.29). After 30 days, only few nestin-GFP-positive cells wefe ih the
injured hemispherdi@. 3.2h).

tumour stab wound
Fig. 3.2. Time course of NPC attraction to

glioblastomas or stab wounds. a, eAt 4 d
postoperatively (4 DPO), the injection canals were
still  visible; later they were identified
stereotactically. At 4 DPO and 7 DPO, tumour

nestinig'fp : 4
G261-dsred © nestin-gfp

formation started (reda, b) but nestin-GFP cells
accumulated both around tumours and controls
(green,e, f). At 14 DPO and 30 DPO no nestin-
GFP-positive cells remained at the stab wound
(g, h). Cells scattered throughout the lesioned
hemisphere displayed a star-shaped morphology
(g, inset). GL261-induced gliomas reached a
diameter of >1 mm, encircled by NPCs forming a
layer of at least 200 um (the tumour border is
indicated by arrows inc). These nestin-GFP-
positive cells showed a bipolar morphology
(c, inset). At 30 DPO, the tumour cells had
practically overgrown the layer of nestin-GFP-

positive cells (the tumour border is indicated by

arrows ind). Scale bar: 120 um.
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3.1.1.2. Nestin-GFP-positive cells around glioblasina are genuine precursor cells

© —Jki67 G261-dsred
4 \ &

G261-dsred

Fig. 3.3. Nestin-GFP-positive cells around gliomarea characterized as genuine neural precursor cells.
GL261-DsRed glioma cells (red) inoculated into tteuidate putamen of P25 nestin-GFP (green) mice.
Expression of cell type-specific markers in bluelatDPO. Co-localization of these markers with imest
GFP cells is indicated by arrows in the micrographd by 3D reconstructions of single ceis.The cell
cycle protein Ki67, a proliferation marker, labellauclei of many tumour cells and numerous nest#iRG
cells. b: The neural precursor marker Musashi 1 exclusilabglled nestin-GFP-positive cells. NG-2,
marking neoplastic cells, was abundant on the gasrmmbranes and in the cytosol of nestin-GFP-pesiti
and glioma cellsd: Staining for the neural precursor cell marker F$8AM was almost exclusively
positive for nestin-GFP-positive cells and was faatnd on tumour cellse: Immunolabelling for DCX,
which controls migration in neural precursors, waty detected in the cytoplasm of nestin-GFP-peasiti
cells.f: The intermediate filament GFAP, which is presenhéural stem cells, radial glia and astrocytes,
primarily co-labelled with nestin-GFP in areas elds tumour. Few cells expressing only GFAP but not
nestin-GFP were observed in the glioma bearing. 8eale barsoverviews: 25 um;3D reconstructions:

6 um.
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Nestin-GFP-positive cells accumulating around gliomas exmessdl type-specific
markers, which allowed their characterization as precursty (igl 3.3). About 30 % of
nestin-GFP-positive cells expressed Ki6ig.(3.38, indicating that they were actively
dividing. Musashi, a RNA-binding protein (55) which is restricted tcprsor cells was
expressed in about 35 % of nestin-GFP-positive cétis 3.3b). Staining with NG-2, a
chondroitin sulfate proteoglycan, which marks glial precursors and asimptells (62),
was also positive for approximately 35 % of nestin-GFP-posilis. Interestingly, NG-2
co-localized with both nestin-GFP-positive cells and the GL2&imgl cells fig. 3.30.
Immunolabelling with markers for migrating neural precursorsc@t69), PSA-NCAM
(fig. 3.3d) and doublecortin (DCXig. 3.39 was positive for ca. 30 % (PSA-NCAM) and
10 % (DCX) of nestin-GFP-positive cells. GFAP is a classarker for astrocytes but also
identifies stem cells by co-labelling with nestin withiaunogenic regions of the adult
brain (25). About 60 % of nestin-GFP-positive cells showed G&4fPessionfig. 3.3f).

3.1.2. Neural precursor cells around glioblastomasriginate from the subventricular

Zone
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Fig. 3.2, Neural precursor cells around glioblastomas stem frm a germinative centre a: Animals
received intraperitonal BrdU injections prior teetlGL261 glioma cell inoculatiorb: Many nestin-GFP
cells at the tumour border (arrowheads) are latbdlde BrdU (blue). The cell, which is highlighted la
rectangle displays co-labelling for nestin-GFP d@rdU, which was confirmed by 3D reconstruction.
Scale barb: 20 pum;3D reconstruction: 5 pm.
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Under physiological conditions, neural precursor cells (NPCs) restricted to the
germinative centresl(1.1). This suggests that they may also derive from theseusitks
pathological conditions. Precursor cells were preoperativeBiléab with the thymidine
analogue BrdU. Since proliferation only takes place in the setinmiches, tracing BrdU-
positive cells ensures tracing cells from these niches. Teeksvafter the GL261 glioma
cell injection cells could be observed, which were immunopesitiv both nestin-GFP
and BrdU fig. 3.4). No DsRed fluorescence is visible because it was losthby t

immunostaining procedure for BrdU.

nestin
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Fig. 3.E. Neural precursor cells around glioblastomas stem &fm the SVZ. a Scheme of the location fi
injections of GL261 and Dilb: Five days postoperatively (5 DPO), Dil (red) codbses with nestin-GFP
(green) and is distributed throughout the ventdcaind subventricular zones.At 14 DPO, a tumour has
developed in the caudate-putamen (CPu). Nestin-@fdRive (green) neural precursors from the SVZ
(indicated by dots) accumulate around the tumounygheads). The glioma is surrounded by Dil-positiv
cells (red). Nestin-GFP-fluorescence co-localiseth whe Dil labelling.d: At the single cell level, Dil
almost solely co-localises with nestin-GFP (3D restouction).e: Triple-positive labelling for doublecortin
(blue), nestin-GFP and Dil. Scale bavg:: 400 pum;d: 20 um; 3D reconstructions: 6 pm.
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Since there are two germinative regions in the brain,uheentricular zone (SVZ) and the
dentate gyrus, it was necessary to identify from which stdhmiche the migrating neural
precursor cells (NPCs) originated from. Considering the tfzatt NPCs, which migrate
along the rostral migratory stream are of subventriculagirorit is likely that the
precursors around the tumour are also derived from this brain rdgierfluorescent dye
Dil was applied into the ventricle of the left brain hemesghensuring labelling of those
cells, which were in direct contact to the fluid continuum of Weatricular system
(ependymal and stem cells of both hemispheres). Following themgleation, GL261
glioma cells were injected into the right hemisphdig (3.59). Injecting the dye into the
left ventricle and glioma cells into the right hemisphere shoefdahstrate whether NPCs
are able to migrate from one hemisphere to the other towardsntiogir. Two weeks after
the operation, both Dil- and nestin-GFP-positive cells were wetesaround the tumour
mass. Dil-positive cells were almost exclusively ne&kPR-positive, implying that they
had migrated from the subventricular zone towards the tumdig. @.5d,
3D reconstruction).

Triple positive labelling for nestin-GFP, Dil and doublecor@nmarker for migrating
neural precursors, indicates that the experimental gliomathaatted proliferating NPCs
from the subventricular zone.

3.1.3. Neural precursor cells from the subventricidr zone are attracted by GL261
glioma cellsin vitro

After having observed the migratory behaviour of neural precusdisr @NPCs)in vivo it
was interesting to know if the cells show the same propertiependent of the
surrounding brain tissue. Therefore,iarvitro migration assay with microdissected tissue
samples from the subventricular zone (SVZ) seemed to be an apmromodel. To
perform thisassay, microdissected SVZ explants from 250 pm brain sic®® nestin-
GFP-transgenic mice were placed onto a transwell placeé-well plate, which allowed
free cell migration on the surface but ensured sufficient marrgupply. The SVZ explants
were put next to three-dimensional GL261-DsRed aggregates, cogt&mio00 cells and
embedded in matrigeAs controls, cultures of SVZ explants and cortical tissue were

performed.
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Fig. 3.€. Migration of subventricular NPCs towards glioma cel aggregatesin vitro. A SVZ explant
from a nestin-GFP mouse was exposed to a threengdioreal cell aggregate of GL261-DsRed glioma cells.
The outline of the tumour is indicated by a dashad (a). b: After 7 d of incubation, many GFP-
expressing NPCs have migrated with a tropism tos/énd tumour; these migrating NPCs (indicated by an
arrow) display a bipolar morphologg: Single-channel micrograph indicating that neuna@cprsors are
exclusively attracted by the glioma celts. Two explants from the SVZ were exposed to eachratnd to
cortical tissue (Ctx; indicated by a dashed lirw)d period of 7 d; all tissues were derived fragstm-GFP
mice. e: NPCs, which were exposed to SVZ- and cortex tisstaged stationary and held a round cell
morphology (indicated by an arrow). Single-channel micrograph showing absence of aagypsor cell

migration. Scale bar: 150 um.

Analysis by confocal microscopy showed that after seven dayss N&e left the explant
and have migrated specifically towards the GL261 aggregatedbwbwards the opposed
side. | also did not observe any migration towards the conssaldifig. 3.6). Analysing

the cells in higher magnification indicated that the migratingCslipossessed a bipolar
morphology fig. 3.6b) whereas the stationary cells kept a round morphology
(fig. 3.6d, 9. Since the SVZ explants and the GL261 aggregates were in b airdact

to each other, this experiment suggests that it is a sdiattier, secreted by the tumour
cells, which attracts NPCs.
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3.2. Neural precursor cells show an anti-tumourigeie responsen vivo and in vitro

3.2.1. Survival of experimental glioblastomas is geeendent on the age-defined number

of neural precursor cells at the tumour

r P25. 14 DPO operated P100: 14 DPO operated P180: 14 DPO operated P400: 14 DPO

tumour

nestin-gfp
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Fig. 3.7. Attraction of NPCs towards experimental glioblastonas and development of tumour
formation in P25, P100, P180 and P400 mice (a-d3L261-DsRed glioma cells were injected into nestin-
GFP mice. At 14 DPO, notably less NPCs have accatedlaround the glioma in the P100 compared to the
P25 animals; the amount of NPCs declines even durith the P180 and P400 animals. The diminished
number of NPCs corresponds to a more severe pgihabthe brain caused by the tumour. Scale bar:

fluorescence imagess0 um;phase contrast compositesl mm.

Mice of different age were compared regarding the accumulatinastin-GFP expressing
cells around the glioma and the tumour development 14 days after @lid6ia cell

inoculation. Whereas glioblastomas were quite small and confm28 days old animals
(P25,fig. 3.73), they increased in size proportionally to the age of the emdethe tumour
itself became more and more jagged. At P400, the tumour spreadnogt of the brain
hemisphere, often displayed necrotic areas and also containedlE®dings. In contrast
to the P25 animals there was a considerably lower number of peecatsor cells (NPCs)
around the tumour in the P100 mice. The decline of NPCs atti¢hef$he tumour became

more evident in the P180 mice and there were only few cdtianiehe P400 brain
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(fig. 3.7d). This implies that the tumour growth inversely correlatith the amount of

attracted NPCs, which in turn diminishes with increasigg.

To quantify how the survival of a glioblastoma depends on the atiee &nhimal and on
the amount of neural precursor cells in the brain | compared autinves of animals of
different age after inoculation of GL261 glioma cells. Recifgiemonsisted of a group of
young (P25) and a group of adult (P180) mice. A third group obtained a eniafur
cultured adult NPCs and GL261 glioma cells in the ratio 3:1fig\s3.8. shows, the

survival of younger mice significantly exceeded that of olml@mals after GL261 cell
inoculation. However, when exogenous NPCs were administered togsatihehe GL261

cells, the older animals survived as long as the young ones.
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Fig. 3.8.Younger (P25) outlive older (P180) mice after GL26inoculation. Exogenously applied NPCs
into old (P180) animals prolong the survival of gbhblastomas.P25 + GL261n = 8; P180 + GL26In=9
and P180 + GL261 + NPCs = 10.

3.2.2. The anti-tumourigenic response in young anadult mice

3.2.2.1. Age-related decrease of subventricular pliteration is further reduced by
glioblastoma

| had observed that the number of neural precursor cells (NR@is) are recruited to the
tumour, diminishes with increasing age of the animal, whictuin results in a shorter
survival time. Next, | examined whether the reduced numbsiP&@s around the tumour

in adult animals was due to lower subventricular proliferatioregpaonse to the tumour.
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Thus, young (P30) and adult (P90) mice received intraperitonaltiofjecof BrdU, a

marker for proliferation, two hours before Kkilling.
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Fig. 3.9. Subventricular proliferation declines inthe tumour-bearing hemisphere in adult compared to
young mice.Horizontal sections through mouse brains of P80afid P90 If) reveal strong labelling for
BrdU in the tumour and in the SVZ at 14 DPO. Highsagnification of the BrdU labelling in the SVZ
contra- and ipsilateral to the tumour (SVZ con8¥Z ipsi) in P30 ¢) and P90d) animals. Proliferation in
the P90 is generally lower than in the P30 mousatfalateral SVZ) and even more reduced on the tmmo
bearing hemisphere: Quantification of subventricular proliferation imtreated controls (Ctrl., 0 DPO)
and 3, 7 and 14 DPO after GL261 inoculation. Thdif@ration in mice of P30 is maintained at a canst
level both ipsi- (I, white bars) and contralateydIC, black bars) over the whole time courfseProliferation
in P90 mice stays relatively constant on the cdeieeal side over two weeks, though on a lowerllévan
in the younger group. However, ipsilaterally, pielation decreases rapidly 3 DPO, returns to colerels

at 7 DPO and significantly declines again (14 DP%2gle barsa,b: 1 mm;d: 50 pm

The gliomas in young mice were consistently smaller than in aduo& (fig. 3.9a,h.
Young animals displayed a constant level of BrdU-positive aellse SVZ over a period
of 14 days. The number of dividing cells in the tumour-bearing brainsdidiffer from
the untreated control sectiong).(Yet, proliferation rates in adult animals were different
At 3 DPO, the number of BrdU labelled cells in the ipsilat&dl reached only about
60 % of the untreated control group (0 DPO) and about 70 % on the coratadader

Seven days after GL261 glioma cell inoculation, proliferatiomrnetd to the level of
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untreated controls on the ipsi- and contralateral side. How&¥eRPO ipsilateral SVZ
cell proliferation had again declined by approximately 40 % compartit toontralateral
side and to the untreated control SVZ. BrdU labelling in the cotdgralaSVZ and in
control brains remained at a constant lefjel (

In summary, | observed that young animals displayed a steadyo$tatoliferating cells in
the SVZ both ipsi- and contralaterally to the tumour. There iiedaction of the total
number of dividing cells in the adult SVZ,{) and a further significant decline of BrdU

labelling in the tumour-bearing hemisphere.

3.2.2.2. Whole cell numbers in the subventricularane are independent of pathology
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Fig. 3.10 Whole cell nurrbers in the SVZ of young and of adult mice after gliomanjection. A: Phase
contrast image of a horizontal section through &tineGFP mouse brainB: The corresponding
fluorescence micrograph, the ventricle is indicadtgddots.C: Single cell nuclei (arrow) in the SVZ after
Hoechst labellingD: The total number of cells in the SVZ of P30 animdézlines over a period of
14 days but remains on the same level in the gstitateral (I, white bars) and contralateral (Gdi bars)
to the tumourE: The total SVZ cell number of P90 mice stays abastant level lower than in the P30
group and does not vary between the ipsi- and alatéral side. Statistical significance: p<0.05. (*)
Scale barsA, B: 500pum;C: 5um.
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Having quantified the number of proliferating subtrecular cells in response to a tumour,
whole cell numbers in young (P30) and adult (PQ@ventricular zones (SVZs) were
analysed. Quantification of subventricular whol# nembers should clarify the question,
whether altered numbers of total cells in the SV& eesponsible for the diminished
number of neural precursor cells (NPCs) aroundtdineour in adult animals or if adult
subventricular proliferation is further reducedthg presence of a tumour.

Stereological cell counting of nuclei in the SV4sualized with Hoechst 33358 was
performed. Young animals revealed a diminishin@lt&VZ cell number within 14 days
after tumour application both on the ipsi- and calateral side f{g. 3.10D). The total
number of cells in the adult SVZ was about 50 %dosompared to that in P30 mide)(
However, cell numbers remained at a constant levet the time course of 14 days on

both hemispheres, thus independent of the tumour.

3.2.2.3. Cell death rate in the subventricular zone& independent of pathology
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Fig. 3.11. The number of TUNEL-positive SVZ cellss not affected by the presence of a tumour.
GL261 glioma cells were inoculated into P@Q and P9QB) mice. TUNEL-positive cells were quantified
after 3, 7 and 14 DPO. Values remained on the daws within one group and did not differ in théesi
ipsilateral (I, white bars) and contralateral (&dk bars) to the tumour. Non-operated animalsesgpmted

0 DPO.
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To further investigate the different tumour respoins young and adult mice, cell death
rates in young (P30) compared to adult (P90) subeeiar zones (SVZs) were
determined. | used TUNEL labelling of nestin-GFRrssing cells to quantify the total
number of dying cells. The amount of TUNEL-positeells in the SVZ of young and of
adult mice did not change within each group overttime course of 14 days after glioma
inoculation and was not affected by the presenchetumour 8.11A, B). The group of
adult animals displayed a 50 % reduction of totdNEL-positive cells compared to the
P30 animals. However, this seems to be relatetidalécline in total cell number in the
adult SVZ, which was also reduced by 50 %.

3.2.2.4. The composition of (proliferating) subvemicular precursor cells in the
pathological young and adult brain

In order to get more information about the natur¢he proliferating cells in a tumour-
bearing brain, the composition of the subventricalane (SVZ) was investigated over a
timecourse of 14 days. Therefore, type B, C andefscwere labelled with specific
immunohistochemical markers. Type B cells were fified by labelling for nestin,
vimentin and GFAP, type C cells were stained fatineand DLX2 but were negative for
PSA-NCAM. Type A cells were labelled for nestin, X2 and PSA-NCAM. Having
identified each cell type, the relative fraction edich precursor cell type of all nestin-
positive cells was quantified. Finally, the pereg@ of type B, C and A cells, which
underwent cell cycling, was determinddb. 3.1.shows the scheme which was used for
quantifying proliferating cells. The obtained dftar non-operated animals) are in good
agreement with the ones published by Doegseth. (13).

Young animals displayed a relatively constant lewkltype B and C cells over the
timecourse of 14 d of glioma developmefig.(3.12A), which was comparable to the
condition in non-operated animals (0 DPO). Thetredaamount of type A cells gradually
declined, which corresponds to the decline in wioalk numbers in the SV4ig. 3.10A).
Precursor cell proliferation in young animals dmt nhange between 0 DPO and 14 DPO.
However, adult (P90) mice showed a rapid declinbath cell numbers and proliferation
rates after 14 daysig. 3.12B). The proliferation levels of type A cells may é&ip the
biphasic course of BrdU labelling in operated P90endetermined by stereological cell

counting fig. 3.9f).
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Tab. 3.1. Criteria for identifying proliferating B- , C- and A cells

B cells C cells A cells
Nestin+ Nestin+ Nestin+
BrdU+ BrdU+ BrdU+
GFAP+ DCX- PSA-NCAM+
Vimentin+ PSA-NCAM-
Vimentin-
GFAP-
A Ototai M Brau+
P30 type-B P30 type-C P30 type-A
[%] [%] [%] O *
20 20 40 '
30
10 - 10 20
10
DPO: 0 3 7 14 DPO: 0 3 7 14 DPO: 0 3 7 14
Ctrl Ctrl Ctrl
B Ototal M Brdu+
P90 type-B P90 type-C P90 type-A
[%] [%] [%]
20 O*% %% | EXX3 20 O*% %% | E3 40- O*x*% [ ] *%*
30
10 10 20
10
DPO: 0 3 7 14 DPO: 0 3 7 14 DPO: 0 3 7 14
Ctril Ctrl Ctrl

Fig. 3.12. Numbers of total and proliferating precusor subtypes in the SVZ, ipsilaterally to the tumar

in P30 and P90 animals. Ain young mice, the relative fraction of each prsou cell type to the group of all

nestin-positive cells (white bars) and the peragataf type B, C and A cells (black bars) is maimal at a
constant level from 0 DPO until 14 DP®: Adult mice reveal a decline in the number of NR®sl of
proliferation. Statistical significance: p<0.05,(1<0.01 (**), p<0.005 (***).
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3.2.2.5. The proliferative response of neural precsor cells to glioma is intrinsic and
stable

It could be shown that subventricular proliferationthe pathological brain was reduced
during the process of aging. Thus, it was of irdere neural precursor cells (NPCs) of
different aged animals also show different proéifere reponses upon stimulation with
GL261 glioma cell conditioned medium vitro. NPCs isolated from young (P30) and
adult (P90) mice were therefore treated with GL26fditioned medium and proliferation
rates were quantified by BrdU labelling. NPCs frB80 mice showed a 75.3 % increase in
BrdU incorporation after treatment with GL261-cdiatied medium. In contrast, cell
division in NPCs from P90 animals was induced bly &2.6 % (ig. 3.13A). Interestingly,
extended passaging did not affect the proliferatesponse of NPCs, neither in cultures
from P30 nor from P90 animaléd. 3.13B). The response seems to be inheritable and

therefore a stable cell-intrinsic effect.
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Fig. 3.13. The diminished proliferative response dP90 NPCs towards tumours is stable unden vitro
conditions. Cultured NPCs of P30 and P90 mice were stimulatéal @1.261-conditioned medium for 3 d.
Proliferation was quantified by BrdU labelling. N®Gf P30 animals were strongly induced to prolifera
whereas cells of P90 mice only revealed modestferation (A). NPCs from P30 animals maintained their
high proliferative response over 15 passages an@sNifom P90 mice maintained their moderate cell

division rates B). Statistical significance: p<0.05 (*), p<0.005*
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3.2.2.6. The expression of cyclin D1 in neural pracsor cells declines with increasing

age
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Fig. 3.14 Cyclin D2 expression becomes predominant in subwiicular NPCs during aging. 14 DPO
after GL261 inoculation into P30 and P90 mice theression of D-type cyclins was examined by
immunohistochemistry of the NPCs in the S\AZ. P30 NPCs mostly co-label for cyclin D1 (red) and D
(blue) B: co-labelling cell in 3D reconstructior}. P90 NPCs mainly express cyclin D2 (arrow, magdifie
D); note that some nestin-GFP negative cells inSW& (arrow, magnified irE) and cells outside the SVZ
label for cyclin D1F: Nestin-GFP negative and cyclin D1 expressing déelthe P90 SVZ (arrow, magnified
in insert) do not co-label for Ki67 (red) where&stin-GFP positive, cyclin D1 negative cells ait dividing
(arrowhead)G: Strong expression of cyclin D2 in the P90 SVZ €isand co-labelling of Ki67 and cyclin
D2 (arrowhead)H: In NPCs of the P30 SVZ cyclin D1 and nestin-GFPatelling cells additionally co-
label for cyclin D2 and vice versa. NPCs of the P mainly express cyclin D2 but cyclin D1 labelle
cells still co-express cyclin D2. RT-PCRs for cyclin D1, D2 and D3 were performedirmicrodissected
SVZs. The amount of cyclin D1 mRNA gradually deebnfrom P30 to P365 on the contralateral side ®f th
tumour (contra) and untreated P365 SVZ, respegtiv@yclin D2 becomes predominantly expressed. @ycli
D1 expression in P90 on the ipsilateral side (ips§ults from non-subventricular cells. Very litdgclin D3
expression was observed under all conditions. Equmabunts of DNA was used (actin). Scale bars:

A, C, F, G: 30 um;D, E: 5 um. Statistical significance: p<0.01 (**).

It was shown that subventricular proliferation isymhished by the presence of a glioma in
adult but not in young animals. Since D-type cy&liagulate G1-progression and therefore
play a crucial role for proliferation and are moreo age-dependently differentially

expressed, it was of major interest how the exprssf D-type cyclins develops during
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the process of aging in response to the tumourlitCixl promotes entry into S-phase in
neural precursor cells (NPCs) in young but is mgsin adult animalsin contrast,
cyclin D2 expression also remains in adult miceglioyD2 knockout animals therefore
lack adult neurogenesis (45).

Based on this knowledge it was investigated whetlyelin D1 is also lost in adult mice
under pathological conditions. 14 days after gliomaculation, nestin-GFP positive
subventricular NPCs of P30 and P90 animals werellzd for D-type cyclins ipsi- and
contralateral to the tumour. Young animals showmehdant expression for cyclin D1 and
cyclin D2 on both the ipsi- and contralateral sftig. 3.14A, B). In contrast, P90 NPCs
expressed cyclin D1 only on a very low level in tipsi- and contralateral SVZC|
whereas cyclin D2 expression was still stronglyspré C, D). Cyclin D1 expression was
also detected in nestin-GFP negative cells in ©@ $/Z E€). P30 animals co-expressed
cyclin D1 and cyclin D2 in almost all nestin-GFPsjiive cells. At P90, cyclin D1
expression was significantly reduced and cyclind@2ame predominant in subventricular
NPCs H). Performing immunolabelling with the proliferationarker Ki67 revealed that
only few P90 cyclin D1 expressing cells underweslt-cycling (F) whereas cyclin D2
expressing cells also co-labelled for Ki&3)(

To investigate the mRNA expression of cyclin D1, &x2d D3 throughout aging under
pathological conditions, semi-quantitative RT-PGiRse performed. Additionally, D-type
cyclin expression was analysed in non-operatedyeae old mice. Young (P30) ipsi- and
contralateral subventricular NPCs displayed equgiression of cyclin D1 and D2.
However, adult NPCs (P90) showed a stronger exjpress cyclin D2 compared to cyclin
D1 on the contralateral side. The one year old alirdemonstrated only faint bands for
cyclin D1, which makes cyclin D2 predominant. Theosg band indicating cyclin D1
expression in the ipsilateral P90 NPCs is most gibbbgenerated by neurons outside the
SVZ, which were dissected together with the SVZues Under all experimental
conditions cyclin D3 was very weakly expressed.

In summary, the data show that NPCs in the tumearrihg P30 SVZ co-express cyclin
D1 and D2 and that P90 mice have lost large pdrtsydin D1 expression in their

subventricular NPCs.
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3.2.2.7. Loss of D-type cyclins in the subventrical zone attenuates neural precursor

cell proliferation
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Fig. 3.1% Loss of cyclin D2 expression results in reduced pliferation in the SVZ. GL261 cells were
inoculated into the caudate putamen of the righmhibphere of P30 and P90 cyclin D2 deficient mice
(cD2-/-) and their wild type (WT) littermates. Ffetation in the ipsi- and contralateral SVZ was
guantified. The number of dividing cells in P90 mis significantly lower on the ipsi- compared he t
contralateral side than in P30 mice. P30 (cD2-ispldyed a similar proliferation rate as the P90.WT
Proliferation was most radically reduced in P90 Z¢B). Indicated in italics are those cyclins, whic

mainly remained expressed at each age and unddr gewetic condition. Statistical significance:

p<0.05 (*).

It was shown that only adult animals (P90) showealide of cyclin D1 in the tumour-
exposed subventricular zone whereas cyclin D2 nesnstably expressed. Since cyclin D1
knockout animals display developmental abnormalif@S8) cyclin D2 knockout mice were
used to investigate the effect of absent cyclin &®ression on proliferation in the
subventricular zone (SVZ) after glioma inoculatiddeurogenesis in adult cyclin D2
knockout mice is drastically reduced but does retehmajor anatomical effects on the
embryonic or early postnatal development of theslioasin (45). Since neurogenesis is
affected, loss of cyclin D2 should also have arectffon neural precursor cell (NPC)
proliferation in the subventricular zone. A gliomas injected and proliferation rates were
guantified by BrdU labelling of NPCs in wild typ®/{T) and cyclin D2-deficient cD2(-/-)
mice ipsi- and contralateral to the tumour at lyisdafter the operation. In comparison to
wild type animals, proliferation in the P30 SVZ aD2(-/-) mice was reduced by 40 %.
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NPCs in the contralateral side of P90 WT mice digptl the same level of proliferation as
P30 cD2(-/-) animals. WT P90 mice showed diminisbeltidivision in the ipsi- compared

to the contralateral SVZ. Only very little prolitdion was left in the P90 cD2(-/-) animals
(fig. 3.15).

3.2.2.8. Loss of D-type cyclins results in increadeumour size

To further investigate how the proliferation of gabtricular neural precursor cells (NPCs)
affects glioma development, tumour sizes in WT aiP(-/-) mice 14 DPO were
quantified {ig. 3.16A-D). The data show that P30 and P90 cyclin D2 knockmimals
developed gliomas, which were about 100 % increasesize compared to their age
matched WT littermates. In absolute numbers th@ews/e tumour volumes were as

follows: P30 WT: 1.96 mr P30 cD2(-/-): 3.96 mry P90 WT: 3.4 mrf) P90 cD2(-/-):
6.39 mm.
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Fig. 3.16. Absence of cyclin D2 leads to increastdnour sizes. A,E: Micrographs of horizontal seions
of mouse brains. Tumours in P90 (cD2-/-) have grobigger after 14 DPO than in P90 WT.
C: Quantification of the tumour volumes in WT and (eBRat P30 and P90. Tumours are significantly

bigger in the knockout animals than in the WT tittates. Scale bar&,B: 1 mm. Statistical significance:
p<0.05 (*).
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3.2.3. The anti-tumourigenic response of neural prarsor cellsin vitro

3.2.3.1. Neural precursor cells reduce total GL26@lioma cell number

It was shown that the proliferating pool of neumalecursor cells (NPCs) in the
subventricular zone (SVZ) and the accumulationhafseé cells around the glioblastoma
correlates with a decreased tumour sizevivo and thereby significantly prolongs the
survival of the animals (24)n order to investigate whether this effect is nagefil only
between glioma and precursor cells or if thereaher cell types required to obtain the
anti-tumourigenic response, tumour cells and NPGzewanalysed undem vitro
conditions. Therefore, co-cultures of adherent aleprecursor cells (NPCs) isolated from
a P14 nestin-GFP mouse and GL261 glioma cells-Dsirad set up. (Unless otherwise
mentioned, all NPCs, which are used farvitro experiments are isolated from P14
animals.) After three days cell nuclei were staiméith DAPI, which allowed quantifying
the GL261 cell number by counting DsRed-DAPI caoalsing cells. For each group cells
were counted in ten non-overlapping optical fiedfishe microscope, the quantification for

each group was repeated three times.
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Fig. 3.1% Reduction of GL261 glioma cell number by neural preursor cells.GL261-DsRe( cellswere
co-cultured with NPCs-GFP in different ratios (arid 1:3) for 72 h. Co-cultures of GL261 with fiblats
and astrocytes served as controls. Quantificatibthe total GL261 cell number was determined by
counting cells co-labelling for DAPI and DsRed miafined area. Ten optical fields were counted per
group, counting was repeated three times. NB: romitioned NB/B27, NPC: neural precursor cells.

Statistical significance: p<0.005 (***).
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In comparison to the controls, in which GL261 glensells were co-cultured with
astrocytes and fibroblasts, GL261 cell numbers wgagrificantly reduced in the presence
of NPCs f{ig. 3.17). Average total GL261 cell number per defined dliea per optical
field under the microscope) was 99 and decreasad tn the ratio 1:1) and 22 (in the
ratio 1:3) when cells were co-cultured with NPCdteA co-cultures with fibroblasts and
astrocytes (both in the ratio 1:3) total cell numsbe&ere 95 and 101, respectively. Thus,

NPCs seem to have a direct impact on glioma cefibers.

3.2.3.2. Neural precursor cell-conditioned medium educes total GL261 glioma cell
number

To examine whether direct cell contact is necessarny a soluble factor is sufficient to
provoke the observed anti-tumourigenic responseeoyal precursor cells (NPCs), GL261
glioma cells were cultivated in NPC-conditioned moed instead of growing them in co-
cultures. After three days, cells were stained \Ri&PI| and the total GL261 cell number
was determinedFig. 3.18. shows that NPC-conditioned medium drastically oedu
GL261 cell numbers whereas fibroblast- and astecgnditioned medium did not have

such an effect.
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Fig. 3.18.Reduction of GL261 glioma cell number by neural preursor cell-conditioned medium.
GL261 cells were cultured on coverslips in NPC-dthoded medium. Cells were fixed after 72 h and
stained with DAPI. Quantification of the total GLR&ell number was determined by counting DAPI-
stained nuclei per defined area. Ten optical fieldse counted per group, counting was repeatec thre
times. NB: non-conditioned NB/B27, NPC-cond. NB:ura precursor cell-conditioned NB/B27.

Statistical significance: p<0.005 (**’
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3.2.3.3. Neural precursor cells induce GL261 gliomeell death

In order to characterize the mechanisms, which teathe reduced GL261 glioma cell
number, GL261 were co-cultured with neural precursells (NPCs) and subjected to
TUNEL analysis. TUNEL positivity indicates activeelc death. | observed that GL261
cells were TUNEL-positive after co-culturing themithw NPCs for three days. In

comparison, co-cultures of GL261 cells with fibraéts and astrocytes resulted in

significantly less TUNEL-positive glioblastoma eeflig. 3.19).
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Fig. 3.1¢ Induction of GL261 glioma cell death upon c-culture with neural precursor cells. GL261
cells were co-cultured with NPCs, fibroblasts asttacytes in the ratio 1:3. After 72 h, cells wéred

and a TUNEL reaction was performed. TUNEL-positiwells were quantified using a fluorescence
microscope. Ten optical fields were counted pemupraounting was repeated three times. NPC: neural

precursor cell. Statistical significance: p<0.0%) (*

3.2.3.4. The influence of passage number and daysamnditioning on the efficacy of
neural precursor cell-conditioned medium

The properties of neural precursor cell (NPC) nepihere cultures change with continuous
passaging. Therefore, | wanted to investigate hbese different culture properties
influence the ability of NPC-conditioned medium iteduce TUNEL positive GL261
glioma cells. Cells, which have undergone differ@minbers of passaging (p10-25, > p25)
were used to generate NPC-conditioned medium. Téwium was collected after one, two

and three days of conditioning and added to GL2817f hours. After that, cells were
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fixed and tested on induction of cell death by a@NHL reaction. Subsequently, cells were
stained with DAPI and quantified by counting. Tleadshow that the most potent medium
was the one obtained from NPCs, which were growigtgveen passage 10 and passage 25
and which was conditioned for three days. Cellsictvlwere cultivated for more than 25
passages were still able to induce TUNEL positiv&1, yet longer conditioning did not
result in a significant increase but even displageglight decrease of efficacfyg. 3.20).
Obviously, NPCs secrete less of the death induaatpr(s) after being cultivated for more
than 25 passages. Since NPCs need some passagessattion to reach the clonal

density in which they grow later on, medium was need from these early cultures
(PO-p10).
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Fig. 3.2(. Induction of TUNEL positive GL261 by different NPC-conditioned media. Media were
obtained from cells with different passage numlfpi®-25, > p25), each conditioned for 1 d, 2 d ardi
GL261 were cultivated in these media for 72 h. €elere fixed and a TUNEL reaction was performed.
Cells were labeled with DAPI and nuclei were codnper defined area. Ten optical fields were counted

per group, counting was repeated three times. MB:aonditioned NB/B27, p: passage.

3.2.3.5. Neural precursor cell-conditioned mediumnduces cell death in human
glioma cells

Having observed that neural precursor cell (NPQ)aoned medium provokes an anti-
tumourigenic response in GL261 cells, a murinergéiccell line it was interesting to know

whether this medium also affects viability of hunglioblastoma cells. Therefore, human
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glioma cells derived from a grade lll astrocytomarev cultivated in NPC-conditioned
medium on coverslips for a period of 72 h. CellseMabelled with DAPI and the total cell
number was determined by counting the cells unddlu@escence microscope. The
number of cells, which were cultivated in NPC-caiosied medium, was significantly
reduced compared to the number of cells, which weoeibated in non-conditioned
medium {ig. 3.21). Additionally, a TUNEL assay was performed. TUNRGbsitive cells

were quantified using a fluorescence microscope filimber of TUNEL positive cells

was significantly higher in the group, which wadtated in NPC-conditioned medium
compared to the control group. Thus, it can berassithat NPC-conditioned medium also

induces cell death in human glioma cells.
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Fig. 3.21. Reduction of total cell number of human glioma dés by NPC-conditioned medium. Cells
were cultivated on coverslips in non-conditioned &P C-conditioned medium respectively. After 72 h
cells were fixed and stained with DAPI. Total celimbers were quantified by counting DAPI stained
nuclei. Ten optical fields were counted per gratgunting was repeated three times. NB: non-conutio
NB/B27, NPC-cond. NB: neural precursor cell-coratigd NB/B27. Statistical significance: p<0.005(***)

3.2.3.6. Release of GL261 glioma cell death indugirfactor from neural precursor
cells is age-independent

| observed that neural precursor cells (NPCs) umgpsubventricular zones (SVZ) had an
increased proliferative potential compared to NRCadult SVZs. Due to this enhanced
proliferation more NPCs could accumulate around timaour, which enabled young
animals (P30) to display a stronger anti-tumourigeasponse than adult animals (P90).
The question was therefore whether the distingttantourigenic response of young NPCs

is due to their higher cell division rates or wteatlthey are more anti-tumourigenic as
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such. GL261 cells were treated with NPC-conditionsetlium from P30 and P90 NPCs
for three days and tested by TUNEL regarding inducell death. Additionally, P90
hippocampal NPCs were used to generate NPC-conddionedium, which was also used
for GL261 treatmentFig. 3.22. displays that all media induced GL261 cell deaithw
roughly the same fold induction rate. Non-condiidmnmedium and staurosporine served as

negative and positive controls.
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Fig. 3.22. NPCs from P30 and P90 animals hold an egndependent capability to induce GL261 cell
death. Non-conditioned medium served as a negative cof@bl.) whereas staurosporine represented a
positive control (Staur) with a 2-fold induction GiL261 cell death. Conditioned medium from NPCs of
P30 and P90 SVZs as well as from P90 hippocamp&d\P) had equal potency to induce glioma cell
death. Statistical significance: p<0.05 (*).

3.3. Characterization of GL261 glioma cell death iduced by neural precursor cells

3.3.1. Neural precursor cell induced GL261 gliomaedl death is not apoptosis

3.3.1.1. Neural precursor cell induced GL261 gliomacell death is caspase-
independent

Apoptosis, one type of programmed cell death idabty the most studied type of cell
death mechanism. To investigate whether neuralpsec cell (NPC)-conditioned medium
induced GL261 cell death is apoptosis or some ratere cell death mechanism, |
examined if caspases, the key enzymes of apoptsittions were involved. GL261 cells
were cultivated in non-conditioned and NPC-condigid medium. Additionally, GL261

cells were incubated in NPC-conditioned medium aimmg the caspase-inhibitor
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Z-VAD-FMK (20 uM). After three days, cell death rate in each group guemtified by
performing the DELFIA TUNEL (DNA fragmentation) ass which demonstrated that the
rate of GL261 cell death, induced by NPC-conditbmeedium was not affected by the
presence of the caspase inhibitfig.(3.23). Hence, caspases do not seem to be involved

in NPC-conditioned medium induced glioma cell death
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Fig. 3.23. The caspase inhibitor Z-VAD-FMK does not affect NPC-conditioned medium induced
GL261 cell death.GL261 were cultivated in NPC-conditioned mediumnaldNPC-cond. NB) and NPC-
conditioned medium containing the caspase-inhibEevAD-FMK (20 pM) for 3 d. Non-conditioned
medium served as a negative (baseline) and staarinsp(10 pM) as a positive control. GL261 cell tthea

rates were determined by the DELIFA TUNEL assay.

In addition, | studied the involvement of caspasessL261 cell death by performing
western blot for caspase-3 and -7. GL261 gliomés aeére cultured in non-conditioned
and NPC-conditioned medium and harvested afteetbeys. Cells were lysed according
to the protocol and the western blot was performethg antibodies against cleaved
caspase-3 and -7. Only upon activation of initiz@spases like for example caspase-8 the
pro-form of caspase-3 and -7 will be cleaved andude the further cascade in the
apoptotic cell death machinery. The blot reveaked nheither cleavage of caspase-3 nor of
caspase-7 occurreflg. 3.23) As a positive control, cell extracts from C6 glibma cells
were used, which were treated with the CK2-inhib#&K-1 (50 uM). Two independent

samples of non-conditioned and NPC-conditioned NIB/Bere used.
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Fig. 3.24. GL261 cells do not express active caspa® and -7 after treatment with NPC-conditioned
medium. GL261 cells were cultivated in non-conditioned NB/B(NB) and NPC-conditioned medium
(c.m.). Cells were lysed and a western blot wa$opmed. There was no activation of caspase-3 on -7
either sample visible. The positive control (pasonsisting of C6 cells treated with ZKK-1 (50 pM)
revealed two clear bands indicating cleavage opases-3 and -7. Equal amounts of protein lysateg wer

used (actin).

3.3.1.2. Neural precursor cell induced GL261 gliomaell death is not death-receptor
mediated

Fas-ligand (FasL), one of the members of the TNFegamily of ligands, is known as a
death ligand and mediates apoptosis. Upon bindirtgeoligand to its receptor formation
of a death inducing signaling complex (DISC) occushich is comprised of death
receptors, adaptor molecules and initiator caspades assembly of a DISC leads to the
activation of caspase-8 which can activate dowasireexecuting caspases leading to
apoptosis.

To test whether this happens in GL261 glioma celtsch die upon treatment with neural
precursor cell (NPC)-conditioned medium, this mediwas applied to tumour cells
(LN18), which are extremely sensitive to death-ptoe mediated apoptosis; recombinant
TNF-related apoptosis-inducing Ligand (TRAIL) sedves a positive control. The number
of cells, which turned apoptotic, was quantifiedFCS-analysis. As shown fig. 3.25,
neither of the two independent samples of NPC-d¢am@id medium induced apoptosis,
suggesting that the conditioned medium does natdadleath-receptor mediated cell death

in GL261 glioma cells.



3. Results 71

X

s

5 70

3 60

U _

5 50

g 407

S 30

2 207

o |

S BN B B

& 9 Inis LN18 LN18 LN18
NB NPC-cond. NPC-cond.  TRAIL

NB | NB Il

Fig. 3.25.NPC-conditioned medium does not induce apoptosis ideath-receptor mediated cell death

sensitive tumour cells.Tumour cells, which are extremely sensitive fortHeaceptor mediated apoptosis
(LN18) were treated with two charges of non-cowdiéd NB/B27 (NB) and NPC-conditioned medium (NPC-
cond. NB) for 72 h. Quantification of apoptotic taan cells was performed by FACS-analysis. Recontitina

TRAIL served as a positive control.

3.3.2. GL261 glioma cells undergo morphological cimges upon stimulation with
neural precursor cell-conditioned medium

Altered cell functions are often accompanied byngea cell morphology. To acquire
more information about the GL261 cell death mectraninduced by neural precursor cell
(NPC)-conditioned medium, cells were analysed legtebn microscopy. After three days
of cultivation in fresh and NPC-conditioned mediumspectively, cells were fixed,
harvested and embedded in gelatine. After the ayletrmncubation in sucrose they were
frozen in liquid nitrogen. Ultrathin cryosectionserg made, which were contrasted and
stabilized. Samples were examined with an eleatn@roscope, pictures were taken and
analysed with the software analySIS F2y. 3.26. demonstrates that the cytoplasm of
GL261 cells, which were cultured in fresh mediunpegrs homogenously grey, indicating
a healthy status of the cell. The endoplasmic uktio (ER) appears normal in contrast to
the ER of the GL261 cells, which were cultivatedNRC-conditioned medium. In those
cells, the ER membrane displays extreme swellirggmting so-called ER enlargement,

which is a morphological indicator of ER stress.
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Fig. 3.26. Electron microscopy of GL261 glioma cellcultured in fresh and NPC-conditioned medium.

a: GL261 cells, which were cultivated in non-conditohmedium display a homogenous grey cytoplasm.
The ER presents a normal morpholody. The ER of GL261 cells, which were treated with
NPC-conditioned medium, exhibits large areas of imame swelling. Scale bar: 500 nm.

3.3.3. Differential gene expression in GL261 gliomeells induced by neural precursor
cell-conditioned medium

Neural precursor cell (NPC)-conditioned medium icetli cell death of GL261 glioma
cells can be observed after three days. This velgtiong period for cell death induction
suggests that cell death is based on (post)-trigtiscral changes of the cell. Therefore
differential gene expression in GL261 glioma celss investigated and a cDNA
microarray was performed. Tumour cells were cutédan NPC-conditioned medium and
non-conditioned medium as a control respectivehtticee days. Cells were harvested and
three co-hybridizations were performed. The obthidatasets were subjected to further
analysis, which involved normalization2.2.11.4). For identification of relevant
differentially expressed genes, each clone with earemthan 1.5-fold difference in
expression was considered for further evaluafl@tn. 3.1.contains the genes, which were

differentially expressed (+: upregulation, -: doegulation) in all three arrays.
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Tab. 3.2. Gene expression changes in GL261 cellseafstimulation with NPC-conditioned medium (3d)

Gene title Clone ID Ratio 1 Ratio 2 Ratio 3
Transcription factor-like protein | AB012276 +2.671240427| +2.262598741| +1.781127655
ODA-10 BF321641
BF020914
ESTs Highly similar to isopenteny|-BG311324 -1.560838788 | -2.457469698 | -2.822011173
diphosphate delta-isomerase AA763802
Schi zosacchar omyces pombe BG093481
Cyclin-dependent kinase inhibitor | W82380 +1.540065547| +1.715015758| +1.566748616
1A P21 AWO048937
BF228138
Ceruloplasmin BF137253 +1.83335753 | +1.574804634| +1.560214722
AW209037
BE370729
SEC23AS. cerevisiae BF152874 +1.559004001| +1.623743462| +1.902765328
BF139876
BE309389
Mus musculus FN5 protein mRNA | AF197136 +1.815823034| +1.513886108| +1.569352245
complete cds BF714169
AA562014
UDP-glucuronosyltransferase 1 | Al043114 +1.513293723| +1.776750423| +1.580958099
family member Al036348
Al043065
Olfactomedin related ER localized D78264 -1.86218235 | -2.061057707 | -1.618463408
protein NM_019498
D78262
p21 CDKN1A activated kinase 1 BF456404 | +1.503105863| +3.086052368| +1.870096345
BE945109
AWO045634
ESTs Weakly similar to BE980945 +1.713053008| +2.039771479| +1.740704979
Y053 _human hypothetical protein| AW456462
KIAAQ053 H. sapiens BG228919
Activating transcription factor 3 U19118 +1.72427926 | +2.41265722 | +2.025507903
BE199676
BG067364
Myeloid differentiation primary BF017433 +2.473003345| +2.695526118| +1.673508867
response gene 116 (MyD 116 or | NM_008654
GADD34) X51829
RIKEN cDNA 1200015M12 gene | AA174873 +2.386765288| +3.514794935| +1.502894293
AA175210
C85726
RIKEN cDNA 1110017116 gene BE950971 -1.683435126 | -2.892604681 | -1.713246751
AK003750
Al413224
Mus musculus clone MGC 11758 | Al429734 +1.515854246| +1.891053383| +1.506231193
MRNA complete cds AW743686
BF323428
Expressed sequence AW120568 BC004709 | -1.538416179 | -1.79185828 | -1.510652671
BF730769
AW911184
RIKEN cDNA 1810063P04 gene BC004729 | -1.808061554 | -1.945448558 -1.53780797
BE952795
BG175638
ESTs BE650884 -1.867165877 | -1.852181068 | -1.56249436
Al504979
BB126077
RIKEN cDNA 1500005G05 gene AK005159 +1.744043097 .199663063| +1.919558003
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BG066520
C79462

Macrophage stimulating 1 receptq
c-met-related tyrosine kinase

r U65949
NM_009074
X74736

-1.539121641

-1.813239245

-1.546742904

a disintegrin and metalloproteinas
domain 12 meltrin alpha

eBF227082
BF117283
AA174290

-2.505233888

-2.445476081

-1.618707776

Expressed sequence Al413331

AW908976
AW909135
AA607513

-2.119992439

-1.779051239

-1.559792036

RIKEN cDNA 2410008J01 gene

BIO78181
BF319575
BG094315

-2.037577027

-3.036647913

-1.528874349

ESTs Moderately similar to S6471
formin-binding protein 17 - mouse
M. musculus

8AA034800
AA276943
BG144432

-1.700533814

-1.581804345

-1.665947864

3.3.4. Activating transcription factor-3 is necessg and

GL261 glioma cell death

sufficient for

induction of

3.3.4.1. Activating transcription factor-3 is upregilated in GL261 glioma cells upon

stimulation with neural precursor cell-conditioned medium

Fig. 3.27. ATF-3 distribution in GL261 glioma cells changes fom cytoplasmatic localization to

nuclear expression upon treatment with NPC-conditined medium. GL261 cells were cultivated in

non-conditioned(a) and NPC-conditioned mediuifp) for three days and stained against ATF-3. The

secondary antibody is FITC-conjugated. Scale bap .
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Data from the gene array experiment revealed aegupation of activating transcription
factor-3 (ATF-3) in GL261 glioma cells upon treatmevith neural precursor cell (NPC)-
conditioned medium. This result could be validatgdmmunolabelling for ATF-3. Cells

were cultured in non-conditioned (NB) and NPC-ctioded medium for three days and
stained for ATF-3. GL261 cells, incubated in NB gominantly showed cytoplasmatic
expression of the transcription factor whereasscéiéated with NPC-conditioned medium

mainly displayed nuclear expression of ATFHi8.(3.27).

3.3.4.2. Activating transcription factor-3 overexpession in GL261 glioma cells results
in increased cell death
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Fig. 3.28. ATF-3 overexpression in GL261 results ireduction of total cell numbers and induction of
cell death. GL261 cells were transfected with the vector pCIFAT inducing overexpression of ATF-3.
A: ATF-3 overexpression lead to a reduction of to&l number per defined area. Cell numbers of GL.261
which were transfected with GFP were not affecieeh optical fields were counted per group, counting
was repeated three timeB: GL261 cell death rates, determined by TUNEL weneréased by

overexpression of ATF-3 compared to GL261, trariefdevit GFP.

To examine whether induction of activating transtooin factor-3 (ATF-3) is sufficient to
induce glioma cell death, ATF-3 overexpression walsiced in GL261 cells. Cells were
transfected with an ATF-3 overexpressing vectod{ATF-3). Following the transfection,
cells were stained with DAPI and quantified by cino the DAPI-stained nuclei under a
fluorescence microscope. Cells from each group veerented in ten non-overlapping
optical fields of the microscope. Quantificationsyzerformed three times for each group.
The number of cells per defined area was signiflgaeduced after ATF-3 overexpression
(fig. 3.28). Cells, which were transfected with DNA, encodfog GFP were not affected

in total cell numbers. Additional performance oTENEL assay of the transfected cells
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ensured that the observed reduced GL261 cell numidber NPC-conditioned medium is
due to increased cell death rates. Glioma celisstected with GFP displayed a cell death
induction of 1.5 compared to the basal level, whiohnsisted of non-transfected GL261.
Overexpression oATF-3 resulted in a 2.4-fold increase in cell death camgao the basal

level.

3.3.4.3. siRNA against activating transcription fator-3 prevents GL261 glioma cell

death upon stimulation with neural precursor cell-onditioned medium
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Fig. 3.2¢ siRNA against ATF-3 prevents NP(-conditioned medium induced GL261 cell deathGL261
were transfected with siRNA against ATF-3 and eali#d in non-conditioned and NPC-conditioned
medium for 3 d. Cell death rates were quantified TWNEL and are displayed as the fold induction
compared to the basal level, consisting of nonstiested cells. Control cells, which were transféatgth
siRNA against GFP did not show altered values ofNEU positive cells. However, ATF-3-siRNA
transfected cells did not undergo cell death.

Immunolabelling of GL261 against ATF-&: GL261 were transfected with siRNA against ATF-31an
cultured in NB-mediumb: GL261 were transfected with siRNA against ATF-3 aqultured in NPC-
conditioned medium. Cytoplasmatic expression of Aléemonstrates that NPC-conditioned medium does

not induce activation of ATF-3 anymore.
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| observed that overexpression of activating trepson factor-3 (ATF-3) in GL261
glioma cells results in reduced total cell numbens increased cell death. Activation of
ATF-3 therefore seems to be sufficient to induderngh cell death. To further investigate
the role of ATF-3 and to demonstrate whether ATB-also necessary to induce glioma
cell death, mediated by neural precursor cell (NRGnditioned medium, siRNA against
ATF-3 was used. Glioma cells were transfected &itRNA against ATF-3 whereas
control cells were transfected with siRNA againgtRG After transfection, cells were
stimulated with non-conditioned and NPC-conditiomaddium for three days and cell
death was analysed by TUNEL. Whereas cells, whietewransfected with sSiIRNA against
GFP displayed equal cell death rates as the nosfeeted cells (2-fold and
1.8-fold induction respectively compared to the dbakevel), GL261, which were
transfected with siRNA against ATF-3 did not shoWNEL positive cells at all (0.9-fold
induction,fig. 3.29).
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4. Discussion

4.1. Neural precursor cells are attracted by expemental gliomas

4.1.1. Glioma-induced attraction of subventricular neural precursor cells is an
intrinsic tissue response

In the present study it was demonstrated that h@uegursor cells (NPCs) show tropism
towards glioblastomam vivo. It was further shown that these migrating precurssls
stem from one of the germinative centres, the suibeelar zone (SVZ). This tropism
seems to be specific for gliomas since neitherah stound nor non-tumourigenic cells
were able to mimic NPC attraction (24). Similar eb&tions could be made undawitro
conditions, where SVZ explants were cultivated nexiGL261 glioma cell aggregates.
Single NPCs left the explant and migrated exclugiugo the direction where the tumour
cells were placed.

Tumour development was observed until 14 days afiema inoculation because it has
been shown that the accumulation of neural precwstls (NPCs) around the tumour
peaks at about this time point and declines latearaund 30 days after operation
(30 DPO). This could be due to progressive difféation of NPCs around the tumour
induced by secretion of growth factors by the tum@d).

4.2. The anti-tumourigenic response of neural preasor cells

4.2.1. The age-related number of neural precursor alls around glioblastoma
determines the extent of the anti-tumourigenic respnse

Having observed that neural precursor cells (NRC€symulate around gliomas, the impact
was studied, which those NPCs have on the tumadis: ce

Inoculation of glioma cells into mice of differematge revealed that younger animals
significantly outlive older ones with the same amioof tumour cell load. Identification of
precursor cells demonstrated that the number of N&Zumulating around the tumour
declines proportionally to the age of the animatcérdant to that, tumour sizes were
increased in old animals and the brain pathologwgmore severe the less NPCs were
present at the site of the tumour, which includemteriocal bleedings and a bigger extent

of tissue destruction. This inverse correlationnastn the number of NPCs and the glioma
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size was the first indication for an anti-tumourigerole of precursor cells during glioma
development. The second indication for the tumayopgessive role of neural precursors
derived from the observation that these cells aqatopg the survival of glioma bearing

mice. Apparently, neural precursors hold the ptdéto inhibit glioma growth.

4.2.2. Subventricular proliferation as the key reglator between the distinct anti-
tumourigenic response of young and adult mice

To investigate why adult animals recruit less neymacursor cells (NPCs) towards
gliomas, subventricular proliferation was examinguler pathological conditions. While
whole cell numbers in young (P30) animals declimedhe subventricular zone (SVZ),
absolute numbers of BrdU labelled cells in the SM@e maintained at a constant level
during a timecourse of 14 days of tumour develogm&hus, the relative number of
proliferating subventricular cells, which was cdétad bydividing the total number of
cells through the number of proliferating cells,swiacreased within the two weeks. In
contrast, adult mice were not able to gain thiatie increase in proliferating cells. On the
side ipsilateral to the tumour relative number8aodU labelled cells even declined. Since
this decrease of proliferating cells could not beerved on the contralateral hemisphere, it
seems to be specifically mediated by the tumoure Hitered relative number of
proliferating cells between young and adult micggasts that precursors in the P30 SVZ
are more receptive for growth signals, derived fribva tumour, than NPCs in the P90
brain. Alternatively, cell cycle length could beostened in NPCs of young mice.
However, there is enrichment for proliferating seft P30 animals compared to P90 mice.
Thus, the diminished number of accumulating NP@sirzd the tumour in adult animals is
due to a reduced pool of proliferating subventacuktells. This reduction occurs
exclusively in fully adult animals (P90) and istiaied by the tumour.

It appears likely that precursor cells obtain thBimation to which extent they should
respond to tumour-derived growth signals in theveukricular zone. Once the cell has
gained this information, which is dependent on dige of the animal, it retains it also
independent of the surrounding tissue, which wasvehunderin vitro conditions. Neural
precursor cells isolated from young SVZs displagetigher level of proliferation upon
stimulation with GL261 glioma cell conditioned madi compared to NPCs isolated from
adult SVZs and this difference did not change awany platings. This indicates that a

neural precursor cell, once programmed to haveem@iype according to a certain age,
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will keep this phenotypéen vitro and will not sense its own aging over many geinrat
This also means that it is mainly the stem cellroeavironment, i.e. the SVZ, which
determines the age-related phenotype.

Since neither whole cell numbers nor numbers ohglgells in the SVZ were affected by
the presence of a tumour in both young and aduthas, it can be assumed that the
tumour mainly affects neural precursor cell physjyl by having an impact on their
proliferation. The fact that P30 mice, in contrastP90 animals, displayed a decline in
whole cell numbers over the timecourse of 14 daybath the ipsi- and contralateral side
of the tumour suggests that this reduction occuptegsiologically, i.e. due to aging of the

animal.

4.2.3. D-type cyclin expression controls the antiimourigenic response of neural
precursor cells

Mammalian cells use the cell cycle restriction pah the end of G1 phase to control
responsiveness to exogenous growth signals. Prinegrylators of the G1/S transition are
the D-type cyclins, which consist of cyclin D1, BRd D3 (61). Growth stimuli provoke
expression of D-type cyclins, which are the regulatsubunits of cyclin dependent
kinases (CDKs). Synthesis of D-type cyclins andssgjoently CDK 4 or 6 leads to the
phosphorylation of the retinoblastoma protein anldssquently entry into S-phase. As
reported by Fergusoé al. (18), induction of this pathway is crucial for pfetation of
neural precursor cells (NPCs). Kowalczgtkal. (45) reported that cyclin D2 is the only
D-type cyclin expressed in neural precursor ceMP(s) derived from the adult
hippocampus, whereas young mice displayed expressioall three D-type cyclins.
Moreover, knock out of cyclin D2 completely abragghtadult neurogenesis. Therefore
cyclin D2 seems to control adult neurogenesis wagoyclin D1 influences early neuronal
development.

Under pathological conditions expression of cy@ih gradually declines in animals older
than P30 and is not re-expressed in responsedmalgrowth. Quantification of precursor
cell proliferation in cyclin D2 knockout animalsrdenstrated that D-type cyclins play an
essential role for the proliferation of NPCs in firesence of a tumour. Proliferation rates
in the P30 subventricular zone (SVZ) were much lowehe knockout animals compared
to their wildtype littermates. The diminished ambuwf proliferating cells in these

knockout mice was comparable to proliferation iegnimals, indicating that both loss of



4, Discussion 81

cyclin D1, which ensues naturally by aging, angloécyclin D2, induced by mutation of
the cyclin D2 gene, results in great reduction mfiferation. Loss of cyclin D1 and D2,
which was the situation in the aged knockout mresulted in even larger reduction of
dividing subventricular cells.

Not only did the elimination of cyclin D expressiogstrict subventricular proliferation, it
also had major effects on tumour growth. Cyclind22icient P30 mice developed tumours
twice as big as the ones in P30 wildtype anima®) Khockout mice generated tumours,
which were 80 % increased in size compared to ypkltmice. These data point out that
attenuation of NPC proliferation, either by agimgby knockout of cyclin D2, results in
enhanced tumour growth and hence a more severelpgyh

The expression of cyclin D2 is strictly limited te germinative centres (14) and germ
line mutations of cyclin D2 only have an impact auult neurogenesis and do not harm
forebrain development (45). Peripheral impactsyiclin D2 knockout animals are female
infertility and cerebellar defects (10), which dotrinterfere with glioma development.
Although decline of cyclin D1 throughout aging wabserved, no use of cyclin D1
deficient animals was made because this cyclinceffenore or less all cell types in the
brain during pathology. This has been shown foragja and astrocytes (35), neurons (4)
and endothelia (17) while none of these effectehmen observed for cyclin D2.

4.2.4. The proliferative response of neural precu cells to gliomas is independent of
p21

The tumour suppressor p21, also known as p2lcigpl/wa cyclin dependent kinase
inhibitor (CDKN) 1A, is a cell cycle inhibitor. Stly of p21 expression in young (P30) and
old (P90) tumour-bearing animals revealed thatalder mice slightly lost p21 compared
to the younger ones. This matches the decline aievbell numbers in the subventricular
zone in adult animals compared to younger ones. édew there was no difference in
expression between the ipsi- and contralateralentibeular zones (SVZ) in young or old
mice observable (Walzleit al., submitted).

There are studies which show that p21 is requitegbrevent proliferative exhaustion
specifically of stem cells in the brain during ami(89). It has further been reported that
p21 contributes to the restriction of neural stesli peactivity specifically to pathology
(57). Yet, the observations made in our mouse miodiétate that NPC proliferation in the
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presence of a tumour occurs independently of p2ilisntherefore probably unrelated to
any changes in neural stem cell division.

The fact that the proliferative response of NPCsgliomas seems to be controlled
independent of p21 points out that the reductiorpmfiferation in the tumour-bearing
hemispheres of old animals is also mediated p2&peddently. The tumour suppressor
protein p21 is a downstream effector of TGF-R ntediaanti-growth signals and is
abundantly secreted by the tumour (63;75). Sincd pRockout did not change
subventricular proliferation in glioma bearing mi@geP90, | conclude that the decrease of
proliferation in the P90 SVZ is not mediated by tumderived anti-growth signals like
TGF-R.

4.2.5. The subventricular composition and the fragdbn of proliferating cells in young
and old animals in the tumour-bearing hemisphere

Precursor cells in the subventricular zone (SVZ) ¢t divided into three subtypes,
migrating neuroblasts (type A cells), type B callsd transient amplifying cells (type C
cells). Type B cells can be further subdivided isitowly dividing cells, which are referred
to as type B1 cells and represent the stem cetlsran fast proliferating type B2 cells. |
had ruled out that subventricular stem cells afferdintially regulated with respect to the
proliferation during tumour growth (see above, ekpents in p21(-/-) mice). In the
following | investigated the contribution of type2Reells to proliferation in the SVZ in
response to glioma. Like in all other BrdU labadliexperiments, the animals received one
BrdU pulse 2 h before killing, which should predoamtly label the fast dividing cells
(44).

The identified relative fraction of each precursall type to the group of all nestin-
positive cells corresponds to the data reporteDdstschet al. (13).

Young animals preserved a constant level of typen& C cells during the timecourse of
tumour development. Only the relative amount ofetyp cells progressively declined
within two weeks of tumour growth. It is therefdileely that they are responsible for the
observed regression of whole cell numbers in th&.SV

In adult animals (P90) all fast proliferating celigpe B2, type C and type A cells) showed
a significant decline in whole cell numbers ancelesf proliferation. Interestingly, type A
cells showed the same biphasic trend in proliferatiuring glioma growth, which was

already observed for the whole cell population.c8itype A cells are the largest fraction
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of neural precursor cells in the SVZ they may hthee strongest impact on the behaviour
of the whole cell population. However, all adulepursor cells, probably with exception of

the stem cells, are similarly affected by the dellsion attenuating action of a glioma.

4.2.6. The anti-tumourigenic response of neural paursor cells is directly mediated
via soluble factors

Both co-cultures of neural precursor cells (NPCghwlioma cells and precursor cell-
conditioned medium are able to kill glioblastomdlsceTherefore there is evidence that
NPCs secrete one or more soluble factors, whichae() glioma cell death. This result
also implies that glioma cell death is directly naged from the precursor cell or from the
NPC-conditioned medium independent from othertgpks or tissue substances.
Importantly, the anti-tumourigenic ability of siegheural precursor cells does not decline
with aging. This was demonstrated by administratiboonditioned medium from P30 and
P90 neural precursors to GL261 cells, which couoltlce glioma cell death to a similar
extent. However, in the aged animal much less heanecursors accumulated at the
tumour since decreased proliferation in the SVZ esaless precursors available. Hence,
this appears to be the main reason for the dedtinthe intrinsic anti-tumourigenic
response in the fully adult brain.

Since precursor cell-conditioned medium also imtex$ with the rapid expansion of human
grade lll astrocytoma cells, the anti-tumouriger@sponse does not seem to be restricted
to one species. This result could be of particitaportance for future therapeutic

development.

4.3. The character of neural precursor cell mediat@ glioma cell death

4.3.1. The role of activating transcription factor3 in neural precursor cell induced
glioma cell death

It was reported by some other groups that stens eglert an anti-tumourigenic effect. For
example Khakoat al. (38) showed that human mesenchystam cells (MSCs) migrate
to sites of tumourigenesis in amvivo model of Kaposi's sarcoma and effectivaifibit
tumor growth. They further show that human MSCsabie to prevent activation of the
Akt protein kinase in tumour cells. Since the préssork reports that neural precursor

cells induce upregulation of activating transcoptifactor-3 (ATF-3) in glioma cells,
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inhibition of Akt could be involved. Little is knowabout the interplay of ATF-3 and Akt
but concurrent ATF-3 induction and Akt inactivatibas been described (46). However,
the identification of the death-inducing factorgs)l remains elusive.

Activating transcription factor-3 (ATF-3) belong® tthe mammalian ATF/CAMP
responsive element binding protein (CREB) familytrahscription factors, which contains
proteins with the basic region-leucine zipper (DZ2NA binding domain. Activation of
ATF-3 has been discussed as a response to stggsalssilike for example ischemia,
wounding, toxicityin vivo and cytokines, cell death-inducing agents @&icvitro (28).
There is evidence that the mitogen-activated pmot@ases (MAPK) Erk, JNK and p38
are involved in the regulation of ATF-3, althoudte tdetailed regulatory signal pathways
as well as the biological significance still havebe elucidated.

It was shown that ATF-3 is activated in GL261 gleiells upon stimulation with neural
precursor cell (NPC)-conditioned medium. It hagHear been demonstrated that ATF-3
induction is necessary and sufficient to induce N&tliated glioma cell death. Therefore,
precursor cells or rather factors, which are redddsy these cells into the medium seem to
represent a stress signal for glioma cells leadingctivation of ATF-3 and eventually
resulting in cell death.

It is known that ATF-3 receives feedback inhibitioythe bZip protein Gadd153/Chop 10
(76). On the other hand, Gadd153/Chop 10 is a divears target of ATF-3, which is
interesting considering that Gadd153/Chop 10 wsg differentially expressed in GL261
cells upon treatment with NPC-conditioned mediuth€# scored to be significant only in
2 out of 3 microarrays). However, the ATF-3 doweatn effector Gadd34 was
significantly upregulated in all three arrays. @inthe transcription of these proteins
(ATF-3, Gadd153/Chop10 and Gadd34) has been retateshdoplasmic reticulum (ER)
stress (48) and ATF-3 is also ER stress induci)eif is a strong argument that NPC-
conditioned medium provokes induction of ER stiaggioma cells.

Fanet al. (16) reported that overexpression of ATF-3 is d@blabate progression of cells
from G1 to S phase, indicating that ATF-3 mightwsldown proliferation. Apparently,
activation of ATF-3 can interfere with both celloby progression and cell viability, which
was shown byn vitro overexpression of the ATF-3 protein in glioma seWhich resulted

in an increase of TUNEL positive cells.
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4.3.2. Neural precursor cell mediated glioma cellehth — an alternative to apoptosis
One of the biggest obstacles in fighting glioblasas is their insensitivity for apoptosis.
Like in most neoplastic cells, essential pathwaggulating apoptosis are disrupted in
malignant gliomas; radiation or chemotherapy dwm ai®t result in activation of the
extrinsic death receptor-dependent apoptotic pathwa is assumed that increased
expression of anti-apoptotic compared to pro-apgaptproteins and a high level of
inhibitor-of-apoptosis protein (IAP) might be theason for the inability of tumour cells to
induce the caspase-cascade upon apoptotic stionig?).

It was therefore not very surprising that GL26gla cells did not reveal caspase activity
after treatment with neural precursor cell (NPChyditoned medium. The cell death
inducing stimuli of NPC-conditioned medium gengralb not seem to represent apoptotic
signals since it also did not induce death-receptediated apoptosis in cells, which are
very sensitive to this pathway. Yet, it is even enatriking that cell death did occur.
Electron microscopy of GL261 glioma cells, treateith NPC-conditioned medium did
not display features typical for a specific typecefl death. Cells revealed general signs of
bad condition like an inhomogeneous cytoplasm andraber of vacuoles. Since some of
these vacuoles were filled with a substance resamildondensed protein, there was
reason to discuss autophagic processes and autopBag possible cell death pathway.
There are studies, which show that glioma cellslese resistant to type Il programmed
cell death (autophagy) than to type | programmel death (apoptosis) and therefore
consider autophagic activity as an alternative tumimeatment (42). However, glioma
cells were negative for specific markers for autaph after treatment with NPC-

conditioned medium (data not shown).

4.3.3. Endoplasmic reticulum stress as the likelligma cell death inducing pathway
Since activating transcription factor-3 (ATF-3),saess response gene, was induced in
GL261 cells after treatment with neural precursal (NPC)-conditioned medium, stress-
induced cell death has to be considered. Thereareerous studies linking endoplasmic
reticulum (ER) stress to mainly apoptosis but atsother, caspase-independent types of
cell death. Disruption of the ER homeostasis lemdan evolutionarily conserved cell
stress response, the unfolded protein response )(URRch is thought to restore cell

damage but can eventually cause cell death if dgsifons are prolonged or serious (60).



4, Discussion 86

Electron microscopy of the glioma cells treatednwitPC-conditioned medium revealed
cells displaying endoplasmic reticulum (ER) enlanget, which is characterized by
protuberances of the ER membrane and is a morpicalaign for ER stress.

The expression of other ER stress markers likeef@ample translation of ATF-4 and
phosphorylation of elR2 (74) has to be further examined. However, basedthen
presented data there is strong evidence that NiR@Hoaned medium induces ER stress in

glioma cells, leading to ATF-3 activation and figadesulting in cell death.

4.4. Neural precursor cells and their clinical relgance for gliomas

Neural precursor cells (NPCs) can give rise tolidistomas by misregulated proliferation
or differentiation (32). Moreover, more recent stsdreported the existence of cancer stem
cells, the most potent tumour initiating fractiohaells, which have been discovered in
leukaemias and gliomas (21;30;64;65).

In addition to the theory that neural precursotscgive rise to gliomas, the present work
reports that these precursor cells hold the capaaitprovoke host-beneficial effects in
response to existing tumours. It remains to berdeted if neural precursors can have a
specific anti-tumourigenic effect against thesedumnitiating glioma stem cells, too.
Anti-tumourigenic responses (regarding classic wmaoells) have previously been
described for exogenously applied, immortaliseccprgors from new born mice (5;66).
This knowledge is now extended by the data showimat also endogenous, non-
immortalised NPCs are able to combat gliomas. Sihey are endogenous cells and
already mediate an anti-tumourigenic response witrexogenous manipulation, they
occupy remarkable therapeutic potential. The fiaat they also own migratory properties,
which allows using them as vehicles for therapestibstances, makes them even more
appropriate for therapeutic purposes.

Attempts have been made before to use stem callshair progeny for brain repair (29).
However, models for stroke or cortical lesions ésample did not succeed in recruiting
enough precursor cells to the lesion to make sowortlusions about precursor cell
activation (3;53;57).

The peak of onset of gliomas is between 55 ande@fsyin humans, which makes age one
of the main risk factors for this disease. Considethis, the data is of great clinical
interest, which showed that older animals, whictl hamuch shorter survival of gliomas

than young mice, revealed reduced precursor celifgration, which turned out to be
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regulated by D-type cyclins. Precursor cells mipatgenetically modified to re-express
D-type cyclins, lost by aging to increase prolifama NPC proliferation and thus
enhancing the anti-tumourigenic effect.

4.4.1. Neural precursor cells as delivery vehiclder therapeutic substances

While it is also still unknown what particular factor combination of factors, released by
the tumour, finally leads to the attraction of reysrecursor cells (NPCs), Aboody al.

(1) showed that exogenous NPCs, which were impiaintgacranially at a site distant
from the tumour are able to migrate through nortissue and track down glioma. At the
same time these cells maintained their stable expme of a foreign gene, namely cytosine
deaminase (CD), which was retrovirally transduca ithe precursor cells. The target-
orientated expression of this oncolytic drug ledh® induction of tumour cell death. This
promising finding suggests that NPCs could be wsedelivery vehicles for therapeutic
genes. The most challenging property of gliomasdslitheir extreme invasiveness, which
makes it still impossible to cure higher grade mias because single cells can infiltrate the
whole brain and lead to tumour relapses. Considetiis, NPCs could be used in order to
locate these disseminated tumour cells and erase Ity expressing lethal genes. Since the
present work reports the attraction of endogenoB€dNby gliomas, genetic modification
of endogenous cells could even save the implamtaticexogenous NPCs, which implies
another risk factor.

4.4.1.1. Potential chemoattractants for neural praarsor cells

It is one of the intrinsic properties of neuralqresor cells to migrate. Under physiological
conditions they migrate from the SVZ along the nasinigratory stream to the olfactory
bulb, where they differentiate into interneurondthdugh it is still unknown how this
directed migration of NPCs is controlled on the ecolar level, several candidates have
been discussed to hold either repellent activitynieurons or to function as attractants for
stem cells. One of these substances is the poliatiedl form of the neural cell adhesion
molecule (PSA-NCAM), a glycoprotein, which allowsolgal modulation of cell-cell
attachment and therefore also acts as a regulatogli migration (7). It has been shown
that the migration of neural precursor cells (NP©®)ards the olfactory bulb appears as a
mechanism described as chain migration. Cells nd@graa stream and use each other as a
substrate (49). Thus, PSA-NCAM is also used as kendor type A cells, representing
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migrating neuroblasts. It has further been showantie vascular endothelial growth factor
(VEGF), also a glycoprotein, acts as a chemoa#traidbr neural progenitor cells, which in
turn express the VEGF-receptor 1 and 2 (78).

Whilst the process of migration of NPCs under pblggjical conditioned still has to be
investigated on the molecular level, it is alsostfong interest, regarding therapeutic
aspects, how this migration is regulated in theeabgd brain. Substances, which are
discussed as chemoattractants under physiologmadiittons, have to be taken into
account in the pathological brain. Since tumoulscetften signal via growth factors (e.g.
VEGF), in an autocrine fashion, it is likely thaPRs are attracted by substances, secreted
by the tumour. It was possible to show that NP@wvdeSVZ tissue and migrate towards
glioma cell aggregates, which were put next to 8\&Z tissue. The tissue and cell
aggregates were in no direct contact to each oftrer.fact that no direct cell-cell contact
is required to induce migration implies that th&aatant must be one or more soluble

factor(s).

4.5. Regulation of neurogenesis throughout aging

4.5.1. Correlation between neuronal plasticity andthe anti-tumourigenic effect of
neural precursor cells

It is known that neurogenesis declines with indreaage (36). The present work reports
that neurogenesis, i.e. dividing neural precurstis (NPCs) mediate an anti-tumourigenic
effect. Thus, young animals which are equipped wittarger number of NPCs, show
improved survival of a glioblastoma compared toladnimals. If neurogenesis has such
beneficial impacts on the brain, why is there alidean adult animals, which obviously
makes them more prone to the onset of glioblastofnp8ssible presumption is that there
is need for cellular plasticity at an early stage@velopment, which is provided by a large
pool of precursor cells. Since these precursorg feeen extensively discussed as the cell
of origin for brain tumours1(2.) a bigger amount of NPCs also increases the chhate
one of these cells undergoes a mutation and theyieyg rise to a glioma. It could well be
that consequently neurogenesis is decreased atepdint when cellular plasticity is not
required to a great extent anymore. A decreaseolifgrating NPCs would reduce the risk
that these dividing cells eventually transform (@hiikely occurs with aging) and may

give rise to a tumour. However, the consequenca @écline in neurogenesis is also that
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once a glioma has emerged, the anti-tumourigerfieciebf the precursor cells is not

effective anymore.

4.5.2. The anti-tumourigenic ability of neural prearsor cells as a rescue mechanism
for their likely transformation

Another issue is why do neural precursor cells (B)P@ave anti-tumourigenic abilities at
all? As mentioned before, a neural precursor iscile which is at present seen as the
most likely cell of origin for brain tumours. Sineeproliferating cell is always a target for
mutation and therefore transformation, it wouldebgremely beneficial for the animal if
this cell is equipped with a protection mechaniSime observed anti-tumourigenic effect
could therefore be seen as a rescue mechanisnigi@doyy the precursor cell itself in case
another cell experiences a mutation, which evelytuesults in the rise of a tumour.

The characterization of the induced glioma celltdeahich is presented in this work,
could be of big interest for further studies regagdglioma therapy and might make

contributions in order to get more insight intonsteell biology.
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5. Summary

Neural precursor cells (NPCs) migrate towards ¢gistomain vivo andin vitro. They are
attracted by glioma cells independent of othertypkés or surrounding tissue.

Young animals display prolonged survival after gl inoculation compared to older
animals due to the larger amount of precursorschvisiccumulate around the tumour.
Young animals are naturally equipped with a greamtember of NPCs. Additionally
subventricular proliferation is even more restrdity the presence of a tumour only in
adult animals. This further reduction of dividingepursors in adult mice solely refers to
diminished proliferation rates since whole cell fnemand cell death rate was not affected
by glioblastoma. Survival times of old animals ¢enaligned to the one of young mice by
applying exogenous precursor cells.

Proliferative capacity of NPCs is determined by #ige of the subventricular zone and is
an intrinsic and stable attribute.

Neural precursors as well as NPC-conditioned mediinectly induce glioma cell death.
The transcription factor activating transcriptioactor-3 (ATF-3) is necessary and
sufficient for the induction of cell death. Differgal gene expression and morphological
changes after administration of NPC-conditioned iomadpoint to glioma cell death

induced by endoplasmic reticulum stress.
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Neuronale Vorlauferzellen migrieren spezifisch zlioastomenin vivo und in vitro.
Dieser Prozess findet unabhangig von anderen Beltypder umgebendem Gewebe statt.
Junge Mause verflgen nach Inokulierung von Gliotamel Uber eine langere
Uberlebenszeit im Vergleich zu adulten Tieren. Désst sich auf die erhohte Anzahl von
Vorlauferzellen, die um den Tumor herum akkumulereurtckfihren. Junge Tiere
besitzen von Natur aus eine héhere Anzahl von malea Vorlauferzellen. Dazu kommt,
dass die subventrikulare Proliferation nur in aelulieren zusatzlich durch den Tumor
negativ beeinflusst wird. Diese Reduktion von sitkilenden subventrikularen
Vorlauferzellen in adulten Mausen beruht ausschéie auf einer verminderten
Proliferationsrate da sowohl Gesamtzellzahl undit@dlate vom Tumor unbeeinfluf3t
blieben. Es zeigte sich, dass adulte Tiere nacheGahn exogenen Vorlauferzellen die
Uberlebenszeit junger Tiere erreichen.

Das proliferative Potential von neuronalen Vorldeéden wird durch das Alter der
subventrikularen Zone determiniert und stellt éimignsische und stabile Eigenschaft dar.
Neuronale Vorlauferzellen sowie Vorlauferzell-kaahiertes Medium induzieren
Gliomzelltod unabhangig von au3eren Faktarevitro.

Der Transkriptionsfaktoactivating transcription factor-3 (ATF-3) ist fur die Induktion
von Gliomzelltod notwendig und hinreichend. Diffetielle Genexpression und
Morphologiednderung in Gliomzellen, induziert durcdWorlauferzell-konditioniertes

Medium, lassen Zelltod durch endoplasmatischersStrermuten.
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