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Summary

Summary

Astrocytes of the striatum express both dopamine receptors and transporters, which indicates
that dopamine plays a functional role in striatal astrocytes. Dopamine is known to modulate
proliferation of precursor cells during development and also in the adult brain. However, it is
unknown whether dopamine affects proliferation of astrocytes.

In this study we investigated a putative role of dopamine on the proliferation of striatal
astrocytes in vitro and in vivo. Using striatal mouse astrocyte cultures we found that dopamine
decreased proliferation of astrocytes and the expression of the water channel AQP4, more
precisely the isoform M23, both on the mRNA and protein levels. We hypothesized that the
decreased expression of the water channel is linked to the observed decrease in proliferation.
We confirmed this hypothesis in studies where we knocked-down AQP4 by siRNA in striatal
mouse astrocytes cultures and in human pancreatic cancer cell lines (BxPC3 and PANCI1) that
express AQP4. We observed a decreased proliferation following the knock-down of AQP4,
thus clearly demonstrating a role of AQP4 in proliferation.

Under physiological conditions, the striatum represents a target area of dopaminergic
projections arising in the midbrain. We hypothesized that dopamine might keep AQP4
expression at a low level and hence prevent proliferation of astrocytes in the striatum in vivo.
Consequentially, in vivo depletion of dopamine should result in an increased expression of
AQP4 and an increase of proliferation of astrocytes. To investigate this hypothesis we
intraventricularily injected 6-hydroxydopamine, a catecholaminergic neurotoxin that destroys
dopaminergic neurons. Under these conditions AQP4 mRNA expression, specifically the
AQP4 M23 isoform, was increased in the striatum, and we observed that proliferation was
significantly increased in the striatum and the lateral cortex, both regions that were affected
by the loss of dopamine.

Even though we confirmed our hypothesis that depletion of dopamine in vivo would result in
an increase of proliferation, the nature and origin of these proliferating cells remained unclear.
Therefore, in a follow-up study we aimed to determine the phenotype and origin of the
proliferating cells in the dopamine-depleted striatum in the rat in vivo Using
immunohistochemistry, we showed that the proliferating cells in the striatum and the lateral
cortex in the 6-OHDA lesion model stained positive for the astrocyte marker GFAP and the
progenitor marker nestin. The proliferating GFAP" cells did not originate from subventricular
zone derived progenitor cells that migrated into the striatum and the lateral cortex. Moreover,
we demonstrated that only a minor fraction (~5 %) of the proliferating GFAP" cells in the
striatum might be derived from NG2 glia. Therefore, we assumed that the proliferating
GFAP" cells may originate from resident mature astrocytes that de-differentiated. In
accordance with this hypothesis, the proliferating GFAP" cells not only expressed the
progenitor marker nestin, but also the intermediate filament vimentin and the transcription
factor Pax6, which are all expressed in radial glia cells, indicating that some astrocytes regain
a more immature phenotype.

Besides the observation of presumably de-differentiation of mature resident astrocytes
following dopamine-depletion by 6-OHDA lesion, we observed an increase of tyrosine
hydroxylase immunoreactive cells in the lateral cortex. These cells co-expressed c-Fos and
calretinin thus resembling the molecular phenotype of cortical interneurons.
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Introduction

1. Introduction

1.1 Astrocytes

The mammalian central nervous system (CNS) is composed of neuronal and non-neuronal cell
populations. The non-neuronal cell population involves glia cells, which are ubiquitously
distributed throughout the brain. Glia cells outnumber neurons and were thought for a long time
merely to function as a structural scaffold for neurons and to provide them with an appropriate
environment [3,4]. This is also reflected in the name ‘glia” being derived from the greek word
gliok, which means glue or slime [3]. However, over the last years it has become evident that
glia cells play a key role in the healthy and pathological CNS. Glia cells are subdivided into
astrocytes, oligodendrocytes and the just recently added NG2 cells [5]. In the following we will
focus on astrocytes.

Astrocyte morphology
Astrocytes are characterized by several long processes that radiate from the cell body [3]. Early
studies of astrocytes divided them into protoplasmic and fibrous astrocytes based on differences

in the anatomical location and
morphology [6]. Protoplasmic
astrocytes (Fig. 1) are situated in
gray matter and exhibit several
major processes that ramify
extensively. Fibrous astrocytes are E
situated in white matter and exhibit
several long, thick, and less
branched processes [6]. Both types
contact blood vessels with the
endfeet of their processes and are
in contact with neurons [7]. Later
on the astrocyte family was
extended by several specialized
types of astrocytes such as Miiller

glia in the retina, Bergmann glia in
the cerebellum, pituicytes in the
posterior  pituitary,  tanycytes
located in certain areas of the third
ventricle and the stem-cell like

Figure 1 Schematic presentation of protoplasmic astrocytes and
their outstanding position, which allows neuro-vascular coupling
and connection to the astrocytic network. Astrocytes are in contact
with each other in the periphery of their micro-domains via gap
junctions (blue lines). They enwrap synapses with their endfeet,
which are equipped with several transporters and channels that

radial glia during development [7]. allow a rapid clearance of ions and neurotransmitters following

C neuronal activity. Furthermore, due to their contact with
These spemah;efi types .Of vasculature, astrocytes can for example take up glucose from the
astrocytes  exhibit a  radial | blood.
morphology [8].

Anatomical organization

Astrocytes are uniformly distributed in the entire CNS. Protoplasmic astrocytes in the rodent
cortex and hippocampus were recently described to span three-dimensional micro-domains with
their extensively branched processes, respectively [3,4]. While the cell bodies and the major
processes of adjacent astrocytes have no contact, the astrocyte processes in the periphery of the
micro-domains are in direct contact with each other (Fig. 1). This way astrocytes demarcate the
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gray matter into functional domains, whose significance however is still unknown. Within its
micro-domain a single astrocyte can enwrap more than 100 000 synapses and may be in contact
with several hundred dendrites from distinct neurons [7]. Micro-vessels are often located along
the border of the astrocytic micro-domains, which allows several adjacent astrocytes to enwrap
them with their end-feet [3]. A similar micro-domain system of fibrous astrocytes is likely to
occur, but has not yet been detected [7].

Astrocyte physiology

The unique positioning of astrocytes, which allows them to contact neurons on one side and the
vasculature on the other side (Fig. 1), indicates that astrocytes exert important roles in the CNS
[4]. The expression of a wide range of receptors for several neurotransmitters, hormones,
cytokines and peptides allows them to sense their environment and respond to several
extracellular stimuli from distinct cell types around them [9,10]. Astrocytes are equipped with a
plethora of transporters and channels [3] allowing them to actively control their environment.
Functionally astrocytes are involved in several essential and complex functions in the
physiological CNS, which include maintenance of the extracellular environment (ion and pH
homeostasis), metabolic support for surrounding neurons, regulation of synaptogenesis, active
control of synaptic functions and neurotransmission, neurovascular coupling, and maintenance of
the blood brain barrier (BBB) integrity [3,4,7,9,11,12,13]. The contribution of astrocytes to the
neural network activity is becoming increasingly recognized. A lot of research has been
conducted, which revealed the regulatory input of astrocytes at the synapse, which is now
acknowledged in the model of the tripartite synapse (for a review see [14]. Astrocytes also
communicate with each other via gap junctions (Fig. 1) [3,15]. Gap junctions allow the transfer
of small molecules (< 1000 Da) such as second messengers, energy molecules, or metabolites
between neighbouring cells thereby connecting astrocytes within a wide communication network
[15].

An intriguing discovery in the last years was the existence of astrocyte-like stem and progenitor
cells during development and in the neurogenic niches of the adult brain in addition to the above
described parenchymal astrocytes. Therefore, a specific subset of astrocyte-like cells may also
contribute to neurogenesis [2,16].

Heterogeneity of Astrocytes

The accumulating number of astrocytic functions in the physiological CNS resulted in a growing
field of astrocyte research [7]. It was shown that astrocytes not only increased in number during
evolution but also in diversity. In the adult mammalian CNS astrocytes are very heterogeneous,
concerning their morphology, molecular equipment and function [4]. Studying astrocytes hence
requires a reliable marker. All astrocytes have in common the expression of the astrocyte-
specific intermediate filament (IF) glial fibrillary acidic protein (GFAP) during at least one point
in their life span [17]. GFAP is usually the most prominent component of the mature IF network
in astrocytes. However, depending on the subpopulation the level of GFAP varies [4,17,18].
Other commonly used astrocyte markers are the calcium-binding protein S1003 [4], the
glutamine synthetase and the recently suggested aldehyde dehydrogenase 1 family member L1
[7].

Differences between astrocytes are found to be regional, implying adaptation of astrocytes to
functionally distinct neuronal networks, but also local distinctions are found [4]. The exact
mechanisms behind astrocyte heterogeneity have not yet been determined. Phenotypic plasticity
denotes that astrocyte heterogeneity may be the result of a flexible plasticity of one astrocyte
type responding to environmental cues [4,17], whereas astrocytes in distinct regions of the CNS
may also originate from distinct progenitors. Some authors suggest a combination of both to be
responsible for astrocyte heterogeneity [4].
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1.2 Intermediate filaments of astrocytes

Astrocytes express four IF proteins, namely Table 1 Classification of intermediate filament proteins
GFAP, vimentin, nestin and synemin [19].

IFs form together with microtubules and

microfilaments the cytoskeleton in most | Type Members Localization
eukaryotic cells. With a diameter of ~10 nm,

they are intermediate in size compared to I acidic keratins  epithelis, hair
microtubules (25 nm) and microfilaments (6- . . o .

8 nm) [20]. While microtubules are I tasic keratins — epithelia, hair
composed of tubulins and microfilaments of [IL - vimentin mesenchymal
actin, IFs consist of different members of the desmin muscle

IF protein family [21] that are expressed in a GFAP astrocytes
tissue-, cell-, developmental- and .
differentiation-specific pattern. The periphiechn fiedrons
mammalian IF protein family consists of ~ 70 syncoilin muscle
members [22] that are divided into six IV neurofilaments neurons
different subdivisions (Tab. 1) based on a-internexin —
sequential, structural and biochemical ) o
similarities [1,23]. Although IF proteins V' muclear lamins ubiquitous
exhibit a low sequence homology, they all VI nestin neuroepithelia, diverse
share a common tripartite structure (Fig. 2) synemin muscle, diverse
[22]. Since IF proteins can be stretched to a

multiple of their own length without breaking they play a major role during mechanical stress
and strain [24]. In general, the dynamic IF network plays an important role in mechanical
stabilization [21,22], cell shape and motility [22].

1.2.1 GFAP

GFAP is the main IF protein in mature astrocytes. GFAP expression is highly regulated and
induced in response to brain injury or neurodegeneration and its expression increases with age
even under physiological conditions [19]. The type III IF protein (Tab. 1) [19] was discovered in
1971 by Eng and co-workers in the brains of patients with multiple sclerosis [25]. Further studies
in the mature mammalian CNS revealed GFAP immunoreactivity exclusively in astrocyte
processes [25] and hence GFAP was suggested to be astrocyte specific. However, it was later
shown that the GFAP content in astrocytes can vary from highly expressed down to a non-

detectable level under physiological conditions [4,17,18].
)Q@.@L COOH

R ) XLt

Figure 2 Schematic structural model of an intermediate filament protein. A highly conserved central a-helical rod
domain, divided into four coiled segments linked by short non-helical regions is flanked by variable IF protein-
specific non-helical end domains. The N-terminus is seen as the head and the C-terminus as the tail. Figure adapted
from [1]

GFAP" cells are also found in the two neurogenic niches in the adult brain, the subventricular
zone (SVZ) and the dentate gyrus in the hippocampus [2]. This discovery raised the discussion
about a putative stem/progenitor cell potential of astrocytes [2,8,16,19]. In the last few years
eight different isoforms of GFAP have been discovered and increasing evidence points to an
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astrocyte subtype-specific expression of the isoforms, which warrants a re-evaluation of already
acquired data that only took into account one isoform of GFAP [19].

GFAP on transcriptional and translational level

GFAP gene expression is highly regulated by the GFAP promoter, however the exact regulation
of GFAP transcriptional activity is still unclear [19]. Several modulators of GFAP expression are
described including hormones and several growth factors [26]. In addition, epigenetic
mechanisms like phosphorylation and DNA methylation are shown to influence GFAP
transcription [19]. The mature GFAP mRNA vyields a size of about 3 kb [25]. Alternative
splicing results in eight splice variants, GFAP a, B, v, d/¢, k, A135, Aexon6, and A164. All forms
have been found in the rodent and with the exception of GFAP also in the human CNS. GFAPa
is the most common and known isoform. Of the other isoforms, GFAPS has received the most
attention since it is expressed in the proliferating SVZ astrocytes that are suspected to be neural
stem cells [19].

GFAP in intermediate filaments and its function

IF proteins exist either in a non-filamentous form or are incorporated into IFs of distinct lengths
[22,27]. GFAP or at least GFAPa is the only astrocyte IF protein that is capable to form
homopolymeric filaments, although these exhibit an abnormal organization [19,22,27,28].
Usually GFAP co-assembles with vimentin to form IFs [28]. The structure and properties of
GFAP filaments are regulated by the GFAP protein concentration, post-translational
modifications and through GFAP interacting proteins. Like the other type III IF proteins, GFAP
is involved in the structural maintenance of the cytoskeleton, providing mechanical support and
strength for the cell. GFAP expression changes throughout development and aging of the CNS
[19], as well as in response to brain insults [29], indicating distinct functions over time and under
pathological conditions. Several GFAP knock-out mouse lines were generated in the past years
and quite surprisingly when the phenotype of the first GFAP ™ mouse was presented in 1995 the
overall appearance was indistinguishable from wild-type mice, although they lacked IFs [30,31].
Later studies however showed that GFAP " mice did differ from wild-types especially in the
“challenged” CNS and that GFAP and vimentin apparently exert overlapping functions, which
were perturbed in a GFAP/vimentin double knock-out mouse [29]. In summary, a functional
involvement of GFAP was revealed in astrocyte motility and migration, vesicle trafficking,
induction of the BBB, neuron-glia interactions and proliferation (for a review see [19]).

1.2.2 Nestin

In 1985, Hockfiel and McKay presented the antibody Rat.401, which binds mainly in the
proliferative area of the neural tube and was thereafter suggested to be a neural stem cell marker
[32]. Further research indicated that Rat.401 binds to an IF protein, which is mainly expressed in
neuroepithelial stem cells and the gene was named nestin. Although the nestin sequence
exhibited a region similar (16-29 %) to the conserved a-helical rod domain of already known IF
proteins it exhibited otherwise an extremely short N-terminal domain (11 amino acid residues)
and an extremely long C-terminal domain not known from any other IF protein. Furthermore, the
location of the three introns in the nestin gene were distinct to those of other types of IF proteins.
Lehndahl et al., suggested it to be a new class, the VI class of IF proteins [33] (Tab. 1). The
nestin gene is conserved in rodents and humans and results in a protein with more than 1600
amino acid residues and a molecular weight of 198 kDa [34].
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Expression of Nestin

Over the years it become clear that nestin is not only expressed in neuroepithelial stem cells
[33,35]. During development, nestin is expressed in radial glia [32,36] and basically all
precursor cells of neurons and astrocytes [34]. In the adult CNS, nestin expression remains in the
proliferating niches such as the SVZ [36,37] and the dentate gyrus of the hippocampus [34]. It is
also found in ependymal cells lining the ventricle [37,38], in endothelial cells [37,38,39,40], in
perivascular cells [37,40] and in a variety of primary CNS tumours [39]. The nestin gene can be
re-induced in astrocytes in the adult CNS in case of brain injury [40,41] and astrocytes in vitro
are shown to express nestin [40,42]. Additionally, nestin’ cells were detected outside the CNS in
e.g. developing skeletal muscle [33], bone marrow mesenchymal stem cells [43], in the adult
retina, striated muscle, cardiac muscle, teeth, liver, pancreas, kidneys, testicles and adrenals [34],
indicating that nestin is more than just a neural stem cell marker.

Regulation and functional aspects of Nestin

Nestin requires type Il or IV IF proteins to form IFs in vitro [44] and in vivo [34]. While nestin
does not co-assemble with GFAP it forms heteropolymeric filaments with vimentin [28]. In vitro
studies revealed that IFs are only formed as long as the amount of nestin in the heterooligomere
does not exceed 25 % [44]. Low phosphorylation of nestin facilitates IF assembly, while a high
level of phosphorylation results in disassembly [34]. The functional involvement of nestin in the
IF network was recently challenged with the creation of a knock-out mouse [45]. Mice lacking
nestin exhibit embryonic lethality. Nestin™ embryos (E8.5) showed less neural stem cells in the
neuroepithelium of the developing tube and enhanced apoptosis in vivo, while other organ
systems seemed not to be affected besides of a smaller size. Surprisingly, embryonic nestin”” cell
cultures revealed that a lack of nestin had no impact on the integrity of the cytoskeleton and
proliferation, migration, attachment and differentiation seem not to be altered. However, nestin”
cells exhibit a drastically decreased potential for self-renewal and increased apoptosis in vitro
[45]. Other studies imply that the unusual long C-terminal tail that contains several highly
charged peptide repeats may protrude from the IF core and function as a spacer between IF and
other cytoskeletal components. This would indicate the involvement of nestin in the regulation of
a dynamic supra-molecular organization within the cell [44]. Recent data also point out an
involvement of nestin as a scaffold for several intracellular signalling molecules [46,47]. In
summary, it is not completely clear yet which function(s) nestin exerts when it is expressed but it
may be that nestin is involved in IF-independent tasks.

1.3 Developmental aspects of astrocytes

Considering the evolution of the CNS, it stands out that the number of astrocytes expands in
higher mammals compared to neurons. This increase of astrocytes with evolution is suggested to
be connected with the increasing network complexity in the CNS in higher mammals. The more
complex and sophisticated a neuronal network gets, the more local control and modulation is
needed [3]. Furthermore, while in lower organisms, as for example in Drosophila, neurons and
astrocytes are generated simultaneously during development, a subsequent generation of neurons
and glia cells is observed in the developing vertebrate CNS. This subsequent order allows first
for the establishment of a neural circuitry followed by a matched positioning of glia cells [48]. In
the rodent CNS the first neurons appear on embryonic day 9-10 (E9-E10) [49] and the generation
of new neurons lasts until E18, followed by the generation of astrocytes, which peaks in the
neonatal period. Oligodendrocytes are the last cells to occur postnatally [48].
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Radial glia and the switch from neurogenesis to astrogenesis

During early development neuroepithelial stem cells transform into radial glia. Studies in the last
decade revealed radial glia as the stem and progenitor cells during development that give rise to
ependymal cells, neurons, astrocytes or distinct intermediate progenitor cells that generate
neurons, oligodendrocytes or astrocytes, respectively [2]. Radial glia express several markers
like glutamate-aspartate transporter, brain lipid binding protein, glutamine synthetase, S100p,
tenascin-C, vimentin, nestin and in some species, but not in rodents, GFAP. Many of these
markers are known to be expressed in mature astrocytes [50]. The potential of radial glia cells to
produce a distinct cell type underlies a complex spatially and temporarily regulated mechanism,
which is still not fully understood. Morphogenic gradients of e.g. bone morphogenetic proteins
or sonic hedgehog provide the cells with spatial information and sections the developing CNS in
specific progenitor domains [49]. Radial glia and neuroepithelial cells must interpret these
gradients and via distinct set-ups of transcription factors produce the appropriate cell type [2].
The switch from neurogenesis to gliogenesis in the precursors is a complex interplay of
environmental cues, transcription factors and intrinsic developmental programs. During
neurogenesis, gliogenesis is repressed by a complex interaction of intrinsic mechanisms and
environmental cues [48].
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Figure 3 Development in the forebrain. During early development neuroepithelial cells, with the potential to self-
renew, are located along the ventricular zone (VZ). They are capable of generating few neurons but are mostly
transformed into radial glia cells at the beginning of neurogenesis (E9-E10 in rodents). Radial glia cells are located
like neurepithelial cells along the ventricles, exhibit an apical-basal polarity and undergo kinetic nuclear migration.
They are in contact with the pial surface and act therefore as a scaffold for neuronal migration to the outer cortical
layers. Radial glia give rise to ependymal cells, neurons or distinct intermediate progenitor cells (IPC) that give rise
to neurons (nIPC), oligodendrocytes (oIPC) or astrocytes, respectively. At the end of development, radial glia
transform directly into astrocytes. MZ, marginal zone; MA, mantle; NE, neuroepithlium; SVZ, subventricular zone.
Figure taken from [2]. Reproduced with permission from Annual Reviews Inc.

Once a cell has entered the path of becoming an astrocyte, the astrocyte precursor migrates to its
final position and begins its terminal differentiation [49]. Some progenitor cell types endure in
the adult CNS in distinct germinal areas such as the SVZ and the dentate gyrus of the
hippocampus, where continuous neurogenesis occurs and also new glia cells can be produced

[2].
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Developmentally regulated expression of type Il and VI IF proteins in astrocytes

The constitutive IF protein reflects the differentiation state during development, maturation and
in disease [24]. During development of the rodent CNS nestin and vimentin are both expressed
very early in neuroepithelial stem cells and in radial glia [50]. It seems that the transition from an
undifferentiated proliferating state to a post-mitotic differentiated cell type during development
is accompanied by the loss of the IF nestin and its replacement by a lineage typical IF protein
such as GFAP in astrocytes and a-internexin or neurofilaments in neurons [33,51].
Immunohistochemical studies showed that in the rat cortex nestin protein disappears between
P14 — P18, while simultaneously mature astrocytes increased [36]. Vimentin, the major IF
protein in the neonatal brain is progressively replaced by GFAP and in the mature brain declines
in most astrocytes to an undetectable level [52] although Bergman glia and astrocytes in the
hippocampus and corpus callosum constantly co-express vimentin and GFAP in the adult CNS
[19].

1.4 Reactive astrocytes

Astrocytes in the adult CNS are described to become rapidly activated in case of basically any
insult to the brain [7,53]. This phenomenon is conserved among several species and termed
reactive gliosis [53]. In 2010 Sofroniew presented the temporary definition of reactive gliosis:
“(1) Reactive astrogliosis is a spectrum of potential molecular, cellular and functional changes in
astrocytes that occur in response to all forms and severities of CNS injury and disease including
subtle perturbations, (2) the changes undergone by reactive astrocytes vary with severity of the
insult along a gradated continuum of progressive alterations in molecular expression, progressive
cellular hypertrophy, and in severe cases, proliferation and scar formation, (3) the changes of
reactive astrogliosis are regulated in a context-specific manner by inter- and intracellular
signalling molecules, (4) the changes undergone during reactive astrogliosis have the potential to
alter astrocyte activities both through gain and loss of functions that can impact both beneficially
and detrimentally on surrounding neural and non-neural cells” [7].

Reactive gliosis occurs in e.g. viral infections, oedema, trauma, stroke, epilepsy, inflammatory
disorders, brain tumours and neurodegenerative diseases [7,53]. Following activation, astrocytes
upregulate the expression of a plethora of molecules including adhesion molecules, calcium
binding proteins, cytokines, growth factors, cytoskeletal components, early response genes,
eicosanoids, enzymes, receptors and transporters. Many of these molecules are either not
detected at all or are found to be expressed at lower levels in quiescent astrocytes [53], indicating
that reactive astrocytes might acquire additional new functions in the disturbed CNS. Classical
hallmarks of reactive gliosis are the upregulation of GFAP expression [7,53], cellular
hypertrophy of cell body and processes, proliferation and glia scar formation, although
proliferation and scar formation are now recognized to occur only in severe reactive gliosis [7].

Glia scar formation

In the case of severe tissue damage and/or infection, astrocytes migrate to the damaged area and
in concert with other cells such as microglia or NG2 glia demarcate the injured area from the
surrounding healthy brain tissue. This glia scar is protective in a way that it encloses
inflammatory cells and infectious agents to the damaged area and allows a rapid healing. On the
other hand, it prevents axonal and cellular migration and hence neuroregeneration [7].

Upregulation of GFAP and other IF proteins

Upregulation of the IF protein GFAP is a classical hallmark of reactive gliosis. It can occur in
many astrocytes that do not normally express GFAP at detectable levels under physiological
conditions [7]. Furthermore, an upregulation of the IF proteins nestin and vimentin, which are
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abundantly expressed in immature astrocytes, is observed in reactive astrocytes. The functional
role of IF protein upregulation is not yet fully understood. Studies in GFAP knock-out mice
revealed that GFAP is not required for astrocytes to become activated. Only in cases of
GFAP/vimentin double knock-outs, which result in no IF formation at all, changes in reactive
gliosis were observed [29]. Reactive astrocytes in GFAP”/vimentin” mice exhibited less
hypertrophic cell processes, a slower migration and a loose and less organized glia scar [29],
which allowed neurite outgrowth and remarkable synaptic regeneration following hemisection of
the spinal cord [54].

Proliferation

In cases of severe reactive gliosis astrocytes have been shown to proliferate [7]. It is known that
following brain injury microglia are activated [8] and rapidly start proliferating [55].
Furthermore, NG2 glia, a ubiquitously distributed cell population with the potential to proliferate
under physiological conditions, mainly generating oligodendrocytes (2009 Nishiyama,
2009 Wang), quickly wupregulate proliferation following brain injury [56]. However,
parenchymal astrocytes are usually seen as quiescent, post-mitotic, differentiated cells that do
not proliferate [7]. Since terminal differentiation is assumed to involve exit of the cell cycle [57]
it is suggested that proliferating astrocytes following brain injury made a step backwards towards
a less differentiated state. The group of Magdalena G&tz in Munich showed that following stab
wound lesion, cortical de-differentiated, proliferating astrocytes give rise to neurospheres in
culture [58]. These neurospheres exhibit self-renewal and multipotency indicating stem cell
potential of cortical de-differentiated astrocytes following injury, at least in vitro. These results
highlight resident astrocytes as a promising cell source for brain repair following injury [58].

Regulation of reactive gliosis and their functional outcome

Several inter- and intracellular signalling molecules have been identified in case of reactive
gliosis and it was shown that the activation of astrocytes is highly context-specific. Trigger
molecules that activate astrocytes can be released by all cell types in the CNS in response to all
forms of CNS insult and activate distinct intracellular signalling cascades (for a review see [7]).
Reactive gliosis can be both beneficial and detrimental. Glia scar formation is a good example of
the Janus face of reactive gliosis, where on one hand axonal regeneration is inhibited but on the
other hand the spread of inflammation and infection to the healthy tissue is prevented [7].

1.5 Aquaporins

Astrocytes are the main cell population in the adult CNS that express the water channel
aquaporin 4 [59], which constitutes the main pathway for osmotically driven water transport into
and out of the brain [60].

Water constitutes the largest part of the cell and a well working water homeostasis is important.
The plasma membrane of a cell functions as a natural barrier to water flow. However, the
phospholipid bilayer of the plasma membrane is slightly permeable to water and allows diffusion
of water molecules through the membrane [61,62]. In 1957, scientists hypothesized that water
pores or channels in plasma membranes may exist allowing a more efficient and quick water
flow through membranes, as it was observed in red blood cells [63] and later in distinct
mammalian epithelia and in plant tissue [61]. It took more than 30 years until the first water
channel termed CHIP (channel forming integral protein), later aquaporin 1, was discovered by
Peter Agre and his co-workers in the late 1980s. For the discovery of the water channel Agre was
awarded the Nobel Prize in Chemistry in 2002.
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Properties of aquaporins

As of today 13 water channels, so called aquaporins (AQPs), have been identified in mammals
[64] and many more in other vertebrates, invertebrates, plants, fungi, archea and eubacteria [65].
AQPs are small (monomer size ~ 30 kDa), hydrophobic, mostly constitutively expressed
intrinsic membrane proteins [64]. Typically AQPs are located in the plasma membrane [64],
however recent studies reported the location of some AQPs in the membranes of intracellular
organelles [66]. AQPs assemble as tetramers in the membrane with each monomer representing a
distinct water channel [64]. Water transport occurs bidirectional following an osmotic gradient
[67] and compared to mere membrane diffusion, channel-mediated water flow exhibits a 5-50
times higher permeability rate [64]. Some AQPs not only transport water but also small
molecules and other solutes [64]. Based on these permeability characteristics the AQP-family
was subdivided into two main groups namely aquaporins facilitating only water transport
(AQPO, AQP1, AQP2, AQP4, AQPS5) and aquaglyceroporins (AQP3, AQP7, AQP9, AQP10)
transporting water, glycerol and other solutes such as e.g. urea [68]. In addition an unorthodox
AQP subgroup was recently assigned comprising uncharacteristic AQPs (AQP11, AQP12)
whose function is not clear yet and AQPs permeable for ions (AQP6, AQP8) [68].

Structure of aquaporins

Despite the subdivision into the two main groups, namely aquaporin and aquaglyceroporins
according to permeability characteristics [63], and an amino acid sequence identity ranging from
19 to 52 % [69], it is assumed that these AQPs share a common molecular structure [63]. The
first structure identified on atomic level was for AQP1. Every water channel consists of four
monomers arranged as tetramers (Fig. 4) and dissimilar to ion channels, each monomer subunit
contains its own (water) pore [67]. Each AQP protein exhibits six transmembrane spanning o-
helices, three extracellular loops, two short intracellular loops, an intracellular amino- and
carboxy-terminus [64]. Soon after the discovery of APQI it was noticed that water transport
through AQP1 did not permit passage of protons or other ions together with the water molecules,
thus protecting the transmembrane proton gradient [61]. This indicated a uniquely selective
mechanism for water permeation through AQPs and led to the prediction of the ‘hourglass
model’ for AQP structure (Fig. 4) [67] consisting of an extracellular vestibule and an
intracellular vestibule connected by a 20 A trim span. In solution, water molecules form
hydrogen bonds with other water molecules, allowing protons to move freely between the
molecules thus protons could easily permeate together with a water molecule. To prevent the
passage of protons several mechanisms are embedded in the vestibule: size restriction,
electrostatic repulsion and water dipole reorientation (Fig. 4) [67]. The rate of water transport
through AQPs is relatively quick with 2-4 x 10° water molecules per second in one monomer
[61].
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Figure 4 Aquaporin structure A Ribbon diagram displaying the side view of an AQP monomer. B Schematic
overview of the AQP architecture. C Ribbon diagram displaying an AQP tetramer viewed from the cytoplasmic
side. Figures taken from [65] (A, B) and [70] (B). Reproduced with permission from the American society for
clinical investigation and from Elsevier.

Aquaporins in physiological conditions

High water flow across the membrane is required in many specialized tissues in the mammalian
body including organs such as the kidney, lung, vascular system, eye, skin, exocrine glands and
the brain [71,72]. For an efficient water flow in these tissues it is shown that several thousands
AQPs per pm’ of cell membrane are present in a cell [64]. Many more functions of AQPs in
physiological processes are known now, such as in glandular fluid secretion, urinary
concentration mechanism, cell migration, neural signal transduction, skin moisturization and fat
metabolism [72].

Aquaporins in the brain

Regulation of water homeostasis is crucial in many organs and tissues. In the brain it is
especially important as only a limited volume fits underneath the protective skull and a volume
dilation in case of impaired water homeostasis can be fatal [71]. AQPs are of crucial importance
in facilitating water flow into and out of the brain [72], and producing cerebrospinal fluid
thereby controlling the intracranial pressure [71]. Six AQPs have been reported to be expressed
on mRNA level in the CNS, namely AQP1, AQP3, AQP4, AQP5, AQP8 and AQP9 [63].
However, only AQP1, AQP4 and AQPY are detected on protein level [68]. AQP1 is exclusively
detected on the apical membrane of epithelial cells in the choroid plexus, where it is involved in
cerebrospinal fluid production [61]. The aquaglyceroporin AQP9 is expressed in ependymal
cells, in glucose-sensitive neurons and faintly on astrocytic processes and cell bodies [63]. It is
suggested to play a major role in brain energy metabolism using its ability to transport lactate
across astrocyte membranes [73]. AQP4 is the most abundantly expressed water channel found
in the CNS, localized extensively on astrocytes and seems to be the major route for water into
and out of the brain [63]

1.5.1 Aquaporin 4

In 1994 Peter Agre and colleagues reported a water-channel termed AQP4 that is abundantly
expressed in mature rat brain but also found in kidney, eye, intestine, lung [74] and skeletal
muscle [75]. AQP4 is structurally similar to the other AQPs and belongs to the group of AQPs
that only transport water. Unlike other AQPs, AQP4 lacks the cysteines, reported in mercury
inhibition of AQPs and studies confirmed that osmotic water permeability is not blocked by
HgCl, [74].

AQP4 distribution

In the CNS AQP4 is highly expressed at the borders between the brain parenchyma and the main
fluid compartments [74,76]. On the cellular level, AQP4 is predominantly expressed in glia cells
and a subpopulation of ependymal cells [59]. Although in some in situ hybridization experiments
AQP4 mRNA expression seemed to be localized in neurons [74,77], it is the general assumption
that AQP4 expression is strictly non-neuronal [59,78,79]. A faint expression of AQP4 was also
shown in endothelial cell [78] and in adult progenitor/stem cells [80]. Some sporadic reports of
AQP4 expression in oligodendroytes [80] or reactive microglia [81] exist.

In astrocytes, AQP4 exhibits a highly polarized expression in vivo. AQP4 is expressed
predominantly in end feet whose membranes facing pial or perivascular basal laminae [59,82].
This polarization is assumed to depend on the dystrophin complex or more specific on a-
synthropin, a member of the dystrophin complex. The dystrophin complex forms a crucial link
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between the cytoskeleton of a cell and the surrounding extra-cellular matrix [83]. Mice lacking
a-syntrophin exhibit a misallocation of AQP4 in astrocyte endfeet, especially in membranes
facing pial basal laminae. However, only a 50 % loss of AQP4 expression in membranes facing
perivascular basal laminae is observed indicating the existence of further anchoring proteins
[83].

AQP4 isoforms

AQP4 has several isoforms [59,74,84,85,86] that differ in their intracellular N-terminus. In the
first study about AQP4 in rat, Agre and colleagues reported two isoforms on AQP4, whose
transcriptional initiation site were identified at methionine 1 or methionine 23, therefore the
isoforms were termed AQP4 M1 and M23, respectively [74]. The C-terminus of AQP4 M1 is 22
amino acids longer than in M23, yielding a polypeptide with ~32 kDa, while the shorter M23
yields a polypeptide with ~30 kDa [74]. Indications of additional AQP4 isoforms followed [84]
and three isoforms are now described in the mouse brain, termed M1, M23 and M23x [85] and
just recently six isoforms were reported in the rat brain [86]. The AQP4 isoforms detected in the
rat brain were termed AQP4a-f, where AQP4a corresponds to M1 and AQP4c corresponds to
M23. Only three isoforms (AQP4a (M1), AQP4c (M23) and AQP4e (z)) were identified as
functional water channels expressed in the plasma membrane [86]. Most literature so far dealt
only with the isoforms M1 and M23. The AQP4 isoforms were originally suggested to be
derived by alternative splicing [75]. In addition, Frigeri and colleagues recently suggested that
the isoform M23 may also be derived from a “leaky scanning” mechanism on translational level
[87]. The characteristic formation of AQP tetramers in the membrane was shown for AQP4 to
comprise both the M1 and the M23 isoform, resulting in the formation of heterotetramers [84].

AQP4 and OAPs

Soon after the discovery and localization of AQP4 it was shown that AQP4 constitutes structures
that have been observed for a while in freeze-fracture analysis [75] and were termed orthogonal
arrays of particles (OAPs) [13]. AQP4 heterotetramers consisting of M1 and M23 arrange to
these higher order complexes, consisting of four - several hundreds heterotetramers [13]. The
size of the OAP is suggested to be determined by the ratio of the isoforms [13]. Transfection of
Chinese hamster ovary cells with M23 only, results in large lattices in the membrane, while
transfection with M1 only, yields no or merely tiny arrays. Transfection with both AQP4
isoforms results in the formation of OAPs similar to those observed in astrocytes in vivo [88]. In
vivo OAPs are found primarily in astrocyte endfeet and less in parenchymal membranes. The
functional significance of OAPs is still undetermined [13], though it is speculated that OAP
formation may enhance the water permeability [89].

AQP4 function and regulation in the CNS

Water transport across membranes is critically involved in CNS homeostasis under physiological
conditions [59]. AQP4 is localized in the same membrane areas such as e.g. the cholinergic
muscarinic receptors [90], the potassium channel Kird.1 [91] or the Na*'/K" ATPase [92],
indicating that AQP4 plays a role in several important astrocytic housekeeping functions such as
potassium siphoning, where AQP4 may provide a passage for concomitant water flux [76,84,90].
Water flux mediated by the astrocyte endfeet enwrapping vasculature or synapses may also
regulate the perivascular volume or the extrasynaptic space, respectively [90]. More functions of
AQP4 were detected with the help of AQP4 knock-out mice [72], revealing an important role of
AQP4 in brain oedema formation and resolution [82] as well as an involvement in cell migration
[60,68]. Water flux through AQP4 is not only regulated by a concentration gradient across the
membrane, but also by the channel permeability and the abundance of APQ4 in the cell
membrane [68]. Regulation of AQP4 is subject of both dynamical short-term regulation such as

11



Introduction

e.g. phosphorylation and dephosphorylation or protein-protein interactions but also long-term
regulation based on changes in AQP4 expression on mRNA or protein level (for a review see

[68]).
1.6 Dopamine

The dopamine (DA) system in the CNS controls locomotion and is involved in goal oriented
behaviour (attention and reward), cognition, emotion and neuroendocrine secretion [93,94].
Disorders of the DA system are shown in several diseases such as for example Parkinson’s
disease (PD), Huntington’s disease or schizophrenia [94].

Dopamine synthesis pathway
The neurotransmitter DA belongs together with norepinephrine and epinephrine to the
catecholamine family. All three catecholamines, are successively synthesized from L-tyrosine

(Fig. 5).
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Figure 5 Catecholamine synthesis pathway. The enzyme tyrosine hydroxylase (TH) converts L-tyrosine to 3,4,-
dihydroxy-L-phenylalanine (L-DOPA) which is further decarboxylated to dopamine by DOPA decarboxylase
(DDC). Addition of a hydroxyl group to dopamine by dopamine B-hyroxylase (DBH) leads to the formation of
norephinephrine, which can further be converted to epinephrine via N-methylation by phenylethanolamine N-
methyltransferase (PNMT).

Tyrosine hydroxylase (TH), the enzyme for the first step in the synthesis of catecholamines is
found in all cells producing catecholamines, while all other enzymes involved in the
catecholamine synthesis exhibit a less frequent distribution [95].

Dopamine receptors and signalling pathways

DA receptors belong to the superfamily of G-protein coupled receptors. Five subtypes of DA
receptors are known, which are referred to as D;-like receptors (D; and Ds) and D,-like receptors
(D, D3 and D4) based on sequence homology, differences in their signalling transduction and in
their drug specificity [95,96]. Each DA receptor family has a distinct localization pattern in the
brain and induces a distinct intracellular signalling cascade, so DA can result in distinct effects
depending on the cell type involved and the expressed DA receptor(s) [96,97,98]. Like other
neurotransmitter receptors, DA receptors are endocytosed and recycled following stimulation

[96,98]. DA receptors are also found on astrocyte membranes in diverse brain regions
[10,99,100,101,102,103].

The dopaminergic system

In the peripheral nervous system DA serves mainly as a substrate for norepinephrine and
epinephrine [94]. In the CNS DA regulates the proper function of the basal nuclei and their
associated projections.

Dopaminergic neurons of the midbrain are located in the substantia nigra (SN) and the ventral
tegmental area (VTA) [94] and project into the forebrain via three major pathways: the
nigrostriatal pathway, the mesolimbic pathway and the mesocortical pathway [94,97] (Fig. 6).
The striatum is the largest structure of the basal nuclei and located between the lateral ventricles
and the cortical area. It receives its dopaminergic input via the nigrostriatal pathway from
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dopaminergic neurons located in the SN pars compacta [94]. Cell death of these dopaminergic
neurons and subsequent loss of DA in the striatum is involved in PD [104].

Contrary to classical neurotransmitters, DA acts not directly on ion channels, but as mentioned
before via signal transduction cascades. Therefore, DA acts not simply as an excitatory or
inhibitory neurotransmitter, but rather modulates the response of a cell to another
neurotransmitter depending on the DA receptor and the state of the cell at the time of the
stimulation [105]. The involvement of DA in movement, attention, motivation, and mood are
described in the adult mammal [98]. However, DA is also present during early development (~
E13 in the mouse) where it exerts a regulatory effect in e.g. maturation of GABAergic neurons
[106,107] an in proliferation of progenitors [108,109]. Although astrocytes are shown to express
DA receptors [99,100,101,102,103] and the DA transporter (DAT) [110], little is known about
an effect of DA on astrocytes.

Figure 6 Schematic overview of the midbrain dopaminergic projections in the rodent brain. Nigral dopaminergic
neurons are located in the substantia nigra (SN) pars compacta and project via the nigrostriatal pathway (red line)
to the dorsal striatum (str). The dopaminergic neurons of the ventral tegmental area (VTA) project via the
mesolimbic pathway (blue line) to the ventral striatum including nucleus accumbens (NAc) and part of the
olfactory tubercle (ot)). Dopaminergic neurons form the VTA also project via the mesocortical pathway (green
line) to the nrefrontal cortex.

Dopamine and 6-hydroxydopamine cytotoxicity

Increased concentrations of DA, either intracellular or extracellular, under pathological
conditions (e.g. ischemia or hypoxia) are toxic for neuronal and non-neuronal cells [111].
Cytotoxicity of DA is linked to oxidative metabolism (Fig. 7). Auto-oxidation or enzyme
catalyzed oxidation of DA produces reactive oxygen species (ROS) and quinones that impair
cellular components such as lipids, proteins and DNA and can induce apoptosis
[93,111,112,113]. Several mechanisms such as amine oxidation, deamination by monoamine
oxidase (MAO) and/or mitochondrial inhibition are suggested in DA cytotoxicity (Fig. 7) [111].
6-hydroxy dopamine (6-OHDA) is a structural analogue to DA with the difference of an
additional hydroxyl group at the benzene ring on position six [104,114]. 6-OHDA is highly toxic
for catecholaminergic neurons [104,115]. Natural production of 6-OHDA is rare, but
synthetically synthesized 6-OHDA is commonly used in research to mimic PD pathogenesis. 6-
OHDA is preferentially taken up like ordinary DA into both dopaminergic and adrenergic
neurons via amine transporters located on the outer membrane [104,114]. Once inside a neuron,
6-OHDA exhibits a neurotoxicity, which involves oxidative stress, although the exact
mechanism is not yet fully understood (Fig. 7). 6-OHDA accumulates in the cytosol and induces
cell death independent of its uptake into synaptic vesicles [104].
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Figure 7 Cytotoxic involvement of dopamine and 6-OHDA. The described mechanism underlying neurotoxicity of
DA and 6-OHDA involves oxidative stress. Auto-oxidation leads to the formation of cytotoxic reactive oxygen
species. Oxidation forms quinones, which can be converted to hydroxyl radicals (OH’) through interaction with
H,0,. Further, inhibition of the mitochondrial respiratory complex I as wells as induction of apoptosis due to
activation of cytoplasmic caspases may occur. 6-OHDA is not only a respiratory toxin but also causes DNA damage
and acts as a clastogen. Figure taken from [111]. Reproduced with permission from Elsevier
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2. Aim

The aim(s) of the presented PhD thesis was to investigate the following questions:

Does dopamine exert an effect on the proliferation of astrocytes and on the expression of the
water channel aquaporin 4 in astrocytes?

Does aquaporin 4 play a modulatory role in astrocyte proliferation?

Which cell type in the striatal astrocyte cultures is susceptible for dopamine-induced decrease in
proliferation?

What is the phenotype and origin of the proliferating cells in the dopamine-depleted striatum in
the rat model?
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3. Results

3.1 Dopamine induced changes in proliferation of astrocytes in vitro

Striatal mouse astrocyte cultures were treated with 100 uM DA for 72h. Quantification of DAPI
stained cell nuclei revealed a decrease of ~20 % in cell number in DA-treated cultures in
comparison to untreated control cultures (Fig. 8A). To examine if the observed decrease in cell
number was due to reduced proliferation, we estimated proliferation in untreated and DA-treated
cultures seeded at different densities. The proliferation assay clearly demonstrated a cell density
dependent effect of DA on cell proliferation (Fig. 8B). Cells seeded at a density of 10 000
cells/well were reduced in proliferation following DA treatment of ~15 %, while cells seeded at a
lower density (1250 cells/well) were reduced of ~65 % .
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Figure 8 Dopamine (DA) induced effects in mouse striatal astrocytes in vitro following treatment with 100 pM DA
for 72h. A Cell nuclei stained with DAPI were counted in untreated (C) (n=6) and DA-treated (n=6) cell cultures,
initially seeded at a density of 5000 cells/well. Data are mean +/- SEM; Student’s t-test for paired data, * p = 0.009.
B Cells were seeded at different densities and proliferation was assayed (n=3-6) following DA-treatment. Bars
represent the percentage of reduction in proliferation of DA-treated cultures compared to control cultures. Data are
mean - SEM. C Cell death was assayed (n=3) and apoptotic cells are indicated by a shift from polygonal gate R1 to
R2, while necrotic cells are defined in polyconal gate R3. Treatment with 300 nM staurosporine for 24h was used as
a positive control.

To investigate if the DA treatment increased apoptotic cell death, apoptosis was assayed in DA-
treated cell cultures and compared to untreated cultures and cultures stimulated for 24h with 300
nM of the apoptosis-inducing agent staurosporine [116]. DA treatment did not increase apoptosis
since a similar amount of apoptotic cells was observed in both DA-treated and in untreated
astrocyte cultures (Fig. 8C).
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3.2 Dopamine induced changes in AQP4 expression in vitro

DA is described to decrease the water permeability of AQP4 in kidney cells [117]. In the CNS,
astrocytes are the main cell type known to express the water channel AQP4 [59]. It is not known
whether DA has an effect on the expression of AQP4.
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Figure 9 Dopamine (DA) treatment influenced the expression of aquaporin 4 (AQP4) in mouse striatal astrocytes in
vitro. A Relative quantification of AQP4 mRNA expression in untreated cultures (C) and following treatment with
100 uM DA for 72h alone or in combination with 1 pM of a receptor antagonist (SCH, SCH 23390; Sul, sulpiride;
Yoh, yohimbine). HPRT was used as internal reference. Data (n=10) are mean +/- SEM; Student’s t-test for
unpaired data, ** p = 0.003, * p = 0.016. OD, optical density. B-C Relative quantification of AQP4 M23 (B) (n=3)
and M1 (C) (n=3) mRNA following DA treatment. Data are mean +/- SEM; Student’s t-test for unpaired data, * p =
0.003. D Representative agarose gels of RT-PCR products. E Representative AQP4 Western Blot of untreated and
treated cell cultures.

Analysis of AQP4 mRNA expression revealed a significant decrease of ~50 % in DA-treated
striatal mouse astrocyte cultures compared to untreated cultures (Fig. 9A,D). To determine the
DA receptor family that mediated this effect, we simultaneously treated striatal astrocyte cultures
with 100 uM DA and 1 uM of either the Dy — like receptor antagonist SCH 23390 or the D, —
like receptor antagonist sulpiride. Neither of these antagonists abolished the DA-induced
decrease in AQP4 mRNA expression (Fig. 9A). DA is also reported to act via noradrenergic
receptors [101,118,119,120]. Indeed, co-treatment with 1 pM of the a, — adrenergic receptor
antagonist yohimbine abolished the DA effect (Fig. 9A).

AQP4 has two major isoforms termed M1 and M23 [74]. RT-PCR was performed with primers
specific to the sequence of AQP4 M1 and AQP4 M?23, respectively. The relative expression of
AQP4 M23 mRNA significantly decreased of ~30 % in DA-treated astrocyte cultures compared
to untreated cultures (Fig. 9B,D), while AQP4 M1 mRNA expression did not change following
DA treatment (Fig. 9C,D). Expression analysis of the AQP4 protein level confirmed the
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significant decrease of AQP4 M23 in DA-treated cultures (n=3, Student’s t-test for unpaired
data: C vs. DA p = 0.04) (Fig. 9E).

3.3 AQP4 knock-down or pharmacologically blocking decreased cell proliferation in vitro
To see if DA exerts its inhibitory effect on the proliferation of striatal mouse astrocytes in vitro
via regulation of AQP4 expression, we investigated cell proliferation following AQP4 knock-
down with siRNA or pharmacologically blocking of the water channel with tetra-ethyl-
ammonium chloride (TEA). Astrocyte cultures were transfected with 1 nM, 5 nM and 10 nM
AQP4 siRNA [121] for 48h and the AQP4 knock-down was examined. Both AQP4 mRNA (Fig.
10A) and protein (Fig. 10B-D) levels were reduced by ~85 %.

Cell proliferation was induced in astrocyte cultures by 10 pg/ml basic fibroblast growth factor
(bFGF). bFGF treatment for 72h increased cell proliferation of ~130 % compared to untreated
cell cultures (Fig. 10E). This proliferation enhancing effect of bFGF was prevented by either
simultaneous transfection with 5 nM AQP4 siRNA (Fig. 10E) or by concurrent pharmacological
blocking of AQP4 using 10 uM TEA [122] (Fig. 10E). Transfection of astrocyte cultures with 1
nM or 5 nM AQP4 siRNA for 72h also significantly reduced basal proliferation of ~40-60 % in
comparison to untreated control cultures (Fig. 10F). Treatment with 10 uM TEA or simultaneous
treatment with 100 uM DA and transfection with 5 nM AQP4 siRNA for 72h led to a similar
decrease in basal proliferation (Fig. 10F).
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Figure 10 Effect of aquaporin 4 (AQP4) knock-down by siRNA or blocking with tetra-ethyl-ammonium chloride
(TEA) on proliferation in mouse striatal astrocytes in vitro. A Representative agarose gel of AQP4 mRNA
expression in cultures transfected with AQP4 siRNA (1 nM, 5 nM and 10 nM), untreated cultures (Cy) and cultures
treated with transfectant only (C,) for 48h. HPRT was used as reference gene. B Representative Western Blot of
AQP4 protein in siRNA treated cell cultures. C-D Immunocytochemical staining of AQP4 after 48h of treatment.
Cell nuclei are depicted in green. E-F Proliferation was assayed (n=3-6) following treatment for 72h in cell cultures
seeded at an initial density of 10 000 cells/well. Cells were treated with either 10 pg/ml basic fibroblast growth

18



Results

factor (bFGF) alone or in combination with 5 nM AQP4 siRNA or 10 uM TEA (E) and with different
concentrations of AQP4 siRNA, TEA and a combination of 100 uM DA and 5 nM AQP4 siRNA (F). Data are mean
+ SEM; Mann-Whitney Rank-sum test or Student’s t-test for unpaired data, * p =< 0.05, ** p=<0.01.

3.4 AQP4 knock-down decreased proliferation in BxPC3 and PANCI1 cell cultures

To clarify if the modulatory effect of AQP4 on cell proliferation is specific for striatal mouse
astrocytes in vitro or represents a general feature of AQP4 expressing cells, we investigated the
human pancreatic cancer cell lines BxPC3, PANC1 and MIA PaCa-2 for a role of AQP4 in cell
proliferation. As a control for AQP4 expression we used human embryonic kidney (HEK) cells
stably transfected with AQP4.
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Figure 11 Aquaporin 4 (AQP4) expression and proliferation in the human pancreatic cancer cell lines BxPC3 (B),
PANCI (P), MIA PaCa-2 (M) at 3d in vitro. A-D Hematoxylin and Eosin (HE) staining. Human embryo kidney
cells (HEK) stably transfected with AQP4 were used as positive controls in the experiments. E-H AQP4
immunocytochemistry. Cell nuclei are depicted in blue. I Representative agarose gel of AQP4 mRNA expression.
(H) positive control, (-) negative control for PCR. Actin was used as internal reference gene. J Representative
agarose gel of AQP4 mRNA expression in untreated cultures (Cy) and in cultures transfected with AQP4 siRNA (1
nM and 5 nM) for 72h. K Proliferation was assayed in BXPC3 cell cultures (n=5) and PANCI cell cultures (n=4)
seeded at a density of 600 cells/well and transfected with different concentrations of AQP4 siRNA for 72h. Data are
mean +/- SEM; Student’s t-test for paired data, * p =< 0.05, ** p=<0.01. (n.d., not done)
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HEK cells displayed a multipolar morphology with long processes (Fig. 11D) when examined at
3d in vitro. BXxPC3 cells exhibited a flat and polygonal morphology and grew in patches (Fig.
11A). PANCI cells exhibited a fibroblast-like morphology with processes (Fig. 11B) and MIA
PaCa-2 cells were fusiform, bipolar cells with a large nucleus/cytoplasm ratio (Fig. 11C).
Immunostaining for AQP4 (Fig. 11E-H) revealed in HEK cells a diffuse, punctual scattered
staining with some distinct membrane associated staining especially in regions where cells were
in contact with each other (Fig. 11H). BXxPC3 cells showed comparable AQP4 staining (Fig.
11E), although no defined AQP4 staining between adjacent cells was observed. AQP4
immunoreactivity in PANCI cells was only weakly observed (Fig. 11F), while in MIA PaCa-2
cells hardly any AQP4 immunoreactivity was detected besides some punctual scattering (Fig.
11G). AQP4 mRNA was clearly expressed in BxPC3 and PANCI cells, although at a lower level
than in HEK cells (Fig. 111). No expression of AQP4 mRNA was detected in MIA PaCa-2 cells
(Fig. 110).

BxPC3 and PANCI cells were transfected with 1 nM or 5 nM AQP4 siRNA for 72h and the
AQP4 knock-down was examined. AQP4 mRNA expression in BxPC3 cells was reduced by ~15
% and ~45 % for 1 nM and 5 nM AQP4 siRNA, respectively and in PANCI cells by ~8 % and
~18 %, respectively (Fig. 11J). Since in preliminary experiments no effect of AQP4 siRNA was
observed in MIA PaCa-2 cell cultures, this cell line was not further investigated. Proliferation
was assayed following AQP4 siRNA transfection for 72h. Proliferation decreased in BxPC3
cells transfected with 1 nM and 5 nM AQP4 siRNA by ~32 % and ~39 %, respectively (Fig.
11K) and in PANCI1 cells by ~6 % and ~20 %, respectively (Fig. 11K). Pharmacological
blocking with 10 pM TEA for 72h did not change proliferation in the human pancreatic cancer
cells (data not shown).

3.5 Which are the target cells for the dopamine effect in the striatal astrocyte cultures?
Astrocytes are a very heterogeneous cell population [4] and not all cells in our striatal astrocyte
cultures may be susceptible to DA treatment. Moreover, treatment with DA might change the
molecular phenotype of some cells in that sense that there may be a shift in the proportional
expression of AQP4 with respect to GFAP or nestin expression. Therefore we determined the
number of AQP4", GFAP", and nestin" cells alone and with respect to each other.

After 3d in vitro untreated striatal mouse astrocytes were ~70-80 % confluent. Cells were mostly
flat with distinct cell shapes (Fig. 12A). Immunostaining with the neuronal marker MAP-2 or the
NG2 glia and oligodendrocyte precursor marker NG2 were predominantly negative (data not
shown), indicating purity of the astrocyte cultures. Staining with the microglia marker Iba-1
revealed a marginal presence of microglia in the cultures (data not shown).
Immunocytochemistry with the astrocyte marker GFAP [19] revealed cells with distinct
morphologies (Fig. 12B). Most GFAP" cells resembled the phenotype of so called protoplasmic
astrocytes (Fig. 12D), although occasionally fibrous GFAP" astrocytes were detected (< 2 %)
(Fig. 12E). GFAP immunoreactivity exhibited the dense IF fibre network in the cytoplasm (Fig.
12D). The intensity of the GFAP immunoreactivity differed between cells and ranged from
highly GFAP" to virtually undetectable levels (Fig. 12B). Immuno-positive cells were counted
and expressed as percentage of the total number of cells that were counted. In untreated astrocyte
cultures 52.1 % (+/- 3.8 %) of all cells expressed GFAP (Fig. 12H).

Astrocytes in vitro are known to express the progenitor marker nestin [40,42]. Immunostaining
of the IF protein nestin exhibited a similar staining pattern as GFAP, exhibiting the dense IF
network in the cytoplasm (Fig. 12F). In the untreated striatal astrocyte cultures 80.3 % (+/- 2.8
%) of all cells expressed nestin (Fig. 12H).
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Figure 12 Expression of aquaporin 4 (AQP4), glial fibrillary acidic protein (GFAP), nestin, vimentin and Pax6 in
striatal mouse astrocytes at 3d in vitro. A Hematoxylin and Eosin (HE) staining. B Immunocytochemistry of GFAP
in an untreated cell culture. C-F Representative immunoreactive cells for AQP4 (C), GFAP (D, E) and nestin (F) in
untreated cultures. G Untreated cells stained by immunocytochemistry caught during mitosis. Cell nuclei are
depicted in blue (B-G). The white arrow indicates a quiescent cell nuclei. H Quantification of immunoreactive cells
in untreated cell cultures (white bars) (n=3-7) and in cell cultures treated with 100 uM DA for 72h (grey bars) (n=3-
7). Cells were seeded at an initial density of 5000 cells/well. Data are mean +/- SEM. I Relative quantification of
GFAP (n=4-7), nestin (n=4-6), vimentin (n=4-7) and Pax6 (n=4-7) mRNA expression in cells seeded at an initial
density of 20 000 cells/well. Cell cultures were treated with 100 pM DA (grey bars) for 72h and compared to
untreated control cultures. HPRT was used as internal reference gene. Data are mean +/- SEM. J Representative
agarose gels with RT-PCR samples from untreated (C) and DA-treated cells.
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Immunoreactivity for AQP4 revealed a diffuse staining with occasional membrane associated
AQP4 staining (Fig. 12C). 66.4 % (+/- 6.3 %) of all cells in the mouse striatal astrocyte cultures
expressed AQP4 (Fig. 12H). Occasionally mitotic figures were observed (Fig. 12G) and the
dividing astrocytes stained positive for AQP4, GFAP and nestin (Fig. 12G). Therefore we
examined if the observed DA-induced decrease in proliferation of striatal astrocytes affected in
particular the population of AQP4", GFAP" or nestin™ cells. However, DA treatment did not
change the numbers of AQP4", GFAP" or nestin" cells, respectively (Fig. 12H).

Furthermore, on molecular level we detected no change in the mRNA expression of GFAP,
nestin, vimentin and Pax6 following DA treatment (Fig. 121-J).
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Figure 13 Double immunocytochemistry of mouse striatal astrocytes at 3d in vitro. A-C Representative double-
stainings. Cell nuclei are depicted in blue D-F Quantitative analysis of the number of double-positive cells in
untreated cultures (C) (n=3-4) and cultures treated with 100 uM dopamine (DA) (n=3) for 72h. Data are mean +/-
SEM.

Double-immunocytochemistry revealed co-expression of AQP4 and GFAP (Fig. 13A), AQP4
and nestin (Fig. 13B) and GFAP and nestin (Fig. 13C). Quantification revealed that in untreated
striatal astrocyte cultures 33.6 % (+/- 9.0 %) of all cells were AQP4"/GFAP" (Fig. 13D), 59.9 %
(+/- 49 %) of all cells were AQP4'/nestin’ (Fig. 16E) and 45.7 % (+/- 9.9 %) were
GFAP /nestin” (Fig. 13F). DA treatment did not change the number of AQP4"/GFAP" (Fig.
16D), AQP4 /nestin” (Fig. 16E) and GFAP /nestin" cells (Fig. 13F).

3.6 Dopamine depletion in a toxin-induced Parkinson’s model in the rat

In mouse striatal astrocyte cultures we showed that DA treatment decreased AQP4 mRNA
expresion (Fig. 9A), AQP4 protein expression (Fig. 9E) and cell proliferation (Fig. 8B).
Subsequent experiments indicated that AQP4 expression and proliferation may be linked and we
revealed a modulatory role of AQP4 on proliferation in vitro (Fig. 10E-F). To see, if DA exerts
an effect on proliferation and/or AQP4 expression in vivo we examined these parameters in the
DA-depleted striatum in vivo.

6-OHDA is a catecholamine selective neurotoxin, which destroys dopaminergic neurons and
thus leads to DA depletion in e.g. the striatum [111]. Adult rats were bilaterally injected into the
lateral ventricles (Fig. 14A) with either a relatively mild dosage of 6-OHDA (105 pg in ascorbic
acid solution) [115] or only ascorbic acid solution (sham animals). The animals were
investigated at 1d, 4d, 7d and 24d post-lesion. To confirm that the 6-OHDA lesions were
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successful, TH expression in the striatum was investigated by means of immunohistochemistry,
Western Blotting and RT-PCR.
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Figure 14 Decreased tyrosine hydroxylase (TH) expression in 6-OHDA lesioned rats. A Schematic overview of the
investigated coronal sections. The red lines indicate the needle puncture. B-C TH' fibers in the striatum 4d post-
lesion. D Quantification of the intensity of the TH immunoreactivity in the striatum at 4d post-lesion in sham (white
bars) (n=5) and 6-OHDA lesioned rats (grey bars) (n=3). Data are mean +/- SEM; Student’s t-test for unpaired data,
* p = 0.008. E-F TH immunoreactivity (DAB) in the lateral cortex 4d post-lesion. G Representative Western Blot
for the striatum at several days after the lesion. GAPDH was used as a internal reference. (s, sham ; 1, 6-OHDA-
lesion). H Representative agarose gel for RT-PCR samples from the striatum.

Immunohistochemistry of TH, the rate-limiting enzyme in DA synthesis [95], revealed the dense
TH" fibre network of dopaminergic afferents in the striatum of sham animals (Fig. 14B). Four
days post-lesion 6-OHDA lesioned animals exhibited a highly diminished TH" dopaminergic
fibre network and sprouted fibres in the striatum (Fig. 14C). Intensity measurements of the TH
immunoreactivity showed a significant decrease in TH intensity (Fig. 14D) on average of ~57 %
in 6-OHDA lesioned animals. Animals with a decrease of less than 10 % were not taken into the
experiment. Additionally, at 4 days post-lesion the marginal TH" fibre network in the lateral
cortex (Fig. 14E) was also drastically reduced in 6-OHDA lesioned animals (Fig. 14F). Western
Blotting confirmed the decrease in TH protein expression in the striatum (Fig. 14G). The relative
TH protein expression decreased in 6-OHDA lesioned rats on average of ~50 % on the first day
post-lesion and remained decreased at all other time-points examined (4d, 7d and 24d post-
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lesion) (Fig. 14G). TH mRNA expression decreased for more than 60 % in all 6-OHDA lesioned
animals at the first day post-lesion and stayed decreased within the first week of the lesion. 24d
post-lesion TH mRNA expression in 6-OHDA lesioned rats was lowered by ~33 % (Fig. 14H).

3.7 Proliferating cell in the striatum and the lateral cortex of 6-OHDA lesioned rats

The proliferation marker Ki-67 labels cells in all active phases of the cell cycle (Gy, S, Gz, M)
[123]. Proliferating Ki-67" cells were clearly visible in the SVZ in both sham and 6-OHDA
lesioned animals (Fig. 15A) at 4d post-lesion. Ubiquitously distributed Ki-67" cells were
observed in the striatum (Fig. 15D) and the lateral cortex (Fig. 15F) of 6-OHDA lesioned rats,
while basically no Ki-67" cells were observed in these areas in sham animals (Fig. 15C,E).
Quantification of proliferating cells confirmed a significant increase in the number of Ki-67"
cells following 6-OHDA lesions in the striatum by a factor of ~14 and in the lateral cortex by a
factor of ~ 18 (Fig. 15B). No change was observed in the SVZ (Fig. 15B).
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Figure 15 Increased expression of the proliferation marker Ki-67 in 6-OHDA lesioned rats at 4d post-lesion. A Ki-
67" cells were observed in the subventricular zone (SVZ) in both sham and 6-OHA lesioned animals. Cell nuclei are

depicted in red (V, ventricle; cp, choroid plexus; s, striatum). B Quantitative analysis of Ki-67" cells in sham
animals (white bars) (n=3) and 6-OHDA lesioned animals (grey bars) (n=3). Data are mean +/- SEM; Mann-
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Whitney Rank-sum test ** p = <0.01, Student’s t-test for unpaired data * p = 0.015. C-F Immunohistochemical
staining of Ki-67. White arrows indicate Ki-67" cells. Cell nuclei are depicted in red.

3.8 Expression of AQP4 in the dopamine-depleted striatum

The expression of AQP4 was investigated by means of immunohistochemistry, Western Blotting
and RT-PCR. AQP4 immunoreactivity in the striatum exhibited a diffuse staining in the gray
matter and a clear labelling along blood vessels (Fig. 16A-B). Intensity measurement of the
AQP4 immunoreactivity at 4d post-lesion revealed no significant change in 6-OHDA lesioned
rats in comparison to sham animals (Fig. 16C).
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Figure 16 Aquaporin 4 (AQP4) immunoreactivity in the striatum of sham and 6-OHDA lesioned rats at 4d post-
lesion A-B AQP4 immunohistochemistry. C Intensity measurement of the AQP4 immunoreactivity in the striatum
in sham (white bars) (n=3) and 6-OHDA lesioned rats (grey bars) (n=3). Data are mean +/- SEM.

AQP4 mRNA expression was investigated by means of RT-PCR in the striatum at 1d, 4d, 7d and
24d post-lesion in sham and 6-OHDA lesioned animals (Fig. 17A). The obtained data were
normalized to the AQP4 mRNA expression at 24d post-lesion in sham rats. It was assumed that
the mRNA expression in sham animals 24d after the lesion was not affected by any surgery-
related changes and therefore represents a valuable reference.

AQP4 mRNA in the striatum at the first day after the surgery was drastically increased in sham
animals (~3.3 fold) and 6-OHDA lesioned animals (~1.9 fold) in comparison to sham 24d post-
lesion (Fig. 17A). In sham animals it declined thereafter, while it remained significantly
increased in 6-OHDA lesioned rats 4d (~1.6 fold) (Fig. 17A,E) and 24d (~ 1.4 fold) post-lesion
(Fig. 17A). We also examined mRNA expression of the AQP4 isoforms M23, M1 and z [86] in
the striatum following the 6-OHDA lesion. At 4d post-lesion, AQP4 M23 mRNA expression was
significantly increased (~2.1 fold) in 6-OHDA lesioned rats in comparison to sham 24d post-
lesion (Fig. 17B,E), while AQP4 M1 mRNA expression was not changed (Fig. 17C,E). AQP4 z
mRNA expression at 4d post-lesion in 6-OHDA lesioned animals was similar to M23 mRNA
expression significantly increased (~2.6 fold) (Fig. 17D,E). There was no increased mRNA
expression of M23, M1 or z at any of the other observed time points (data not shown).
Investigation of AQP4 protein expression by means of Western Blotting revealed bands that
correspond to the major AQP4 isoforms M23 (32 kD) and M1 (34 kD) [86] (Fig. 17F). Contrary
to the observed mRNA expressions the relative expression of AQP4 M23 protein in the striatum
was not significantly changed at 4d post-lesion (Fig. 17G), while M1 protein expression was
significantly decreased by ~53 % in comparison to sham 24d post-lesion (Fig. 17H).
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3.9 Increased expression of GFAP and nestin following 6-OHDA lesion

In our in vitro studies we showed that DA negatively regulated the proliferation of striatal mouse
astrocytes (Fig. 8B). In the DA-depleted CNS in the adult rat in vivo we showed that the loss of
DA increased proliferation in the striatum and the lateral cortex (Fig. 15B). To investigate if the
loss of DA following 6-OHDA lesion affects astrocytes we examined the striatum and the lateral
cortex for the astrocyte marker GFAP.
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Immunohistochemistry indicated an increased intensity of the GFAP immunoreactivity at 4d
post-lesion in the striatum (Fig. 18B) and the lateral cortex (Fig. 18D) in 6-OHDA lesioned rats
in comparison to sham animals (Fig. 18A,C). On the molecular level, relative quantification of
GFAP mRNA expression demonstrated a significant increase (~1.8 fold) of GFAP mRNA at the
first day post-lesion in the striatum of 6-OHDA lesioned rats in comparison to sham animals 24d
post-lesion (Fig. 18E), while no changes occurred at 4d and 7d post-lesion (data now shown). In
the lateral cortex of 6-OHDA lesioned rats GFAP mRNA was increased in both sham (~2.8 fold)
and 6-OHDA lesioned (~3 fold) animals at the first day after the surgery (Fig. 18F). In 6-OHDA
lesioned animals GFAP mRNA expression peaked (~ 3.5 fold) at 4d post-lesion and was still
significantly increased (~2.1 fold) at one week post-lesion in comparison to sham 24d post-
lesion (Fig. 18F).

Upregulation of GFAP as well as cell proliferation are described in reactive gliosis [7]. We
additionally observed in 6-OHDA lesioned rats GFAP" cells that resembled morphologically
reactive astrocytes exhibiting cellular hypertrophy (Fig. 18D). Since reactive astrocytes are
known to re-induce the progenitor marker nestin [40,41], we investigated nestin expression in the
striatum and the lateral cortex. In sham rats, nestin immunoreactivity in the striatum (Fig. 18G)
and the lateral cortex (Fig. 181) was restricted to blood vessels, while a striking appearance of
stellated nestin” cells in both areas was observed in 6-OHA lesioned rats at 4d post-lesion (Fig.
18H, J). Quantification of these stellated nestin™ cells revealed a significant increase by a factor
of 15 in the striatum and a factor of 35 in the lateral cortex (Fig. 18M).

On the molecular level we showed a significantly increased expression (~1.6 fold) of nestin
mRNA in the striatum of 6-OHDA lesioned rats at 4d post-lesion in comparison to sham animals
24d post-lesion (Fig. 18K). No changes of nestin mRNA expression were observed at 1d or 7d
post-lesion (data not shown). In the lateral cortex a vast increase of nestin mRNA expression was
observed in both sham and 6-OHDA lesioned animals at 1d (sham: ~1.7 fold; 6-OHDA: ~2.6
fold) and 4d post-lesion (sham: ~2.4 fold; 6-OHDA: ~4.1 fold) (Fig. 18L). Nestin mRNA
expression remained elevated (~1.9 fold) in 6-OHDA lesioned animals until one week post-
lesion (Fig. 18L).

3.10 6-OHDA lesions resulted in an up-regulation of vimentin
A third IF protein known to be up-regulated in reactive astrocytes is vimentin [52].
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Figure 19 Increased vimentin expression 6-OHDA lesioned animals at 4d post-lesion in the striatum and the lateral
cortex. A-D Immunostaining of vimentin at 4d post-lesion. E-F Relative quantification of vimentin mRNA
expression in the striatum (E) and the lateral cortex (F). Data of both sham-operated (white bars) (n=2) and 6-
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OHDA lesioned animals (grey bars) (n=4) were normalized to the average vimentin mRNA expression in sham
animals 24d post-lesion. GAPDH was used as an internal reference. Data are mean +/- SEM; Student’s t-test for
unpaired data: data vs. sham 24d ** p = < 0.01, sham vs. 6-OHDA * p = 0.04. The agarose gels demonstrate
representative samples (s, sham; 1, 6-OHDA lesion).

Vimentin immunoreactivity was detected along few blood vessels under all conditions at 4d
post-lesion (Fig. 19A-D). Stellated vimentin" cells were detected in representative sections of the
striatum (Fig. 19B) and the lateral cortex (Fig. 19D) in 6-OHDA lesioned animals and vimentin
mRNA expression in 6-OHDA lesioned animals at 4d post-lesion was significantly increased
both in the striatum (~1.3 fold) (Fig. 19E) and in the lateral cortex (~2 fold) (Fig. 19F) in
comparison to either sham animals 24d post-lesion and/or the respective sham value at 4d post-
lesion. No changes in the vimentin mRNA expression was detected at 1d or 7d post-lesion (data
not shown).

3.11 Proliferating Ki-67" cells co-express GFAP and nestin

To fully confirm an astrocytic phenotype of the proliferating cells in the striatum and the lateral
cortex following a 6-OHDA lesion we performed double immunohistochemistry of the
proliferation marker Ki-67 and GFAP or nestin at 4d post-lesion.

Figure 20 Determination of the phenotype of the proliferating Ki-67" cells observed 4d days after the 6-OHDA

lesion in the striatum and the lateral cortex. A-C Ki-67 cells. D-F Double immunohistochemistry of Ki-67 and
glial fibrillary acidic protein (GFAP) (D), Ki-67 and nestin (E), nestin and GFAP (F), vimentin and GFAP (G) and
vimentin and nestin (H).
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Ki-67 staining was restricted to the nucleus and was seen both in cells during interphase (Fig.
20A) [123] and in cells undergoing mitosis (Fig. 20B-C). Ki-67" cells often appeared in pairs
(Fig. 20A). Co-immunostaining with the astrocyte marker GFAP clearly double labeled Ki-
67"/GFAP" cells (Fig. 20D). Quantification of the Ki-67"/GFAP" cells demonstrated that 85.71
% (+/- 7.35 %) of all examined Ki-67" cells in the striatum were GFAP" and 78.06 % (+/- 1.87
%) of all Ki-67" cells in the lateral cortex were GFAP" (n=3 animals, data are mean +/- SEM).
Double immunostaining of nestin with Ki-67 clearly revealed double positive cells (Fig. 20E).
Furthermore double immunostaining of nestin and GFAP (Fig. 20F) revealed that in the striatum
98.89 % (+/- 1.11%) of all nestin’ cells co-expressed GFAP and 95.60 % (+/- 2.51 %) of all
nestin’ cells in the lateral cortex co-expressed GFAP (n=3 animals, data are mean +/- SEM). In
addition we demonstrated that both GFAP" (Fig. 20G) and nestin’ (Fig. 20H) cells co-stained
with vimentin.

3.12 What is the origin of the proliferating GFAP" cells?

After we have determined an astrocytic phenotype of the Ki-67" cells we were interested in the
site of origin of these proliferating GFAP" cells that appeared in the striatum and the lateral
cortex at 4d after a 6-OHDA-lesion.

3.12.1 Are migrating SVZ-progenitor cells a source of the proliferating cells?

Progenitor cells have been described to migrate from their site of origin, the SVZ, into adjacent
injured brain tissue [124,125]. To determine whether progenitor cells were the source of the
proliferating GFAP" cells we performed double staining with the migration marker doublecortin
(Dcx), which is known to be expressed in progenitor cells [125]. Dcx immunoreactivity was
detected both in sham and 6-OHDA lesioned rats in cells in the SVZ, some of them co-
expressing Ki-67 (Fig. 21A). Dcx” cells were observed in the tissue destroyed by the needle
puncture at the dorsal lateral ventricle (Fig. 21B, 14A). However, no Dcx " cells were detected in
the striatum (data not shown) or in the lateral cortex (Fig. 21C).

SVZ .

500.um

Figure 21 Investigation of migrating progenitor cells at 4d post-lesion. A Imunostaining for Ki-67 and the migration
marker doublecortin (Dcx) in the SVZ in a sham animal. B Double immunohistochemistry for Dcx and Ki-67 in the
destroyed tissue at the ventricular injection site. C Dcx and Ki-67 double staining in the lateral cortex of a 6-OHDA
lesioned animals. Cell nuclei are depicted in blue (cp, choroid plexus; is, injection site; np, needle puncture; SVZ,
subventricular zone; V, ventricle).

3.12.2 Do NG2 glia contribute to the proliferating cell population?

NG2 glia have the potential to proliferate in the adult CNS under physiological conditions and to
a greater extend following brain injury [5]. Immunohistochemistry of NG2 and Ki-67 revealed
proliferating NG2 cells in the striatum of 6-OHDA lesioned rats (Fig. 22A) but not in the lateral
cortex (Fig. 22B). Quantification of the total number of NG2" cells (Fig. 22C) confirmed an
increase of NG2" cells in the striatum of 6-OHDA lesioned animals of about 6 % (Fig. 22C) in
comparison to sham animals, while the amount of NG2" cells remained unchanged in the lateral
cortex (Fig. 22C). Quantification of the Ki-67 /NG2" cells revealed that with respect to the total
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fraction of Ki-67" cells, the NG2" cells counted only for 5 % (+/- 3.8 %) (n=3, data are mean +/-

SEM).
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Figure 22 NG2" cells at 4d post-lesion. A-B Double immunohistochemistry of NG2 and Ki-67 in a 6-OHDA
lesioned rat. Cell nuclei are depicted in blue. C Quantitative analysis of NG2" cells in sham (white bars) (n=3) and
6-OHDA lesioned rats (grey bars) (n=3). Data are mean +/- SEM; Student’s t-test for unpaired data, * p = 0.034.

3.12.3 Are the proliferating cells derived from resident de-differentiated astrocytes?
We were then interested if the proliferating GFAP", nestin” and presumably vimentin" cells were
astrocvtes from begin with.
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Figure 23 Expression of the transcription factor Pax6 at 4d post-
lesion. A Pax6 immunoreactivity in the lateral cortex of a sham
animal. Cell nuclei are depicted in blue B Double immunostaining
for Pax6 and Ki-67 in the lateral cortex. C Quantitative analysis of
Pax6" cells in sham (white bars) (n=3) and 6-OHDA lesioned rats
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unpaired data, * p = 0.009. D-F Double immuno histochemistry in
the lateral cortex of a 6-OHDA lesioned rat. Cell nuclei are depicted
in blue. G Relative quantification of Pax6 mRNA expression. Data
from both sham (white bars) (n=2) and 6-OHDA lesioned animals
(grey bars) (n=4) were normalized to the average Pax6 mRNA
expression in sham animals 24d post-lesion. GAPDH was used as
internal reference. Data are mean +/- SEM; Student’s t-test for
unpaired data: data vs. sham 24d * p = 0.047. The agarose gels
demonstrate representative samples (s, sham; I, 6-OHDA lesion).
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A subpopulation of mature, resident astrocytes in the rodent cortex have been described to de-
differentiate in response to a stab wound lesion [58]. De-differentiated astrocytes may express
makers usually found in glial progenitors, such as nestin and vimentin [50]. The transcription
factor Pax6 is known to be expressed in neurogenic radial glia during development [2] and was
recently shown in diverse astrocyte subpopulations in the adult brain [126,127,128]. In vitro
studies suggested that de-differentiated astrocytes upregulate Pax6 [129,130]. We detected Pax6
immunoreactivity both in the striatum and the lateral cortex in sham and 6-OHDA lesioned rats
at 4d post-lesion. Pax6 staining was localized to the cell nucleus (Fig. 23A), although several
cells seemed to exhibited a faint Pax6 staining in their somata (Fig. 23A). For our investigations
we only considered nuclear Pax6 expression.

3.13 Do microglia contribute to the proliferating cell population?

Microglia belong to the CNS immunsystem and become activated after brain insults. Activated
microglia are known to proliferate [55]. We examined sections of the striatum and the lateral
cortex 4d post-lesion by means of immunohistochemistry using the microglia marker Iba-1 to
investigate if microglia contribute to the proliferating cell population following 6-OHDA lesion.
At the injection site of the needle in the dorsal cortex (Fig. 25A), immunoreactivity of Iba-1 (Fig.
24A) was clearly visible and Ki-67/Iba-1" cells were detected in both sham (Fig. 24A, insert)
and 6-OHDA lesioned animals (data not shown). However, we detected neither in the lateral
cortex (Fig. 24B) nor in the striatum (data not shown) Ki-67"/Iba-1" cells.

Figure 24 Investigation of microglia at 4d post-lesion. A Immunostaining for the microglia marker Iba-1 at the
injection site in a sham animal. The insert shows a Ki-67 /Iba-1" cell. B Double immuno-staining for Ki-67 and Iba-
1 in the lateral cortex of a 6-OHDA lesioned rat. Cell nuclei are depicted in blue (np, needle puncture; V, ventricle).
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3.14 TH" cells increased in the lateral cortex following 6-OHDA lesion

Besides indications for astrocyte de-differentiation following the 6-OHDA lesion, we also
observed an increased appearance of weakly stained TH'" somata in the lateral cortex at 4d post-
lesion (Fig. 25A,B,D). Quantification of the TH" cells confirmed an 18 fold increase in the
lateral cortex of 6-OHDA lesioned animals (Fig. 25C). The TH' cells were estimated to occur
mainly in layer III-IV (Fig. 25D) and exhibited a non-pyramidal morphology (Fig. 25D, insert).
Often one thick and long process ascended towards layer V-VI (Fig. 25D, insert).
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Figure 25 Tyrosin hydroxylase (TH)+ somata
in the lateral cortex of 6-OHDA lesioned rats
4d post-lesion. A-B TH immunohistochemistry.

C Quantification of TH' somata in sham (white
bars) (n=3) and 6-OHDA lesioned rats (grey
bars) (n=3). Data are mean +/- SEM. Student’s
t-test for unpaired data, * p = 0.007. D Large
scale overview of the lateral cortex showing TH
immunoreactivity. The insert showed a

magnified view of a TH' cell.

Double immunostaining with TH and either GFAP or nestin did not show co-expression of TH
with any of these markers (data not shown) nor did staining with the neuronal marker MAP-2
(Fig. 26A) reveal a clear co-expression of TH and MAP-2. Other studies that revealed TH" cell
somata in the cortex stated that they are TH' interneurons [131,132,133,134,135] expressing the
inhibitory neurotransmitter GABA and/or its synthesizing enzyme glutamic acid decarboxylase
67 (Gad67) [131,132,134,135].
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parvalbumin

somatostatin

Figure 26 Double immunohistochemistry of tyrosin hydroxylase (TH) in the lateral cortex of 6-OHDA lesioned rats
4d post-lesion with diverse markers: microtubule associated protein 2 (MAP-2) (A), y-amino butyric acid (GABA)
(B), glutamic acid decarboxylase 67 (GAD67) (C), parvalbumin (D), somatostatin (E). Cell nuclei are depicted in
blue.

We detected no co-staining of the TH' cells with GABA (Fig. 26B) or Gad67 (Fig. 26C),
however we observed co-expression of TH with c-Fos (Fig. 27A) and calretinin (Fig. 27B).
Double immunohistochemistry of TH with parvalbumin (Fig. 26D) or somatostatin (Fig. 26E)
did not reveal co-expression of these markers with TH but showed that TH" cell somata are
contacted by Gad67" (Fig. 26C) and parvalbumin” cell processes (Fig. 26D). Co-staining of TH
with either calbindin, Pax6, or neuropeptide Y was likewise negative (data not shown).
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Figure 27 Positive double immunohistochemistry of tyrosin hydroxylase (TH) in the lateral cortex of 6-OHDA
lesioned rats 4d post-lesion with c-Fos (A) and calretinin (B).
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4. Discussion

4.1 Does dopamine has an effect on the proliferation of striatal astrocytes in vitro?

Dopamine is likely to modulate the function of striatal astrocytes

In this study we investigated if DA affects the proliferation of astrocytes in the rodent brain. The
neurotransmitter DA is well known for its diverse modulating effects on neurons during
development [98,106,107] and in adulthood [98]. The striatum is highly innervated by
dopaminergic neurons under physiological conditions [94] and both the DA transporter [110]
and DA receptors are found in vitro [10,100,101,102,103] and in vivo [99] on striatal astrocytes.
Although the latter highly indicates a functional aspect of DA on astrocytes, only few studies
have investigated DA-induced effects on astrocytes. DA treatment increases cAMP in striatal rat
astrocyte cultures [10,101]. This occurs at low concentrations of DA (10 uM) via D, receptors
[101] and at higher concentrations (100 uM) additionally via B-adrenergic receptors [10,101].
Furthermore, DA treatment in striatal astrocyte cultures is shown to induce pCREB via the D4
receptor (200 uM) [99,136], to trigger transient increase in intracellular calcium via D, receptor
activation (10 uM) [136] and to decrease the expression of the glutamate transporter GLT1 also
via D receptor activation (100 uM) [137]. We now report that DA treatment (100 uM) of striatal
mouse astrocyte cultures decreased proliferation and the expression of the water channel AQP4
and that these events may be linked in a subsequent order.

Dopamine decreased the cell number in striatal astrocyte cultures

We stimulated striatal astrocyte cultures derived from neonatal Balb/C mice with 100 uM DA
for 72h. Reports on physiological concentrations of DA in the CNS vary to a great extent. Some
authors report concentrations of 6 nM DA in the extracellular space and 200 nM at the synapse
and perisynaptic region [138], while others report concentrations of 10 uM in the extracellular
space and suggest higher concentrations at the synapse [139]. The DA concentration within the
neuronal terminal in a dopaminergic neuron may reach up to 10 mM [93], indicating that
following neuronal activity the DA concentration at the synapse and varicosities may transiently
be very high. We therefore assume that a concentration of 100 uM of DA is comparable to what
astrocytes are transiently exposed with in the CNS.

In our culture model, treatment with 100 uM DA for 72h decreased the number of DAPI stained
cell nuclei by approximately 20 %. This decrease in cell number could be due to reduced
proliferation, cell death, or detachment of the cells from the glass plates. Since we did not detect
loose cells in the culture medium (data not shown), we assumed they did not detach from the
glass plate surface following treatment. We also excluded increased cell death either by
apoptosis or necrosis by FACS analysis. Although DA is known to exert cytotoxic effects,
especially in cell culture [111,113], and leads to apoptotic cell death in both neuronal and non-
neuronal cells [93,111,113], we assume that the supplementation of the DA solution we used
with ascorbic acid [140,141] and glutathione [113] may have prevented DA-induced apoptosis.
DA is involved in the regulation of proliferation of progenitor cells in the CNS during
development [108,109] and in the adult CNS in the neurogenic niches [142,143,144,145]. During
development DA reduces the proliferation of progenitor cells in the embryonic neostriatum in the
rodent [108,109] via D, receptors that impede the transition from G; to S phase during the cell
cycle. However, it is also shown that activation of D, receptors promotes this transition [108],
although in different areas of the developing CNS and in distinct progenitor cells [109]. In the
adult rodent CNS, reports on DA-induced changes in cell proliferation are contradictory. In some
studies DA was shown to promote proliferation in the SVZ via D, or D; receptor activation
[142,143,144], while other studies demonstrate an inhibitory effect of DA on the proliferation of
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neural stem cells [145]. We showed that DA treatment resulted in a cell density dependent
decrease of proliferation in striatal astrocyte cultures. The density dependent effect of DA may
have several causes. Firstly, it is well established that astrocytes in vitro stop proliferation due to
contact inhibition. Cultures grown in higher densities hence express a lower proliferation per se
and the effect of DA on proliferation might therefore only be moderate. Secondly, gap junctions
might influence the sensitivity of astrocytes to DA in vitro [136]. Down-regulation of gap
junctions results in an upregulation of the D; receptor and an increased sensitivity of the
astrocytes to DA [136]. Cells grown at lower densities exhibit less gap junctional coupling and
therefore presumably more D, receptors than cells grown at higher densities.

In summary, data concerning modulation of proliferation of astrocytes in vitro by DA have not
been published and hence we are the first to report that DA decreased proliferation in a cell
density dependent manner in striatal mouse astrocyte cultures. This observation implies that in
the striatum in vivo where DA is constantly present, DA might tonically inhibit astrocyte
proliferation.

Dopamine decreased the expression of the water channel AQP4

In the CNS the water channel AQP4 is primarily expressed in astrocytes [59]. The function of
AQP4 is dynamically regulated via several mechanisms such as phosphorylation or
dephosphorylation, protein-protein interactions, subcellular distribution, and channel gating [68].
Zelenina et al. showed that a short DA treatment (3 min, 10 pM) results in protein kinase C
(PKC) dependent phosphorylation of Ser180 of AQP4, which decreases the single channel water
permeability in kidney cells [117]. Activation of PKC may also regulate AQP4 expression as a
long term effect [68], however it has not been shown if DA treatment modulates the expression
of AQP4 in striatal astrocytes. We demonstrated that treatment with 100 pM DA for 72h led to a
significant decrease of ~50 % in the expression of both AQP4 mRNA and protein. AQP4 has six
known isoforms in the rat brain [86] and three isoforms in the mouse brain [85] with AQP4 M1
and the shorter AQP4 M23 being the main isoforms in the adult rodent CNS [74,85,86]. In our
study we demonstrated that only AQP4 M23 mRNA and protein expression is significantly
decreased by about 30 % following DA treatment, while AQP4 M1 mRNA and protein
expression was unaffected. Thus DA treatment with 100 pM for 72h reduced the expression of
AQP4 M23, the most abundant isoform in the CNS [84]. Differential regulation of the AQP4
isoforms has been observed [146,147,148,149] although the consequences have not yet been
determined. Conflicting data exist about the water permeability of M1 and M23 [84,89,149] so
one can not argue (yet) that specific down-regulation of AQP4 M23 changes the water
permeability. It is however understood that M1 and M23 contribute differently to the formation
of OAPs. While M23 gives rise to large square arrays, M1 can not form square arrays on its own
but assembles with M23 leading to smaller OAP formation than with M23 alone [88]. One could
speculate that in our study OAP formation is affected by the DA treatment. To clarify this, freeze
fracture studies would be necessary. Nevertheless the functional significance of OAPs is still
unknown. The DA-induced decrease of AQP4 mRNA was ~ 50 %, while the reduction of AQP4
M23 mRNA was 30 %. This discrepancy suggests that another AQP4 isoform besides M23 or
M1 might be affected by DA. In the mouse, three sequences of AQP4 isoforms are known, M1,
M23 and M23x. AQP4 M23 and AQP4 M23x are developmentally regulated, but seem both to
encode a functional AQP4 M23 protein [85]. It might be that all three AQP4 isoforms are
expressed in neonatal astrocyte cultures and that AQP4 M23x is also affected by DA treatment
or that a not yet determined AQP4 isoform is affected.

In summary, we showed that in striatal mouse astrocytes DA treatment exerts a regulatory effect
on the expression of the water channel AQP4. DA treatment specifically decreased the AQP4
isoform M23 both on mRNA and protein level.
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A noradrenergic receptor mediated the dopamine induced change in AQP4 expression

We were interested in the DA receptor that transmits the effect on AQP4 expression. DA
interacts primarily with its five receptors (D;-Ds), which are classified into two families, the D,
receptor family (D;, Ds) and the D, receptor family (D,, D3, D) [96]. DA receptors are G-
protein coupled receptors. Each family induces distinct intracellular signalling cascades [96].
Our studies showed that the DA-induced decrease in AQP4 mRNA expression was however
transmitted via an op-adrenergic receptor. Astrocytes express receptors of other catecholamines
such as adrenergic receptors and all basic subtypes of adrenergic receptors (a;, oo, Bi, B2) are
expressed on astrocytes [10]. Crosstalk of DA with these receptors has also been reported in
other studies [101,118,119,120].

In summary, although we did not completely examine the DA-induced signalling cascade that
results in the decrease of AQP4 mRNA expression, we showed that it is mediated via an a,-
adrenergic receptor. This receptor type is known to induce a signalling cascade that leads to the
activation of PKC [150], which has been shown in other studies to decrease AQP4 mRNA
[68,150]. Further studies are required to identify the complete signalling cascade.

In our studies, we revealed that DA treatment (100 uM, 72h) exerted an inhibitory effect on
proliferation of striatal mouse astrocyte cultures and down-regulated the expression of the water
channel AQP4, especially the M23 isoform via an o,-adrenergic receptor.

4.2 Does AQP4 influence proliferation?

Following the results of our first studies, we hypothesized that the DA-induced decrease of the
water channel AQP4 and the observed decrease of proliferation may be linked. Proliferation is a
complex process that is controlled by many different parameters. It is suggested that cell
proliferation is phenomenologically correlated to cell volume [151]. Cell size including cell
volume is connected to cell division and hence proliferation because cells need to increase their
size before they divide [151]. Changes in cell volume can be quickly obtained via water influx
through water channels such as AQP4. Water channels might therefore play a modulating role in
proliferation and the DA-induced decrease of AQP4 could therefore be the reason for the
observed decrease in cell proliferation. An involvement in proliferation is shown for AQP3
[152,153,154,155], AQP5 [156] and suggested for AQP1 [157] although data for AQP1 are
contradictory [158].

AQP4 knock-down or pharmacological inhibition decreased proliferation in striatal astrocyte
cultures

We investigated the putative involvement of AQP4 in proliferation of striatal mouse astrocytes
by pharmacologically blocking the water channel by TEA and by a siRNA induced knock-down
of AQP4. siRNA is shown to effectively knock-down AQP4 in mouse, rat and human astrocytes
[121,159], while the use of TEA as a channel blocker for AQP4 is highly disputed
[68,122,160,161,162,163]. TEA is a small organic cation that is approximately the same size as a
hydrated potassium ion [164] and functions as a pore blocking agent for potassium channels
[164,165]. The sensitivity of potassium channels to TEA is variable. Most channels can be
grouped as either sensitive [166,167] or relatively insensitive [168]. TEA concentrations shown
to efficiently block potassium channels range from 1 mM [165] to 300 mM [167] depending on
the channel type. Brooks et al. tested TEA as an inhibitor of AQP1 in Xenopus laevis oocytes
and found that incubation with 100 mM TEA for 15 min result in a decreased water permeability
of about 20-40 %. The effect was dose-dependent (0.01-10 mM) and reversible [163].
Subsequently, Demeter et al. published data confirming the earlier study and extended the results
to other AQPs. They showed that besides AQP1, AQP2 and AQP4 are also successfully blocked,
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the latter with an efficiency of ~50 % and an ICsg value of ~9.8 uM [122]. The observation that
concentrations below 20 uM are as effective on AQP4 as high concentrations above 100 mM
revealed the possibility to pharmacologically block water channels with TEA without inflicting
on potassium channels. However, several studies question the pharmacological blocking of
AQPs by TEA [160,161,162].

In our study, both proliferation induced by bFGF and basal proliferation of the striatal astrocyte
cultures were drastically reduced by AQP4 knock-down or pharmacologically blocking of AQP4
with TEA. This gives strong indication of the involvement of AQP4 in proliferation. Nicchia et
al. described a likewise reduction in cell proliferation of ~68 % following AQP4 siRNA
treatment in rat astrocyte cultures [121], which is similar to the observed decrease in basal
proliferation by ~50 % following AQP4 knock-down in our mouse striatal astrocyte cultures.
Though, since a microarray analysis revealed that the AQP4 knock-down in the rat leads to a
changed expression of other genes (GLT1, hexokinase, metallothionein-I and c-Fos ) [121] and a
study in mouse astrocytes demonstrated a down-regulation of connexin43 following AQP4
siRNA transfection [121], it was suggested that the observed decrease in proliferation following
transfection with AQP4 siRNA might not be directly modulated by AQP4 [68]. Especially since
connexin43 is shown to be involved in the proliferation of astrocytes [169,170]. However, given
that we could in addition show a decrease in proliferation when AQP4 was pharmacologically
blocked by TEA, we suggest that AQP4 does in fact play a role in striatal astrocyte proliferation.
Reports about proliferation in AQP4 null mice are contradictory and depend on the used knock-
out mouse [171,172,173]. The lab of Allan Verkman stated no impaired proliferation in AQP4™
astrocytes in vitro, although the proliferation was slightly decreased at all examined time points
in direct comparison to wild type astrocytes cultures [171]. Furthermore, these AQP4” astrocyte
cultures were treated after 2 weeks in vitro with the anti-proliferating agent cytosine arabinoside
and subsequently with dibutyryl cAMP to induce differentiation [171]. The lab of Gang Hu
demonstrated in their AQP4 knock-out mouse decreased proliferation in astrocytes [172] and in
adult neural stem cells [173] in vitro, though their AQP4 knock-out mouse was openly
questioned by the Verkman lab [174].

In summary, we showed that AQP4 knock-down by siRNA or pharmacologically blocking the
water channel with TEA significantly decreased proliferation of the striatal mouse astrocytes
cultures, indicating an involvement of AQP4 in proliferation.

AQP4 is also involved in the proliferation in the pancreatic cancer cell lines BxPC3 and PANC1
To further clarify an involvement of AQP4 in proliferation, we investigated a different cell
culture model. Cancer cells often express AQP4 [175] and some studies indicate that highly
proliferating cancer cells such as glioma cells [176,177,178] exhibit increased AQP4 expression.
We investigated three different human pancreatic cancer cell lines, namely BxPC3, PANCI, and
MIA PaCa-2 for their AQP4 expression. Immunocytochemical staining of AQP4 resulted in
AQP4 immunoreactivity in BxPC3 and PANCI cells, while the immunocytochemical staining in
MIA PaCa-2 was questionable. Expression analysis on mRNA level confirmed AQP4 mRNA
expression in BxPC3 cell cultures and in PANCI, but not MIA PaCa-2 at three days in vitro.
Since we aimed to investigate the role of AQP4 in proliferation we only continued with the cell
lines that expressed AQP4. Proliferation studies in BxPC3 and PANCI cell cultures
demonstrated that AQP4 knock-down with both 1 nM and 5 nM of AQP4 siRNA resulted in a
decreased proliferation. The observed decrease correlated with the efficiency of the AQP4
knock-down by means of siRNA. AQP4 knock-down in BxPC3 cells proved to be more efficient
at both concentrations used (- 15 % and - 45 % on mRNA level) than in PANC1 (- 8 % and — 18
%), which might explain why we observed a higher decrease in proliferation in BxPC3 cells (-
32 % and -39 %) than in PANCI1 (-6 % and — 20 %).
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In summary, the reduction of AQP4 expression by siRNA (1 nM and 5 nM) in the human
pancreatic cancer cell lines BxPC3 and PANCI led to a significant decrease in proliferation.
These data further indicate a modulating impact of AQP4 on proliferation.

4.3 Do astrocytes in the dopamine-depleted striatum in vivo increase in proliferation and in
their expression of AQP4 ?

Diverse studies assume that neurodegenerative diseases may be linked to changes in the
proliferation of astrocytes. Our observations of a down-regulation of proliferation of astrocytes
by DA in vitro confirm and extend these assumptions at least for those neurodegenerative
diseases correlated with perturbations of the dopaminergic transmission such as Parkinson’s
disease (PD). We hypothesized that under physiological conditions in the CNS the dopaminergic
innervation of the striatum might tonically inhibit AQP4 expression, or AQP4 M23 expression,
respectively. This thereby may prevent astrocyte proliferation. In PD the loss of DA in the
striatum, due to cell death of the dopaminergic neurons comprising the nigrostriatal pathway
[104], would abolish this inhibition and an increased expression of AQP4, AQP4 M23, as well as
an increased proliferation should be observed. To investigate this hypothesis, we examined
proliferation and AQP4 expression in a toxin-induced PD model in the adult rat.

The 6-OHDA lesion model

6-OHDA is a potent toxin for catecholaminergic neurons. Since 6-OHDA is taken up via the
monoamine transporters, addition of a noradrenergic uptake inhibitor such as nortryptilin
prevents the uptake of the neurotoxin into noradrenergic neurons and therefore results in
selective dopaminergic cell death [104,114]. 6-OHDA does not permeate the BBB and has to be
administered directly into the brain tissue [104]. Frequently used injection sites (uni- or
bilaterally) are the striatum, the medial forebrain bundle (MFB) or the substantia nigra (SN)
targeting dopaminergic nerve terminals, axons or somata, respectively [104,114]. Since we
aimed to investigate astrocyte responses to DA depletion in the striatum, intrastriatal injection
would have been favorable. However, direct injection into the striatum leads to reactive
astrocytes due to mechanical injury by the needle, making it difficult to investigate the astrocyte
response to the 6-OHDA lesion itself, especially since cell proliferation and upregulation of
AQP4 have been observed in reactive gliosis [7,179,180]. We therefore decided to use an
alternative 6-OHDA lesion model. In the early 70s Zigmond and Stricker showed that
intraventricular injection of 6-OHDA in adult rats results in a long lasting depletion of DA in the
striatum [181]. Measured at 7d post-lesion the striatal DA is reduced by 62-88 % following
intraventricular injection [181,182], which is comparable to the DA depletion following
intrastriatal injection with > 80 % [183,184,185] measured between 3d and 5 weeks post-lesion.
The distribution pathway of the neurotoxin following injection into the lateral ventricles into the
brain tissue is not known. Earlier studies performed with injection of radioactive labeled DA into
the lateral ventricles showed that DA is rapidly taken up into the brain tissue adjacent to the
ventricles [186] and that the distribution within the tissue is dose dependent, with increasing
doses of DA resulting in a distribution further away from the ventricles [187]. Since 6-OHDA is
akin to DA, a similar distribution can be assumed.

In 2000, Rodriguez et al. provided a detailed study about the cell-loss pattern of dopaminergic
neurons in the midbrain following intraventricular 6-OHDA lesion [115]. Intraventricular
injection result in a progressive degeneration of dopaminergic cells within the first week, similar
to the intrastriatal model [188], but without the additional mechanical injury to the nigrostriatal
system due to the needle injection [115] Bilateral intraventricular injections of 50 pg 6-OHDA
cause only subtle changes, while the maximal response is reached with 300 pg 6-OHDA [115].
Therefore, the 105 ug of 6-OHDA used in our experiments can be regarded as a modest lesion.
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In our study, successful lesions were determined by the disappearance of TH, the rate limiting
enzyme in the DA synthesis that is present in all catecholaminergic neurons [95]. TH expression
was investigated in the striatum of all animals used for experiments. Animals with a decrease of
less than 10 % in either TH immunoreactivity, TH protein or TH mRNA expression were
excluded from the experiments. In total, only one animal was excluded, which indicates a high
efficiency of our lesion model. By RT-PCR and Western blot analysis, we observed that the TH
protein and mRNA expression were decreased to nearly 50 % already at 1d post-lesion and
afterwards fluctuated slightly around this value. These data match with the examined TH mRNA
and protein expression following intrastriatal injection [189,190]. By immunohistochemistry at
4d post-lesion we also observed a drastic reduction of TH" fibres in the lateral cortex, indicating
that this region may also be affected by the intraventricular 6-OHDA lesion induced
dopaminergic cell death. No statements of dopaminergic de-afferentiation in the cortex are made
in the classical injection site models of 6-OHDA.

In summary, we demonstrated that following intraventricular injection of the neurotoxin 6-
OHDA, TH expression in the striatum diminished permanently from the first day post-lesion.
These data imply the loss of dopaminergic fibers in the striatum is presumably due to the cell
death of dopaminergic neurons. Although we have not determined the exact decrease of the DA
concentration in the striatum by e.g. HPLC, we assume based on the data from several other
groups that DA is progressively depleted in the striatum following the intraventricular 6-OHDA
lesion.

Proliferating cells were detected in the striatum and the lateral cortex following 6-OHDA lesion
By performing immunohistochemistry using an antibody against the Ki-67 protein we
determined proliferating cells in sham and 6-OHDA lesioned rats at 4d post-lesion. Ki-67 is a
protein that is expressed in all active phases of the cell cycle (late Gy, S, G, and M), but not in
resting or quiescent cells in Go [123]. Astonishingly, despite its discovery nearly 30 years ago,
the function of Ki-67 remains an enigma [123]. As expected Ki-67" proliferating cells were
observed in the SVZ, one of the two neurogenic niches in the adult brain [2] in both sham and 6-
OHDA lesioned animals. Contradictory results are published concerning proliferation in the SVZ
following 6-OHDA lesion. While both a decrease [142,143] and an increase in proliferation are
described [188], we detected no changes in proliferation in the SVZ. A decreased proliferation in
the SVZ is described at 28 days [143] and 6 weeks post-lesion [142], respectively. Therefore it
might be too early to detect in our model at 4d post-lesion a decreased proliferation. Aponso et
al. described an increase in proliferation at 3d post-lesion [188], which may be due to a different
injection site.

We detected a striking increase in proliferation in the striatum and interestingly also in the lateral
cortex at 4d post-lesion in 6-OHDA lesioned rats. These regions are the two areas where we
observed a marked decrease in TH immunoreactivity following 6-OHDA lesion. The appearance
of proliferating cells in the striatum following DA depletion is described in a study using
intrastriatal injection of 6-OHDA in the rat [188] and in a study using the dopaminergic
neurotoxin MPTP in mice [191], while an increased proliferation in the cortex following 6-
OHDA lesion has not yet been reported. A recently published study performed microarray
analysis in the striatum of 6-OHDA lesioned rats and showed that 3d post-lesion 111 genes are
altered in their expression. Many of these genes are involved in cell cycle pathways, indicating a
re-entry of cells into the cell cycle following 6-OHDA lesion [185]. It is not known, if this
proliferation promoting effect is induced directly by the toxin, by the DA depletion or by
neuronal cell death. Reports on proliferating cells in e.g. the striatum of human PD patients post-
mortem are rare [192]. This might indicate that the observed proliferation in our 6-OHDA model
in the rat is either toxin-induced, conditional upon the species or it may depend on the progress
of the disease if one assumes that proliferation might only occur in very early stages of PD.
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In summary, we showed that 4d following intraventricular injection of 6-OHDA, cells in the
striatum and the lateral cortex were proliferating. According to our hypothesis that DA might
tonically inhibit astrocyte proliferation and hence loss of DA would diminish this inhibition, we
suggest that the increase in proliferation is a result of the 6-OHDA induced DA depletion in the
striatum and the lateral cortex. In addition we confirmed that the proliferating cells were GFAP"
astrocytes (see discussion below).

Changes of AQP4 expression following 6-OHDA lesions

Upon the discovery of an increased cell proliferation in the striatum following 6-OHDA lesion
we investigated the expression of the water channel AQP4. Vizuette et al. published the only
study so far where they investigated AQP4 expression in the CNS following 6-OHDA lesion. In
their study, injection of 6-OHDA into the MFB increased AQP4 mRNA expression in the SN,
although this is suggested to be independent of dopaminergic cell death but rather be due to BBB
disruption [179]. Fan et al. examined the MPTP model in the mouse and detected a decreased
AQP4 mRNA expression in the striatum and the SN at 7d following MPTP-lesion [172]. MPTP
is a neurotoxin, which results in a similar destruction of dopaminergic neurons and hence DA
depletion as it is shown in rats for 6-OHDA [111]. In our study we observed a significant
increase in AQP4 mRNA in both sham and 6-OHDA lesion animals in the striatum on the first
day post-surgery, indicating that this might be a surgery related effect. A rapid increase of AQP4
expression is known to occur in reactive astrocytes in cases of impaired BBB [179,193]. We do
not assume that the 6-OHDA lesion alters the BBB integrity, however it is suggested that the
anesthetic isoflurane used in our study may affect the BBB [194] and hence could be responsible
for the increased AQP4 mRNA shortly after the surgery. The increase in AQP4 mRNA
expression was far more pronounced in sham animals than in 6-OHDA lesioned rats, suggesting
that the toxin inhibits the AQP4 mRNA upregulation. In contrast to the sham animals, AQP4
mRNA sustained an increased level in 6-OHDA lesioned rats, which corroborates our hypothesis
that following 6-OHDA induced DA-depletion AQP4 expression increases in vivo.

In our in vitro studies in striatal mouse astrocytes we showed that DA specifically decreased
AQP4 M23 mRNA, while M1 mRNA was not affected. A comparable differential effect on the
AQP4 isoforms was observed in the 6-OHDA lesion model in vivo. At 4d post-lesion AQP4
M23 mRNA was significantly increased in the striatum of 6-OHDA lesioned rats, while no
change occurred in the expression of AQP4 M1 mRNA. In addition, we showed that AQP4 z
mRNA expression resembled that of M23 following the 6-OHDA lesion. After M1 and M23,
AQP4 z (AQP4e) is the third functional AQP4 isoform expressed in the rat brain [86]. AQP4 z
was recently described to be present at low levels in the rat, but not detected at all in human or
mouse CNS [195]. Due to its low expression level it is suggested that AQP4 z may have no
functional impact [195].

Investigation of AQP4 protein expression in the striatum by means of Western blot displayed
several bands representing the distinct isoforms M23 (~32 kDa), M1 (~34 kDa) and z (~39 kDa)
[86]. Contrary to the mRNA expression differences, no change in AQP4 M23 protein expression
at 4d post-lesion was detected, while AQP4 M1 protein expression was significantly decreased
in 6-OHDA lesioned animals. Immunostaining of AQP4 in our study resulted in a diffuse
staining pattern of the neuropil and a clear labelling along blood vessels, similar to descriptions
made by other groups [196]. Measurement of the AQP4 immunoreactivity did likewise not differ
between sham and 6-OHDA lesioned rats, indicating no change in AQP4 protein expression
following 6-OHDA lesion. Discrepancies between AQP4 mRNA and protein expression in the
CNS under pathological conditions have not been reported. The observed differences probably
reflect normally occurring discrepancies between mRNA and protein expression due to different
mRNA and protein stability and turnover [197,198]. Moe et al., showed in the adult
physiological rat brain discrepancies between AQP4 mRNA and protein expression of several
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isoforms and suggested posttranscriptional regulation of AQP4 gene expression [86]. However,
they observed mainly a higher AQP4 M23 protein expression than what would have been
expected by the examined AQP4 M23 mRNA expression [86].

In summary, at 4d post-lesion AQP4 M23 mRNA expression was significantly increased in 6-
OHDA lesioned rats, while no change was observed for AQP4 M1 mRNA. Contrary to the
observed mRNA expression AQP4 M23 protein was not increased in 6-OHDA lesioned animals
and AQP4 M1 protein expression was decreased at 4d post-lesion.

4.4 Which cells are susceptible for dopamine treatment in striatal astrocytes in vitro?

Based on the results of the first experiments two questions arose. Firstly, since astrocytes are
heterogeneous [4] we wanted to investigate whether we could deduce a certain phenotype in our
mouse striatal culture system that is susceptible for DA. Secondly, we aimed to determine the
phenotype and the origin of the proliferating cells in the DA depleted rat model in vivo.

Astrocytes in culture are heterogeneous

When working with astrocyte cultures one has to perform control stainings for neurons,
oligodendrocytes, and microglia and morphologically examine the cultures for ependymal cells
and fibroblasts, since astrocyte cultures are never 100 % pure [199]. The striatal astrocyte
cultures were prepared from neonatal mice (P1-P4), a time point when astrogenesis peaks, which
is assumed to yield the highest possible purity of astrocytes in culture [199]. The only noticeable
contamination we could observe comprised microglia (estimated < 1 %) and a few
oligodendrocytes as described in other studies [199,200]. We assume that this low amount of
contamination is not responsible for any of the observed effects.

Immunocytochemical staining with an antibody against the astrocyte marker GFAP revealed that
in untreated astrocytes cultures ~52 % of all cells at ~2 weeks in culture were GFAP", which
corresponds well with observations made by other groups in mouse astrocyte cultures [200,201].
The GFAP immunostaining exhibited the expected typical dense IF network within the cell. As
previously observed [201], we showed that ~80 % of all cells at ~2 weeks in culture were nestin"
and the staining pattern of nestin was very similar to that of GFAP matching the IF network, as
expected. The IF protein and progenitor marker nestin is expressed by astrocytes in vitro [40],
although the reason for this expression is unclear. Astrocytes in vitro may be reactive [202] or
that the cultural environment may hinder their full differentiation [203]. In our untreated striatal
astrocytes cultures, ~66 % of all cells expressed AQP4. AQP4 immunoreactivity was diffusely
dispersed with occasional clear membrane associated staining, which matches to the observed
staining pattern of AQP4 made by other groups working with mouse astrocyte cultures
[146,159]. Since the used AQP4 antibody used in our study, recognizes the C-terminus of AQP4,
no differentiation could be made between AQP4 isoforms, which differ in their N-terminus but
not their C-terminus [74].

Sergent-Tanguy et al. described a selective decrease in the number of nestin'/GFAP™ cells as
well as an increase in the number of nestin'/GFAP" cells in rat astrocyte cultures following cell
cycle inhibition [201]. Since we observed proliferating cells that stained positive for AQP4,
GFAP and nestin, respectively, we tried to evaluate if one of these cell populations was affected
by the DA-induced decrease in proliferation. However, quantification analysis revealed no
changes in the total number of AQP4", GFAP" or nestin' cells, respectively and no changes in
the number of AQP4"/GFAP", AQP4 /nestin’ and GFAP "/nestin” cells following DA treatment.
These findings differ from our initial observation, that DA decreased the expression of AQP4
mRNA and protein in striatal astrocyte cultures. It might be due to the fact that
immunocytochemistry is not a real quantitative method, since a down-regulation of the AQP4
mRNA and even protein in a single cell will not be reflected in a decrease in number of AQP"
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cells. Even if AQP4 expression is decreased the cells may still express AQP4 protein to which
the antibody can bind resulting in a positive staining in the immunocytochemistry.

In summary, by performing immunocytochemistry we could not identify a distinct phenotype in
the striatal astrocyte cultures that was specifically decreased. One therefore might consider a
different strategy to elucidate the DA susceptible phenotype. Co-staining with a proliferation
marker might help to identify the proliferating cells and their respective phenotype in untreated
control cultures and based on these observations striatal astrocyte cultures might be examined
following DA treatment.

4.5 What is the origin and the phenotype of the proliferating cells following 6-OHDA
lesion?

Intraventricular injection of 6-OHDA in adult rats resulted in an increase of proliferating cells in
the striatum and the lateral cortex at 4d post-lesion. In the physiological adult brain proliferating
cells are usually only detected in the two neurogenic niches, the SVZ and the dentate gyrus
where stem and progenitor cells persist during adulthood [2]. However, in case of severe insults
to the CNS, proliferation is described to occur in the adult brain outside of these niches in
conjunction with reactive gliosis [7,55,58,188,191,204,205,206].

Reactive gliosis following 6-OHDA lesion

Following basically any insult to the brain astrocytes become reactive [7]. Hallmarks of reactive
gliosis are upregulation of IF proteins such as GFAP, nestin and vimentin, hypertrophy of
cellular processes, and proliferation [7]. Reactive gliosis is described in some cases in the brain
of human PD patients [192,207] and basically in every 6-OHDA-induced PD model in the rodent
at least around the injection site. In the animal model one therefore has to discriminate between
reactive gliosis due to the surgery per se and reactive gliosis due to the 6-OHDA lesion.

To identify surgery related effects in our study the mRNA data were normalized to the sham
values obtained 24d post-lesion, which represent most likely a value that is not biased by the
surgery. By doing this we revealed that in the striatum no significant increase of GFAP, nestin or
vimentin on mRNA level occurred in sham animals, indicating no effect of the intraventricular
injection per se on the striatum. In the lateral cortex however, we observed a significant increase
of GFAP mRNA at the first day post-lesion and a significant increase of nestin mRNA at 1d and
4d post-lesion in sham animals, indicating reactive gliosis due to the surgery in that brain region.
This reaction may be explained by the needle puncture in the dorsal cortex during the
intraventricular injection procedure. The mechanical lesion to the brain tissue resulted in reactive
gliosis with clearly visible upregulation of GFAP and nestin immunoreactivity including scar
formation demarcating the needle puncture (data not shown). Several studies report a
“spreading” of reactive gliosis to areas away from the direct site of mechanical lesion [38,40],
which might explain the observations made in the lateral cortex of the sham animals. In
summary, we assume no reactive gliosis due to the surgery per se in the striatum but a slight
reaction of astrocytes within the first 4d post-lesion in the lateral cortex.

Reactive gliosis in the striatum defined by an upregulation of GFAP was described following 6-
OHDA injection into the striatum [190,208,209], the MFB [190,210], and the SN [202,211] but
not for the intraventricular 6-OHDA lesion model. In our study we showed that intraventricular
application of 6-OHDA resulted in an increased expression of GFAP mRNA and higher
immunoreactivity in the striatum in the first days after the lesion. In the cortex, increased GFAP
expression was observed only in two studies following 6-OHDA injection into the striatum [212]
or into the SN [202]. We report a more intense GFAP immunoreactivity at 4d post-lesion and a
drastic increase of GFAP mRNA during the first week post-lesion, indicating reactive gliosis in
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the lateral cortex of 6-OHDA lesioned rats. Furthermore, the GFAP immunostaining revealed
hypertrophic cells in the lateral cortex and the striatum.

Reactive astrocytes are known to re-induce the progenitor marker nestin [40,41]. Nevertheless,
no data about an increase of nestin expression in the striatum following 6-OHDA lesion were
found in literature and only one study reported increased nestin expression in the cortex
following intrastriatal 6-OHDA lesion [212]. We demonstrated in our study the appearance of
stellated nestin' cells following 6-OHDA lesion in both the striatum and the lateral cortex at 4d
post-lesion and confirmed this increase of nestin on molecular level in the first week post-lesion.
Additionally we provide data that demonstrate an increased expression of vimentin, which is also
described to be expressed in reactive astrocytes [29], in the striatum and the lateral cortex in 6-
OHDA lesioned animals at 4d post-lesion.

In summary, our data show that following intraventricular injection of 6-OHDA reactive gliosis
occurs defined by an upregulation of GFAP, nestin and vimentin expression and cellular
hypertrophy in the striatum and the lateral cortex. Although we determined that the reactive
gliosis in the lateral cortex in the first days post-lesion might be partially induced by the surgery
itself, the data otherwise suggested that following 6-OHDA lesion reactive astrocytes occur in
the striatum and the lateral cortex, which both represent target regions for dopaminergic fibres
and are therefore associated with dopaminergic cell death following 6-OHDA lesion. These are
also the areas were we observed proliferating cells following 6-OHDA lesion.

Determination of the origin and phenotype of the proliferating cells following 6-OHDA lesion
Proliferating cells observed under pathological conditions can be (I) microglia, which become
activated in case of brain insults [55], (II) progenitor cells from e.g. the SVZ that migrate into the
particular area [124,213,214], (III) NG2 glia [204,205,206,215] or (IV) reactive astrocytes that
originate from resident mature astrocyte that de-differentiate and regain proliferation capacity
[58].

Microglia are not involved in the proliferative response in the striatum and the lateral cortex
Microglia are resident CNS immune cells that become rapidly activated in response to brain
insults. In the activated state microglia proliferate and migrate to the site of injury were they
release both neurotrophic and neurotoxic substances and remove cellular debris [55]. Microglia
were investigated in this study by using the ionized calcium binding adaptor molecule 1 (Iba-1),
which is a known microglia marker [216]. Activated proliferating microglia were observed in the
vicinity of the needle puncture in the dorsal cortex as has been described by others
[185,217,218,219]. Activation of microglia was also described in 6-OHDA lesions in areas
exhibiting dopaminergic cell loss [219], although no assessment of microglia proliferation was
made. In our study, we did not find proliferating microglia in either the striatum or the lateral
cortex, although from morphological assessment the microglia appeared activated. Resting
microglia normally exhibit small cell bodies with subtle branched processes [55,216], however
we observed a rather bloated morphology with thick short processes. Henry et al., suggested
activation of microglia in 6-OHDA lesions as a secondary phenomenon to the neuronal cell
death to remove cellular debris [219].

In summary, we excluded microglia as the source of the proliferating cells observed at 4d post-
lesion in the striatum and the lateral cortex of 6-OHDA lesioned rats.

SVZ-derived progenitors did not migrate towards the striatum or the lateral cortex

Progenitor cells in the SVZ are capable of proliferation [2]. Several studies report that
proliferating progenitor cells from the SVZ have the potential to migrate in case of a brain insult
to the injured area and differentiate [124,213,214]. In our 6-OHDA lesion model we observed
proliferating cells ubiquitously distributed in the striatum and the lateral cortex, which argues
against a migration from the SVZ, in which case a gradient of proliferating cells would be
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expected [124]. Furthermore, we often observed cells in pairs or cells actively progressing
through mitosis suggesting that at least some resident cells did divide. Nevertheless, we used the
migration marker doublecortin (Dcx) [220] to investigate for migrating progenitor cells. The
microtubule-associated protein Dcx is required in neuronal migration during development [125]
and in the adult CNS its expression remains within the neurogenic niches, where it is transiently
expressed in proliferating progenitor cells [220]. As expected, we observed Dcx in the SVZ in
both proliferating and non-proliferating cells. Dex ' cells in the area of the needle puncture just
dorsal of the lateral ventricle. This indicates that progenitor cells indeed migrate to injured areas,
although it might be that these Dcx' cells also belong to the rostral migratory stream [220].
However, in the striatum or the lateral cortex of 6-OHDA lesioned animals, no Dcx staining was
observed. Therefore, we concluded that the proliferating cells following 6-OHDA lesion are
derived from resident cells in the respective areas and do not migrate from the SVZ into the areas
of dopaminergic cell loss.

NG2 glia comprise a small fraction of the proliferating cells in the striatum

The NG2 glia are a resident cell population in the adult CNS parenchyma with the potential to
proliferate both under physiological and pathological conditions [5,56]. These glia cells (5-8 %
of the total glia number), that express chondroitin sulphate proteoglycan were initially believed
to be merely oligodendrocyte precursors during development and postnatally [5,56]. However, it
soon became clear that NG2 cells in the developing CNS not only differentiate into
oligodendrocytes but into neurons and astrocytes [5,56]. Due to their persistent and ubiquitous
appearance in the adult brain they were recently suggested to be a fifth class of non-neuronal
cells in the CNS [56]. The functional aspect of NG2 glia in the physiological and pathological
adult CNS are currently investigated by several groups. NG2 glia express functional receptors
for e.g. glutamate or GABA and interact with neurons [5,56,221]. Following brain injury, several
studies showed that NG2 cells respond to brain injury with hypertrophy, upregulation of
chondroitin sulphate proteoglycan and an increase in cell number [56] at the site of injury, which
indicates a role for NG2 glia during brain injury [56]. Following cryoinjury [205], needlestick
injury [206], mechanical lesions [204], and systemic inflammation models [204] in the cortex,
NG2 glia were shown to generate new GFAP" astrocytes that may belong to the pool of reactive
astrocytes. Quantification of the number of NG2” cells per mm? in our study revealed an increase
of NG2" cells in the striatum but not in the lateral cortex following 6-OHDA lesion, indicating
proliferation of NG2 cells in the striatum. However, in relation to the total fraction of
proliferating cells in the striatum the NG2" cells comprised only 5 %. We assume that increased
proliferation of NG2 glia may depend on the kind of lesion or injury and, that intraventricular 6-
OHDA lesions do not induce increased proliferation of NG2 glia in the lateral cortex and only to
a small amount in the striatum.

GFAP" astrocytes proliferate in response to the 6-OHDA lesion

In our study, we found that following 6-OHDA lesions ~86 % of the proliferating cells in the
striatum and ~78 % in the lateral cortex were GFAP, indicating that they are astrocytes. This
finding corresponds well with the two studies that also found proliferating cells in the striatum
following either 6-OHDA [188] or MPTP [191] lesion. Since we could exclude that progenitor
cells from the SVZ migrated towards the striatum and the lateral cortex (see above) we assume
that the proliferating GFAP" cells may be derived from resident cells such as NG2 glia or de-
differentiated resident astrocytes. NG2 glia cells, which comprised 5 % of the proliferating cells
in the striatum are described to yield GFAP" progeny [204,205,206,215], although this finding is
recently under question [58,222,223]. Nevertheless, in our study we found that a minor fraction
of the proliferating GFAP" cells in the striatum may be derived from NG2 cells. However, the
largest part of the proliferating cells must have been derived from a different origin.
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De-differentiation of a subpopulation of resident astrocytes following 6-OHDA lesion

In 2008 Buffo et al. described that mature resident astrocytes in the cortex have the potential to
de-differentiate and regain proliferation capacity in response to a stab wound lesion [58]. We
hypothesized that in our study following intraventricular 6-OHDA lesion and hence DA
depletion in the striatum and the lateral cortex, a subpopulation of resident mature astrocytes de-
differentiated and regained proliferation capacity. Several observations supported this
hypothesis.

1) In our 6-OHDA lesion model we observed the appearance of stellated nestin” cells both in the
striatum and the lateral cortex at 4d post-lesion of which nearly 100 % co-stained with GFAP.
The progenitor marker nestin is expressed in neuroepithelial cells and radial glia during
development [32,50] and is re-induced in reactive astrocytes [40,41]. This change in
cytoskeleton in response to brain injuries is often suggested as a step towards a more immature
phenotype of the reactive astrocytes, which may somehow help them cope with a changed
environment, although the exact function of the upregulation of nestin remains speculative. We
showed that following 6-OHDA lesion the nestin® cells expressed Ki-67, which indicates
proliferation. Since we detected more nestin® cells than proliferating cells per mm?, we conclude
that not all nestin’ cells were proliferative, however, we assume that most proliferating cells
were GFAP /nestin’.

2) We detected a clear increase in stellated vimentin® cells in the striatum and the lateral cortex
4d post-lesion in our rat model. As expected, immunostainings revealed co-expression of
vimentin in GFAP" and nestin' cells. Vimentin is another IF protein, which is highly expressed
during development in radial glia [50], but is mostly downregulated to a nearly undetectable
level in the adult CNS [19].

3) Roughly 83 % of all proliferating cells in the striatum and ~80 % in the lateral cortex were
Pax6". The transcription factor Pax6 is known to be expressed in subsets of radial glia cells and
plays a crucial role during development [224]. During development Pax6 controls proliferation
through a direct control of cell cycle regulators [126,224], although it needs to be emphasized
that Pax6 functions in a highly context dependent manner [224]. In the adult brain, Pax6 remains
primarily in the neurogenic niches [224], but it was recently shown to be expressed in astrocytes
[126,127,128]. In our study, Pax6" cells were present in the striatum and the lateral cortex and
quantification revealed a significant increase of Pax6" cells in the striatum and the lateral. Pax6"
cells were further shown to coexpress GFAP, nestin and vimentin. In the lateral cortex, we
observed a higher number of Pax6" cells in 6-OHDA-lesioned animals although we did not
detect an increased Pax6 mRNA expression. This may be due to the fact, that we only took cells
into account that exhibited a clear nuclear Pax6 expression, although we observed cells that
exhibited a faint Pax6 staining in their soma. In the zebrafish, Pax6 is capable of intercellular
transfer and may be secreted to the cell surface where it functions as a signalling molecule [225].
If this mechanism also is the same in the rodent, Pax6 protein already present within the cell
could translocate to the cell nucleus yielding more Pax6" cells in our analysis without prior gene
transcription.

In summary, the proliferating GFAP" cells in the striatum and the lateral cortex following 6-
OHDA lesion in the adult rat were shown to co-expresse markers such as nestin, vimentin and
Pax6, which are all known to be expressed in radial glia cells [50], the precursors of most
astrocytes. We suggest that following 6-OHDA lesion a subpopulation of astrocytes in the
striatum and the lateral cortex has the capacity to de-differentiate and regain proliferation
capacity. This would confirm previous studies that reported de-differentiation of mature
astrocytes in the adult mouse cerebral cortex following stab-wound lesion [58] and de-
differentiation of Miiller glia in the retina of adult mice following intraocular NMDA (N-methyl-
D-aspartic acid) injection [226]. Furthermore, in vitro studies suggest that purified astrocytes de-
differentiate into radial glia like cells following scratch wound assay [129] and cyroinjury [130].
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The progeny of the proliferating de-differentiated cells is of astrocytic nature although Karl ez al.
reported the generation of few new neurons in the retina [226]. Recently, the presumably
immense regenerative potential of astrocytes was revealed [16,58,227,228,229]. De-
differentiated proliferating cortical astrocytes exhibit stem cell potential when taken into cell
culture [58,227,229] and postnatal mouse astrocytes in vitro generate functional neurons [227]
following forced expression of certain transcription factors such as e.g. Pax6 [228,229].
Therefore resident parenchymal astrocytes may represent a source for cell regeneration following
brain insults and might even be able to generate neurons given an appropriate environment.

4.6 Observations of tyrosine hydroxylase immunoreactive cells following 6-OHDA lesion

An unexpected observation in our 6-OHDA lesion model concerned the occurrence of bi- and
multipolar TH" cell somata in the lateral cortex at 4d post-lesion. Since degenerating, swollen
dopaminergic axons exhibit a similar morphology as bipolar cell bodies [135], we verified the
cellular nature of the TH" cells using the nuclear stain DAPI thereby revealing clearly labelled
TH' cells with a DAPI stained cell nucleus. Closer investigation of TH immunoreactivity in the
lateral cortex of sham animals likewise revealed few TH' cells, although we detected
significantly more TH' cells following 6-OHDA lesion. Reports on TH' cells outside the
classical location of dopaminergic neurons exist for rodents and primates and describe TH" cells
during development and in the adult brain in areas such as e.g. cortex [131,132,133,134],
striatum, globus pallidus, hypothalamus or cerebellum [230]. In the rat, TH" cells in the cortex
are mainly observed during development and decrease immensely in their number after puberty
[133,230], which is suggested to result from a down-regulation of the TH expression to a non
detectable level [133]. The presumable reappearance of TH™ cells in the cortex following 6-
OHDA lesion has not been reported yet.

TH" cells are found through all cortical layers with a tendency to occur in layer II-ITT [131,132],
which matches with our estimations of the localization of the TH" cells. In general it is assumed
that these cortical TH" cells are neurons [131,132,133]. However, in our study, staining with the
neuronal marker MAP-2 did not reveal a clear neuronal identity of the TH" cells. MAP-2 stains
predominantly dendrites and hence a different neuronal maker such as NeuN needs to be tested
in order to reliably determine or exclude a neuronal identity. Nevertheless, we assume a neuronal
origin of TH" cells based upon morphology and the fact that they did not co-stain with glial
marker, but with c-Fos, which is a transcription factor of the immediate early gene family that is
often used as a marker of neuronal activity.

Cortical TH' neurons exhibit oval or round somata with a length of 10-20 pm across their long
axis [131,132,230] and their morphology mainly indicates that they are non-pyramidal cells
[131,132,230]. These descriptions match to our observations of the TH cells in the lateral cortex
following 6-OHDA lesion. According to literature most cortical TH™ neurons express the
inhibitory neurotransmitter GABA or/and its synthesizing enzyme glutamic acid decarboxylase
(Gad), indicating that they are cortical interneurons [131,132,134]. Interneurons constitute
around Y4 of the total number of neurons in the mammalian cortex and comprise a heterogeneous
group differing in morphology, physiological properties and in the expression of
neurotransmitters, peptides and molecules [132]. GABAergic cortical interneurons can be
roughly divided into three subgroups containing either parvalbumin, calretinin or somatostatin.
In our study we did not detect co-localization of TH with GABA or Gad67, but clearly with
calretinin in several cells. This matches to the study conducted by Asmussen et al., where they
demonstrated that TH' interneurons in the adult rat cortex belong to the calretinin expressing
group of cortical interneurons [133].

The appearance of cells expressing the rate-limiting enzyme in the DA synthesis pathways in an
area where DA was presumably depleted by 6-OHDA might indicate a compensatory effect for
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the loss of DA in our model. According to the literature, cortical TH' interneurons express only
TH and no other enzymes involved in the synthesis of catecholamines [230]. However, another
neuronal cell type that is often observed close by expresses aromatic amino acid decarboxylase
(AADC), the enzyme necessary to convert L-DOPA into DA [132,230]. It is suggested that these
two cell populations may function in a cooperative synthesis to produce DA [230].

In summary we observed a significant increase of TH' cells in the lateral cortex following 6-
OHDA lesions. The TH" cells coexpressed c-Fos and calretinin, which indicates that they are
cortical interneurons. Further studies are required in our 6-OHDA lesion model to reveal the
exact phenotype, origin and function of the TH' cells, which may suggest a compensatory
mechanism for the DA-loss in the lateral cortex.
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5. Conclusion

DA affected the proliferation of striatal mouse astrocytes and the expression of the water channel
AQP4, or AQP4 M23 in vitro. In the DA-depleted striatum in a 6-OHDA lesion model in the rat
in vivo we also observed changes in astrocyte proliferation and the expression of AQP4 M23
mRNA, thus confirming our assumption that DA affects striatal astrocyte proliferation, probably
via modulation of AQP4 expression. These data imply a so far undetermined influence of DA on
astrocytes in the adult mammalian striatum and cortex, suggesting that in neurodegenerative
diseases that are correlated with perturbations of the dopaminergic transmission such as PD,
astrocytes may also be affected. Furthermore, pharmacological modulation of the expression of
AQP4 could be used to influence astrocyte proliferation, thus representing a therapeutical tool
for treatment of reactive gliosis.

The observed increase in proliferation following 6-OHDA lesion seemed to be due to de-
differentiation of resident mature astrocytes that regained proliferation capacity. Taken together
with the occurrence of TH' cells after the 6-OHDA lesion, these data point to a de-differentiation
process followed by a presumable re-programming of cells. This bears new prospects for cell
therapy in PD and presumably other neurodegenerative diseases, in which resident astrocytes
could be used as an endogenous source for new cells. This implies the necessity to better
understand the mechanisms of de-differentiation of astrocytes. It needs to be corroborated that
the proliferating cells are derived from resident astrocytes by genetic fate mapping analysis and
factors that determine the outcome of the newly generated cells need to be indentified and
characterized. Since recent in vitro data showed that astrocytes can be reprogrammed by forced
expression of certain transcription factors to generate functional neurons, astrocytes might
present a valuable tool in designing new approaches to cell therapy and might be able to give rise
to neurons which could compensate for the loss of neuronal cells. Therefore, it will also be quite
exciting to examine if the observed TH' cells might be derived from the de-differentiated
astrocytes.
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6. Materials and Methods

6.1 Materials

6.1.1 Equipment

Cell culture

24-well plates, flat bottom, 1.9 cm’
96-well plates, flat bottom, 34 mm?*

Cell culture flask, 75 cm’

Cell strainer, 70 um, nylon

Culture dishes, 94x16 mm, 58 cm’
Glass plates, @ 12 mm

Neubauer Counting chamber "improved’
6-OHDA lesion

Bone wax

Dental drill, HM1 007

Hamilton Syringe, 10 pl

Stereotactic device

Surgical tools

Yarn

Histology

Coverslips, 24x32 mm

Cryostat, M560

Dako Cytomation Pen

Microscope slides, SuperFrost R Plus, 75x25 mm
Microscope slides, 76x25 mm
Microtome, DSC2

Steamer, Multi Gourmet

Zeiss Axioplan2 fluorescent microscope
Zeiss confocal laser scanning microscope 510
Zeiss Imager.M2 Apoptome

Molecular Biology

Gel documentation, Quantum ST4
Grinder

Hyperfilm ECL

Potter Elvehjem Tissue Grinder with Teflon Pestle
Sonifier, Cell Disruptor BD15
Spectrometer, GeneQuant 1300
Thermal Cycler, DNA 480

Thermal Cycler, MyCyler™
Thermomixer, 5436

Ultra-centrifuge, Optima™

6.1.2 Chemicals and Substances

Corning

Greiner Bio-One
Corning

BD Falcon
Greiner Bio-One
R. Langenbrinck
Bioanalytic GmbH

Johnson&Johnson
Meisinger
Hamilton
Stoelting

Roth
Johnson&Johnson

R. Langenbrinck
Micron

Dako

R. Langenbrinck
R. Langenbrinck
Leica

Braun

Zeiss

Zeiss

Zeiss

Vilber Lourmat
IKA
Amersham
Sigma

Branson

GE Healthcare
Perklin Elmer
Bio-Rad
Eppendorf
Beckman

Most chemicals were purchased from Sigma-Aldrich, chemicals listed below were obtained from

the following distributors.

5x RT-PCR reaction buffer
6x Orange DNA Loading Dye
6x DNA Loading Dye

Promega
Fermentas
Fermentas
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10x CoralLoad PCR buffer

10x Hexanucleotide mix

10x Tag Reaction buffer
Acetic acid

Aceton

Acidic Haemalaun according to Mayer
Acrylamide, 40 %

Agarose

Ampuwa

Antibiotic powder, Nebacetin
Bepanthen eye and nose salve
C6H5Na307 X2 H20

Chloral hydrate

Chloroform

DAB (diamino-benzidine)
DePeX

dNTPs (deoxyribo-nucleotides)
DTT (dithiothreitol)

EDTA (ethylene diamine tetraacetic acid)
EGTA (ethylene glycol tetraacetic acid)

Erythrosin

Ethanol

FCS (fetal calf serum)
Fentanyl
FluorSave™ Reagent
FZ (fungizone)
GelGreen

Glycerol

Glycine

HCL IN

Heparin Na 25000
HEPES

H,0, (30 %)
INTERFERin™
Iodine, Braunol
Isofluran
Isopropanol

KCl

KH,PO4

KH2P04 X ZHZO
NaCl

NaCl liquid (0.9 %)
NaH2P04 X HzO
Na,HPO4

NazHPO4 X 2H20
Narcorene

NH4Cl

Normal goat serum
Normal donkey serum

Quiagen
Roche
Invitrogen
Invitrogen
Merck

Merck

Chroma

Serva

Lonza
Fresenius Kabi
Sandoz GmbH
Bayer Vital
Merck

Merck

Merck

Serva

Serva
Amersham
Roth

Serva

Serva

Merck
AppliChem
Biochrome AG
Ratiopharm
Calbiochem
Gibco

Biotium

Serva

Roth

Merck

Medac

Serva

Merck
Polyplus Transfection
B.Braun
Abbot GmbH
AppliChem
AppliChem, Merck
Fluka, Merck
Merck

Merck, AppliChem
Fresenius Kabi
Merck
AppliChem, Merck
Merck

Merial

Merck

Dako

Dako
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Methanol

2-Methylbutan

Milk powder, non-fat

Mng

Pefabloc SC-Protease Inhibitor
PFA (paraformaldehyde)
Ponceau Red

Procain hydrochloride

P/S (penicilin-streptomycin solution)
RNase Exitus-Plus™

RNase free water (DEPC-treated)
SCH 23390

SDS (sodium dodecyl sulphate)
Sucrose

Sulpiride

Staurosporine

Sytox60

Sytox green

TEA (tetra-ethyl-ammonium chloride)
Tissue Tek® Compound

Tris

Tris, ultra pure

Urea

X-Ray developer

X-Rax fixation

Xylol

6.1.3 Kits

Annexin V conjugate

BCA Protein Assay Kit

Biotinylated tyramide, Amplification Kit
CyQUANT® NF Cell Proliferation Assay Kit
ECL™ Western Blotting Detection Reagents
One Step Western Blot Kit

PeqGOLD RNApure

Vectastain ABC-Kit

6.1.4 Enzymes

Deoxyribonuclease I Amplification Kit
M-MLYV reverse transcriptase

Taq DNA polymerase

Trypsin

6.1.5 Size standards

Mass Ruler™ Low Range DNA Ladder
O’GeneRuler™ 50 bp DNA Ladder
O'GeneRuler™ 100 bp DNA Ladder
Precision Plus Protein™ Standards, all blue

VWR
AppliChem
Sucofin
Merck
Roth
Merck
Chroma
Merck
Gibco
AppliChem
Roth
Tocris
AppliChem
AppliChem
Tocris
Tocris
Molecular Probes
Molecular Probes
Fluka
Sakura
Roth
Paesel
Merck
Tetenal
Tetenal
Merck

Molecular Probes
Pierce

Molecular Probes
Molecular Probes
Amersham

Gene Script Corp.
Peqlab

Vector Linaris

Sigma
Promega
Invitrogen
Gibco

Fermentas
Fermentas
Fermentas
Bio-Rad
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6.1.6 Media
DMEM (Dulbeccos’s modified Eagle’s medium) Gibco
MEM (minimal essential medium) Earle (1x) mod. Biochrome AG

6.1.7 Buffers and Solutions
cell culture

Chloral hydrate solution
NaCl liquid (0.9 %), 9.5 uM chloral hydrate

Dissection buffer, pH 7.4
NaCl liquid (0.9 %), 4 mM KCI, 10 mM HEPES, 12.5 mM glucose, 0.1 % bovine serum
albumin

DMEM 10 % FCS
DMEM, 10 % FCS, 5 ul/ml P/S, 1 pl/ml FZ

MEM 10 % FCS /20 % FCS
MEM Earle (1x) mod., 10 or 20 % FCS, 5 pl/ml P/S, 1 ul/ml FZ

5x PBS/EDTA, pH 7.4

H,0O4ist, 13.5 mM KCl, 7.5 mM KH,PO4, 0.7 M NaCl, 21 mM Na,HPO4x 2 H,0, 2.7 mM
EDTA

0.1 % Trypsin solution

PBS/EDTA, 0.1 % Trypsin

6-OHDA lesion
6-OHDA-solution
Ampuwa, 0.1 % ascorbic acid, 105 pg/10 pl 6-OHDA hydrochloride

Perfusion solution, pH 7.4
0.125 M phosphate buffer, 2 % PFA

Pre-solution
NaCl liquid (0.9 %), 500 IE/d]l Heparin NA 2500, 0.5 g/dl Procain hydrochloride

Histology
Antibody dilution buffer (abdb)
PBS, 5 % normal goat or donkey serum, 0.5 % Triton X-100

Ammonium chloride, 50 mM
PBS, 50 mM NH,CI

Blocking solution
PBS II, 0.1 % ovalbumin, 0.5 % fish gelatine

Citrate buffer, 10 mM, pH 6.0

H,0y;st., solution X: 0.1 M CcHgO7 x 2 H,O, solution Y: 0.1 M C¢HsNa3;O; x 2H,0
500 ml H,Ogisc, 9 ml solution X , 41 ml solution Y
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Goat serum dilution buffer (GSDB)
PBS, 16 % normal goat serum, 0.3 % Triton X-100/bovine serum albumin, 0.3 M NaCl

PBS, 10 mM, pH 7.4
H,0Oyist., 0.12 M NaCl, 20 mM Na,HPO,4, 3 mM KH,PO,4, 3 mM KH,PO,4

PBS™"
PBS, 0.3 % Triton X-100

PBS II, pH 7.4
H,O4is, 137 mM NaCl, 3 mM KCI, 8 mM Na,HPO, 2 mM KH,PO, x 2H,0

PFA,2 % or4 %
PBS, 2 % or 4 % PFA

Pre-incubation buffer
PBS, 5 % normal goat or donkey serum, 0.5 % Triton X-100, 1 % bovine serum albumin

Pre-incubation buffer for ABC/DAB-staining
H;O0gist., 4 % normal goat serum, 0.25 % Triton X-100

Tris-HCL buffer, 0.1 M, pH 7.5
PBS, 0.2 M tris amino-methan, 0.1 N HCI

Triton X-100/bovine serum albumin
PBS, 3 % Triton X-100, 0.1 % bovine serum albumin

Molecular Biology
10 % ammonium persulfate (APS)
H,04ist, 10 % APS

10x Electrophorese buffer, pH 8.3
HOyist., 25 mM Tris, 190 mM glycine, 0.1 % SDS

Glycine, 100mM, pH 2.5
H;Oyist., 100 mM glycine

6x Laemmli buffer
H;O0gist., 375 mM Trizma Base, 60 % glycerol, 12 % SDS, 0.012 % bromophenol blue, add 10 %
B-Mercaptoethanol just before use

PBS-Tween, pH 7.4
H,Oyist., 81 mM Na,HPO4 19 mM NaH,PO4 xH,0, 0.1 M NaCl, 0.1 % Tween 20

Phosphate buffer [ according to Sérensen, 0.1 M, pH 7.4
H>0g;st, solution X: 0.2 M Na,HPO4 x 2 H,O, Solution Y: 0.2 M NaH,PO4 x H,O
100 ml H,Oy;st, 40.5 ml solution X , 9.5 ml solution Y

10 % SDS, pH 7.2
H:O4isc, 10 % SDS
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SDS-PAGE sample buffer, pH 6.8, according to [84]
H;0gist,, 10 mM Trizma Base, 3 % SDS, 6 % glycerol, 0.01 % bromophenol blue, 0.1 M DTT

5 % Skim milk
PBS-Tween, 5 % milk powder, non-fat

Solubilization buffer, pH 8.0, according to [84]
H,04ist., 20 mM Trizma Base, 5 % SDS, 5 mM EDTA

10x TAE, pH 8.5
H,0yist., 0.4 M Trizma-Base, 0.2 M acetic acid, 2 % 0.5 M EDTA, pH 8.0

Tissue homogenization buffer, pH 7.4, according to [231]
0.01 M phosphate buffer, pH 7.4, 1 % SDS, 150 mM NaCl, 5 mM EDTA

Tissue homogenization buffer, pH 7.0, according to [84]
H,0yist., 7.5 mM sodium phosphate, 0.25 M sucrose, 5 mM EDTA, 5 mM EGTA

Transfer buffer, pH 8.3, (Towbin buffer with 1 % SDS)
H;O0gist., 25 mM Trizma Base, 192 glycine, 1 % SDS, 20 % methanol

Tris-HCI, 1.5 M, pH 8.8
H,0gist, 1.5 M Trizma Base

Tris-HCIL, 0.5 M, pH 6.8
H,04ist, 0.5 M Trizma Base

6.1.8 Master Mixes
Table 2 Master Mix for cDNA synthesis Table 3 Master Mix for RT-PCR

compounds amount compounds amount

RNase fiee water 2.5 ul RNase free water 17.6 ul

5x RT-PCR reaction buffer 5ul 10x Tag Reaction buffer or 25l

dNTPs (10 pmole/ul) 1 pul 10 x CoralLoad PCR bufter

Hexanucleotides (10 pmole/ul) 1.5 pl Primer forward (10 pmole/pl) 0.5 ul

M-MLYV reverse transcriptase 1 ul Primer reverse (10 pmole/nl) 0.5 pl
MgCl, (50 mM) 0.75 ul
dNTPs (10 pmole/pl) 0.5 ul
Tag DNA polymerase 0.15ul

56



Material and Methods

6.1.9 Gels

Table 4 SDS-PAGE Gels
compounds 5% compounds 7% 12 % 15 %
stacking gel running gel
H,0 6.15ml  H,O 5.65ml 427 ml 3.65 ml
2 M Urea* l2g 4 M Urea* - 24¢ -
0.5 M Tris HCI 2.5ml 1.5 M Tris HCI 25m 25ml 2.5ml
pH 6.8 pH 8.8
10 % SDS 100 ul 10 % SDS 100l 100 pul 100 pl
40 % Acrylamide 1.25ml 40 % Acrylamide 1.75ml 3.15ml 3.75 ml
10 % APS 30 pl 10 % APS 30 ul 30 ul 30 ul
TEMED 15 pul TEMED 15 15l 15 ul

* addition of urea is required in AQP4 Western blotting

Table 5 Agarose Gels
compounds small gel middle gel big gel
TAE buffer Ix 100 ml 200 ml 300 ml
Agarose 15¢g 3g 45¢g
GelGreen 8ul 16 pl 24 ul

6.1.10 Antibodies

Antibodies used in immunochemistry (Tab. 6) were tested in control tissues for specificity and
appropriate dilution. To exclude unspecific staining of the secondary antibodies (Tab. 8§),
controls were made applying only secondary antibodies. Antibodies used in Western Blot (WB)
(Tab. 6) were tested in control tissues or cell lines known to express the respective protein.
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Table 6 Primary antibodies for immunochemistry and Western blotting
Primary antibody  host dilution  dilution Company
(immuno) (WB)
anti-AQP4 rabbit  polyclonal 1:500 1:500 Chemicon
anti-AQP4 (H-80)  rabbit  polyclonal 1:200 1:400 Santa Cruz
c-Fos rabbit  polyclonal 1:500 Santa Cruz
anti-cal bindin mouse monoclonal 1:200 SWant
anti-calretinin rabbit  polyclonal 1:2000 Millipore
anti-Dex goat polyclonal 1:500 Santa Cruz
anti-GABA rabbit  polyclonal 1:100 Chemicon
anti-Gad67 mouse monoclonal 1:1000 Chemicon
anti-GAPDH 1:1000  Santa Cruz
anti-GF AP rabbit  polyclonal 1:400 Dako
anti-GFAP mouse monoclonal 1:400 1:1000 Millipore
anti-lba-1 rabbit  polyclonal 1:1000 Wako
anti-Ki-67 mouse monoclonal 1:50 Dako
anti-MAP2 mouse monoclonal 1:500 Sigma
anti-nestin mouse monoclonal 1:100 1:200 Millipore
anti-NG2 rabbit  polyclonal 1:500 Millipore
anti-parvalbumin  mouse monoclonal 1:1000 Sigma
anti-Pax6 rabbit  polyclonal 1:800 MBL
anti-TH mouse monoclonal 1:1000 Immunostar
anti-TH rabbit  polyclonal 1:1000 1:1000 Abcam
anti-somatostatin ~ rabbit  polyclonal 1:1000 Immunostar
anti-vimentin mouse monoclonal 1:100 1:1000  Santa Cruz

Table 7 Fab conjugated and unconjugated antibodies
Antibody host dilution  Company
(immuno)
anti-rabbit IgG Fab coupled to Cy3 (580nm) goat polyclonal 1:200 Dianova
anti-rabbit [gG Fab coupled to Cy2 (520nm) goat  polyclonal 1:100 Dianova
anti-rabbit IgG Fab unconjugated goat  polyclonal 1:65 Dianova
anti-mouse IgG Fab unconjugated rabbit polyclonal 20 pg/ml Dianova
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Table 8 Secondary antibodies for immunochemistry and Western Blotting

Secondary antibodies host dilution  dilution Company
(immuno) (WB)

anti-rabbit Alexa Fluor488 nm goat 1:400 Molecular Probes
anti-rabbit Alexa Fluor 546 nm  goat 1:400 Molecular Probes
anti-mouse Alexa Fluor 488 nm  goat 1:400 Molecular Probes
anti-mouse Alexa Fluor 546 nm  goat 1:400 Molecular Probes
anti-goat Alexa Fluor 488 nm  donkey 1:400 Molecular Probes
anti-mouse Alexa Fluor 555 nm  donkey 1:400 Molecular Probes

anti-mouse HRP conjugate 1:1000 Amersham

anti-rabbit HRP conjugate 1:1000 Amersham

6.1.11 Primer

Primer sequences (Tab. 9) were either taken from the stated reference or were designed using the
open source program Primer3 [232]. Primers were designed to be specific to the respective
mRNA sequence of the gene of interest. mRNA sequences were obtained from the database of
the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).
Primers were designed with a length of 18-30 nucleotides, a G/C content between 40-60 % and a
melting temperature that allowed annealing between 55-65 °C. Primer3 automatically checks for
internal secondary structures and self-complementarity. The size of the end-products was defined
between 160 and 500 bp. The NCBI blast program was used to check for sequence homology
with other mRNAs. Primer sequences were purchased either from Eurofins MWG Operon,

Germany or from Biomers, Germany.

6.1.12 si-RNA

19 or 21 nucleotide long RNA duplexes, identical to a sequence of the human or mouse AQP4
RNA, respectively were chemically synthesized by Eurofins MWG Operon, Germany.

AQP4 human si-RNA: 5" - CGG ACU GAU GUC ACU GGC U -3’
human si-RNA control: 5" - CCC GAC AGU UCC AUG UAU A -3

AQP4 mouse si-RNA: 5" - UCA AUU AUA CUG GAG CCA GUU -3"[159]

mouse si-RNA control made of AQP4 siRNA scrambled sequences [159]
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Table 9 Primer pairs used in RT-PCR

primer used 5-3° T PCR product reference
in (°C) cycles
B-actin rat TGT CAC CAA CTG GGA CGATA 60 25 392
TCT CAG CTG TGG TGG TGA AG
B-actin human TGC CAT CCT AAAAGC CACC 59 25 227
ACC AAA AGCCTT CATACA TCT C
AQP4 human GGA ATT TCT GGC CAT GCT TA 59 32 225
AGA CTT GGC GAT GCT GAT CT
AQP4 mouse ATG AGT GAC GGA GCT GCA GCG A 62 34 253
Ml ACC ATG GTA GCA ATG CTG AGT CC
AQP4 mouse CTC CCAGTGTAC TGG AGC CCG 62 34 510 [146]
Mi TGG TGA CTC CCAATCCTCCAAC
AQP4 mouse GGA AGG CTAGGTTGGTGA CTT 62 34 288
M23 CTG ATG TGG CCA AAGCACTGC AC
AQP4 mouse GGA AGG CTAGGTTGGTGA CTTC 62 34 460 [146]
M23 TGG TGA CTC CCAATCCTCCA C
AQP4 rat CCT GCA GCA GAG AGA GCATC (+16) 62 34 535 [86]
Fl16 CCA ATT GCT AAA GCA ACG GA (+530)
AQP4 rat AGG GAA GGC ATG AGT GAC GG 62 28 590 [86]
Ml (M1 _pr)
CCA ATT GCT AAA GCA ACG GA (+530)
AQP4 rat CCCAGA AGA CAG CACCTG TG 62 34 615 [86]
M23 (YAQP4_41)
CCA ATT GCT AAA GCA ACG GA (+530)
AQP4 rat AAC CGC CCT GTG TCT ATAGT 62 34 600 [86]
z (zAQP4 _10)
CCA ATT GCT AAA GCA ACG GA (+530)
GAPDH rat AGA CAGCCGCATCTTCTTGT 60 25 323
TAC TCA GCA CCA GCA TCAC
GFAP rat TTG TTT GCT AGG CCC AAT TC 58 25 356
CCT CGG GATCTT TTC CTT TC
GFAP mouse CAC GAA CGA GTC CCT AGA GC 60 32 234
ATGGTGATGCGGTTTCITC
HPRT rat GCT TTT CCCGCG AGC CGA CCG CT 60 25 222
AGG GCC ACA ATG TGA TGG CCT C
HPRT mouse GCT GGT GAAAAGGACCTCT 60 28 249
GCA GGT GTTCTA GTC CTG TG
nestin rat/mouse CCA GAG CTG GAC TGG AAC TC 61 30 161
ACC TGCCTCTTTTGGTTC CT
NG2 rat AGA CCT AGA GGCAGG CAA CA 58 30 424
GGT CAG GTCCTC CACTGT GT
Pax6 rat/mouse AAC AAC CTG CCT ATG CAA CC 58 30 206
ACT TGG ACG GGA ACT GAC AC
TH rat GCT ACC GAGAGGACAGCATC 61 30 382
GCA CCA TAAGCCTTCAGC TC
vimentin  rat/mouse ATG CTT CTC TGG CACGTC TT 60 25 335

CAC CTG TCT CCG GTATTC GT

6.1.13 Animals

Pregnant Balb/c mice were purchased from Harlan-Winkelmann GmbH, Germany and were kept
in an in-house animal facility until parturition. Adult Sprague-Dawley rats (n = 74) were
purchased from Charles River, Germany. The animals were kept at 20-22°C, in 50-60 % air
humidity, in a standard dark-light rhythm. Animal housing was in standard cages, gritted with
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sawdust, where the animals had access to standard rodent fodder and water ad [libitum. All
experiments were carried out in accordance with the European Communities Council Directive
(86/608/EEC) regarding the care and use of animals for experimental procedures and were
approved by the Regierunsprasidium Tiibingen (ZP2/09). Adequate efforts were made to
minimize discomfort and pain of the animals.

6.1.14 Cell Lines

The human pancreatic cancer cell lines BxPC3, MIA PaCa-2 and PANCI1 as well as human
embryonic kidney cells (HEK) stably transfected with the water channel aquaporin 4 were kindly
provided by Prof. Grissmer (Dep. of Applied Physiology, Ulm University, Germany).

6.1.15 Software

The following softwares have been used in the process of data acquisition, image processing,
data analysis and statistical analysis: Adobe Photoshop, Microsoft Office Excel 2003, Imagel
[233], Quantum Capt ST4 (Vilber Lourmat), SigmaStat, Zeiss AxioVision LE 4.8.1, Zeiss LSM
Image Brower 3.2.0.07.

6.2 Methods

Cell Culture

6.2.1 Primary astrocyte cultures

Newly born Balb/c mice were taken to establish primary striatal astrocyte cell cultures at
postnatal day (P) one to four. While the mother mouse was killed with an overdose of chloral
hydrate (ip), the pups were decapitated and the striatum was excised and transferred to chilled
dissection buffer. Tissues from at least five animals were used to establish one cell culture line.
The tissues were dissociated enzymatically for 15 min at RT in a 0.1 % trypsin-solution until the
dissociation was stopped with the same volume of pre-warmed MEM 20 % FCS. The tissues
were further dissociated mechanically with a 10- and 5 ml pipette and passed through a cell-
strainer. The obtained cell solution was centrifuged at 1400 rpm for four minutes at 21°C and the
pellet was resuspended in 10 ml prewarmed MEM 20 % FCS. The cells were seeded into a poly-
DL-ornithine coated culture dish (58 cm?) and incubated at 37°C in 5 % CO, in an air ventilated
humidified incubator. The medium was changed daily upon reaching confluency, then the cells
were split at a ratio of 1:3 (first passage) into poly-DL-ornithine coated culture dishes (58 cm?)
in MEM 10 % FCS. Thereafter the medium was changed every second day and after reaching
confluency the cells were split again (second passage) and used to setup experiments.

6.2.2 Immortalized human cell lines

HEK cells and the human pancreatic cancer cell lines BxPC3, MIA PaCa-2 and PANC1 were
cultured in cell culture flasks (75 cm?) in DMEM 10 % at 37°C in 5 % CO, in an air-ventilated
humidified incubator. The medium was changed twice a week upon the cells reached confluency
and were used to setup experiments. For continuous culturing cells were split at a ratio of 1:30
(BxPC3) or 1:20 (HEK, MIA PaCa-2, PANCI) in new cell culture flasks or frozen for future
experiments [234].

6.2.3 Coating

Culture dishes and plates used in experiments of primary astrocyte cultures were coated with 0.1
mg/ml poly-DL-ornithine in Ampuwa. The solution was added to the dishes/plates to completely
cover the growth area. Following 60 min incubation at RT, the solution was removed, the
dishes/plates were washed twice with Ampuwa and allowed to air-dry.
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6.2.4 Changing the medium
The old medium was aspirated and the cells were washed once with PBS/EDTA. Then
prewarmed fresh medium was added to the cells and they were incubated again.

6.2.5 Splitting
Once cells reached confluency, the medium was aspirated and the cells were washed once with
PBS/EDTA. To detach the cells, they were incubated with 0.1 % trypsin solution for several
minutes at RT. BXxPC3 cells require an incubation time of at least 10 min at 37°C. The detached
cells were transferred to prewarmed medium and were centrifuged at 1400 rpm for four minutes
at 21°C. The pellet was resuspended in 1 ml medium and the cells were either plated at the
appropriate ratio for further culturing or they were counted and used to setup experiments. To be
counted, cells were resuspended in 4 ml medium. 20 pl of this solution was mixed with 160 pl
medium and 20 pl trypan blue solution and transferrred into a Neubauer counting chamber.
Viable cells in the four big squares in the upper and lower compartment of the chamber were
counted and the determined average number of cells per square was used to calculate the total
amount of medium the cells needed to be diluted with to obtain the desired number of cells/well
after plating:

(cell number [cells] * 100 000) * well volume [ml/well]

density [cells/well]

The 4 ml cell solution was made up with medium to the determined final volume and mixed well
before the cells were seeded and incubated at 37°C.

6.2.6 Treatment of cells

One day after seeding the cells into the appropriate plates or dishes the respective treatment was
initiated. Treatments occurred daily and lasted for 72h unless stated otherwise. Cells were treated
with 100 uM dopamine (DA) complemented with 1 uM L-ascorbic acid and 1 mM glutathione
to slow down oxidation of DA in the medium [140] and to protect against DA-induced
cytotoxcity [113,141], respectively. To reveal the DA receptor family mediating the observed
DA-induced effects, cells were treated simultaneously with 100 uM DA and a receptor
antagonist. D;-like receptors were blocked by 1 pM SCH 23390 and D,-like receptors by 1 uM
sulpiride. Furthermore, cells were treated simultaneously with 100 uM DA and with 1 uM of the
ap-adrenergic receptor antagonist yohimbine. Proliferation was stimulated by treating cells with
10 ng/ml bFGF. Pharmacological blocking of the water channel AQP4 was performed using 10-
100 pM TEA. The K'-channel blocker TEA [164,165] was shown to reversibly block AQP4
already at minor concentrations, which showed no effect on K'-channels [122]. To induce
apoptosis, cells were incubated with 300 nM staurosporine, a microbial alcaloid antibiotic, for
24h. In all experiments controls were incubated in normal medium. Following the treatment,
cells were assessed by histological or molecular methods.

6.2.7 AQP4 knock-down using siRNAs

One day after the cells were seeded into the appropriate plates or dishes for the experiment, the
transfection of AQP4 siRNA was performed using INTERFERin™ according to the
manufacturer’s instructions. In brief, cells were transfected with either 1 nM or 5 nM AQP4
siRNA for 72h. For control purpose the cells were treated with serum-free medium only (Cy),
transfection reagent only (C) and with transfection reagent plus scrambled control RNA (C,).
Specific silencing was validated by RT-PCR and Western blot analysis. Following the 72h
treatment, cells were assessed by histological or molecular methods.
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6.2.8 Proliferation Assay

Primary striatal astrocytes were cultured in 96-well plates at a density of 1250, 2500, 5000 and
10 000 cells/well. Immortalized human cells were plated in uncoated 96-well plates at a density
of 600 cells/well. Following cell treatment proliferation was measured using the CYQUANT®
Cell Proliferation Assay Kit according to manufacturer’s instructions. The bacteriophage A DNA,
provided with the kit was used to create a standard curve to calibrate the assay for future
experiments.

6.2.9 Apoptosis Assay

Cells were seeded at a density of 50 000 cells/well in 24-well plates. Following cell treatment
apoptotic cells were counted using the annexin V conjugate assay according to manufacturer’s
instructions. Deviating from the instructions only 2.5 pl of the annexin V conjugate was added to
each 100 pl cell suspension and the incubation time was decreased to 10 min at RT. The number
of annexin-positive cells was analyzed using a fluorescent-activated cell sorting scan flow
cytometer (FACS) and expressed as the number of cells shifted after fluorescence labeling from
the polygonal gate R1 to the polygonal gate R2. To distinguish necrotic cells propidium iodide
was used as a marker of dead cells and the polygonal gate R3 was defined for this population of
cells.

6-OHDA lesions

6.2.10 Stereotactic 6-OHDA lesion

Experiments were performed on adult Sprague-Dawley rats weighing 240-310 g. Twenty
minutes before surgery, the rats received 30 mg nortryptilin/kg bodyweight by ip injection, a
noradrenergic uptake inhibitor to prevent the loss of noradrenergic neurons. Rats were initially
anesthetized with 2 % isoflurane and the head was placed in a stereotactic device. For continuous
isoflurane inhalation anesthesia (1.5 %) a mask was placed above the animals” nose. To prevent
the eyes from drying out, they were covered with eye salve and to maintain the body temperature
of the animal, a heating pad was placed underneath it. The coordinates for the bilateral
intraventricular 6-OHDA lesion were AP: -0.7; L: +/- 1.3 and DV: -3.6 according to [235]. A
hole was carefully drilled into the skull at the appropriate position using a dental drill. Injection
of a single dose of either 105 pg 6-OHDA dissolved in 10 pl 0.1 % ascorbic acid solution into
the lateral ventricle was made using a Hamilton syringe at a rate of 2.5 pl/min. After injection
the needle was kept in the lateral ventricle for several minutes to prevent diffusion of 6-OHDA
into the brain tissue, before it was slowly withdrawn. The same procedure was performed for the
other lateral ventricle. Sham-operated animals received only a single dose of 10 pl 0.1 %
ascorbic solution into the lateral ventricles. After surgery the rats received 5 pg fentanyl/kg
bodyweight by ip ijection to prevent post-operative pain. Keeping in mind that bilateral 6-OHDA
lesions can lead to apahgia and adipsia [181,236], the animals were strictly observed for weight
loss over the following days. This monitoring revealed that 6-OHDA lesioned animals exhibited,
to a certain degree, a decreased food intake and drinking behaviour. If necessary, pap was
carefully given manually using a pipette.

The animals were divided into the following experimental groups: immunohistochemistry
(n=10), PCR (n=32) (Tab. 10) and WB (n=32) (Tab. 10). Immunohistochemistry was performed
4d post-lesion only, while PCR and WB were performed at 1d, 4d, 7d and 24d post-lesion.

Table 10 Number of animals (n) per investigated group in molecular biology

1d 4d 7d 24d
n= sham 6-OHDA sham 6-OHDA sham 6-OHDA sham 6-OHDA
PCR 4 4 2 4 3 4 3 4
WB 4 3 3 4 3 3 3 4
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Half of the animals in each group received 6-OHDA lesions, while the other half received sham-
operations. 9 animals died in total, 5 animals during the operation, mostly short times after
anesthesia and 4 animals in the first two days following the operation, resulting in often only 3
animals per investigated group (Tab. 10). At first glance, a total of three animals seems to be
very low, possibly limiting the validity of our results. However, due to our animal welfare
policies we did not pursue to investigate more animals.

6.2.11 Tissue preparation for immunohistochemistry

4d post-lesion the animals were terminally anesthetized by ip administration of 65 mg narcorene
solution/kg bodyweight. The animals were transcardially perfused with pre-solution for five
minutes followed by 250 ml of the perfusion solution. The brains were removed and post-fixed
in the perfusion solution at 4°C for two hours and subsequently immersed for two hours in PBS
at 4°C. For cryosectioning, brains were cryoprotected in 30 % sucrose in PBS over night and
embedded and frozen in Tissue Tek® compound. Coronal sections of the striatum at the level of
the comissura anterior (Bregma — 0.92 up to 1.0) were created using a cryostat set at 20 um and
were transferred onto Superfrost microscope slides. One brain was used for paraffin sections,
which were prepared at the Institute of neuropathology (University of Tiibingen, Germany).
Coronal sections of the striatum were made using a microtome set at 6 um and were transferred
onto a microscope slides.

6.2.12 Tissue preparation for PCR and WB

1d, 4d, 7d and 24d post-lesion animals were anesthetized using CO, and decapitated with a
guillotine. The brains were removed, placed onto an ice-cold metal plate and the following
sections of the brain were removed (Fig. 28) and placed on ice: the cerebellum, the striatum, the
lateral cortex and the brain stem. For control purposes, tissue samples were also taken from
liver, kidney and muscle. Tissues for WB were placed in a 2 ml Eppendorf tube and quickly
frozen in liquid N,. Tissues for PCR were placed in 2 ml Eppendorf tubes containing 1 ml
PeqGOLD RNA pure and stored on ice.
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Figure 28 Schematic overviews of the adult rat brain indicating the cutting pattern. A Dorsal view of the adult
rat brain. The blue line indicates the first cut to remove the cerebellum and brain stem. B Ventral view of the
adult rat brain. The two blue lines indicate the incisions that were made to obtain the desired section of the brain.
C Coronal view of the brain section removed in B, the blue lines indicate the incisions to remove the desired
cortical (yellow) and striatal parts (orange). The red lines indicate the injection puncture.

Histology

6.2.13 Hematoxylin and Eosin (HE) staining

To get a rough overview of the morphology of the cells, they were stained with HE.
Hematoxylin solutions stain cell nuclei purple, while eosin stains the cytoplasm pink. Cells were
seeded at a density of at least 20 000 cells/well on glass cover slips (@ 12 mm) in 24-well plates
The cells were washed twice with ice-cold PBS and fixed for 30 min in 4 % paraformaldehyde.
After washing with Ampuwa, the fixed cells were covered with acidic haemalaun solution
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according to Mayer for 15 min at RT and subsequently rinsed with tap water. The cells were
washed with Ampuwa and covered with 0.1 % eosin for 10 min at RT before they were
dehydrated in an ascending alcohol series (70 %, 80 %, 90 %, 96 %, 99 %, 99 %) and
deparaffinized twice for 5 min in xylol. The glass cover slips were mounted in DePeX on
microscope slides and stored at RT. The HE staining was investigated using a Zeiss Axioplan2
microscope.

6.2.14 ABC/DAB staining with tyramide signal amplification

Avidin-biotin peroxidase complex (ABC) detection by diaminobenzidin (DAB) was performed
on frozen rat brain sections using the Vectastain ABC-kit. To enhance the signal, the biotinylated
tyramide amplification kit was used in addition. The sections were air dried and encircled with a
DAKO cytomation pen. Following 10 min incubation in PBS, the sections were incubated for 90
min in pre-incubation buffer for ABC/DAB-staining before the primary antibody was applied
overnight at 4°C. A washing step consisting of a quick rinse with Ampuwa followed by three 15
min PBS™ washes, was performed before the sections were incubated with the biotinylated
secondary antibody for 1h at RT. The sections were washed as described previously and
incubated for 30 min at RT with the ABC reagent, prepared according to manufacturer’s
instructions, followed by another washing step. To amplify the signal, the sections were
incubated for 15 min at RT with biotinylated tyramid, prepared according to manufacturer’s
instructions, washed again before incubating for 40 min at RT with the ABC reagent. The
sections were washed twice in PBS™ and once in PBS for 10 min and the antibody was
visualized with 0.3 mg/ml DAB in PBS supplemented with 5 pl/ml H,O,. Following the
visualization process, the sections were washed three times for 5 min in PBS, processed in an
ascending alcohol series with xylol and mounted in DePeX. The staining was investigated using
a Zeiss Axioplan2 microscope.

6.2.15 Immunocytochemistry on primary astrocyte cultures

For immunocytochemistry primary striatal astrocytes were seeded on glass cover slips (@ 12
mm) in 24-well plates. The cells were washed briefly in PBS and fixed for 20 min in 4 % PFA.
Subsequently the cells were washed twice for 10 min in PBS and briefly in Ampuwa, before
being quenched for 15 min in ammonium chloride. To permeabilize the cells, they were
incubated for 5 min in Triton X-100/BSA. To prevent antibodies to bind non-specifically the
cells were incubated for 30 min in GSDB, before the primary antibody diluted in GSDB was
added and incubated overnight at 4°C. The cells were washed three times for 5 min, respectively
in Triton X-100/BSA and incubated for 90 min at RT with the secondary antibody diluted in
GSDB. After an additional wash with Triton X-100/BSA the cell nuclei were stained for 10 min
with DAPIL The cells were washed twice for 10 min in Ampuwa and the glass cover slips were
mounted onto microscope slides in FluorSave™ reagent.

For GFAP/AQP4 double staining a modified protocol was used due to the fact that we first did
not possess a monoclonal GFAP antibody and hence had to work with two polyclonal antibodies
derived from rabbit. In the modified protocol all steps up to the overnight incubation with the
primary antibody (AQP4) were identical to the above described immunocytochemistry protocol.
Following the overnight incubation of the first antibody the cells were washed three times for 5
min in PBS and incubated for 1h at RT with anti-rabbit IgG goat Fab coupled to Cy3 diluted in
GSDB. The cells were washed in PBS and incubated for 1h at 37°C with anti-rabbit IgG goat
Fab unconjugated diluted in GSDB, to completely saturate the binding sites of the first primary
antibody. In a next step, cells were washed again, incubated with the second polyclonal primary
antibody (GFAP) for 2h at 37°C , before being washed again in PBS and incubated with anti-
rabbit IgG goat Fab coupled to Cy2 for 1h at RT. Following a last washing step in PBS the cell
nuclei were stained with DAPI as described above and the glass cover slips were mounted onto
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microscope slides in FluorSave™ reagent. Fluorescence was detected using a Zeiss Axioplan2
fluorescent microscope.

6.2.16 Immunocyotchemistry on immortalized cancer cells

For immunocytochemistry immortalized cells were seeded at a density of 20 000 cells/well on
glass cover slips (@ 12 mm) in 24-well plates. The cells were washed shortly in PBS II and were
fixed in an ice-cold methanol/acetone solution (1:1) for 10 min at — 18°C. The solution was
removed and the cells were allowed to air-dry for at least 15 min. The cells were washed for 5
min in PBS II and incubated for 20 min in PBS Tween 20, followed by 20 min in ammonium
chloride. Following three 10 min washes in PBS II, the cells were incubated for 30 min with 0.3
% H>0, in PBS 1I to block for endogenous peroxidases, washed again in PBS II and incubated
for 30 min in blocking solution before the cells were incubated overnight at 4°C with primary
antibody in blocking solution. The next day, cells were washed as described in PBS II as
described previously, incubated with the secondary antibody in blocking solution for 90 min at
RT and washed again. To stain the cell nuclei, the cells were incubated with DAPI for 10 min.
The cells were washed twice for 10 min in Ampuwa and the glass cover slips were mounted onto
microscope slides in FluorSAVE™ reagent. Fluorescence was detected using a Zeiss Imager.M2
Apoptome.

6.2.17 Immunohistochemistry on frozen sections

Frozen sections were post-fixed in an ice-cold chloroform-acetone solution (1:1) for 5 min at -
18°C, air-dried in RT, encircled with a DAKO cytomation pen and washed in PBS for 5 min.
The sections were incubated in pre-incubation buffer for 30 min at RT, before the primary
antibody diluted in abdb was added and incubated overnight at 4°C. The next day sections were
washed three times with PBS for 5 min, and incubated with the appropriate secondary antibody
diluted in abdb for 90 min at RT. Subsequently the sections were washed in PBS and if a cell
nucleus staining was required the sections were incubated for 15 min at RT in either Syto60 (1:
10 000 in 0.01 M Tris-HCI buffer, pH 7.5), Sytox green (1:5000 in PBS) or DAPI (36 uM in
PBS). The sections were washed twice in Ampuwa for 10 min and were mounted in
FluorSAVE™ reagent. Fluorescence was detected using a Zeiss confocal laser scaning
microscope 510 (LSM).

6.2.18 Modifications of the immunohistochemistry protocol

For double stainings (monoclonal/polyclonal) half the concentration of antibodies was used and
the antibodies were applied simultaneously. For some antibodies or combinations of antibodies
modifications to the above described protocol were made to obtain a signal.

The Ki-67 and Pax6 antibodies required heat mediated antigen retrieval. Therefore, frozen
sections were post-fixed in an ice-cold chloroform-acetone solution (1:1) for 5 min at -18°C and
were allowed to air-dry at RT for at least 60 min. Citrate buffer was pre-heated in a Braun FS20
Multigourmet steamer for 20 min and the air-dried sections were placed into citrate buffer in the
steamer for 5 min. The sections were washed three times for 5 min at RT in PBS and starting
with incubation in the pre-incubation buffer the above described protocol was followed.

For double stainings with two monoclonal antibodies of the same species a modified protocol
was used. In this modified protocol all steps up to the overnight incubation with the first primary
antibody were identical to the above described immunohistochemistry protocol. Following the
overnight incubation the sections were washed three times for 5 min in PBS and incubated for 1h
at 37°C with anti-mouse IgG rabbit Fab unconjuated diluted in abdb, which masked the first
primary monoclonal antibody as a polyclonal antibody. The sections were washed with PBS as
described above and incubated for 90 min at RT with a secondary antibody appropriate for a
polyclonal primary antibody. After a washing step with PBS, the second primary monoclonal
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antibody diluted in abdb was added for 2h at 37°C, before being washed again with PBS and
incubation with the appropriate secondary antibody for 90 at RT. The sections were washed
again and cell nuclei were stained as described in the immunohistochemistry protocol above.

The above described protocol did not work for antibodies that required heat mediated antigen
retrieval. In the case of the two monoclonal mouse antibodies Ki-67 and nestin co-staining was
performed with the same secondary antibody. Ki-67 expression is restricted to the nucleus, while
nestin stains the cytoskeletal intermediate filament network in the cytoplasm. This spatial
difference allowed the discrimination between the two stainings.

Molecular Biology

6.2.19 RNA isolation

Primary striatal astrocytes were seeded at a density of 50 000 cells/well, the immortalized cell
lines at a density of 20 000 cells/well in 24-well plates. Following treatment, the cells were
scraped into PeqGOLD RNAPure™ and transferred into 2 ml Eppendorf tubes. Brain tissue was
obtained as described in 2.12 and resuspended with PeqGOLD RNAPure™ in 2 ml Eppendorf
tubes, respecitvely and homogenized using a potter. Total RNA was isolated according to
manufacturer’s instructions. The obtained pellet was suspended in RNase free water and
completely solved by incubation at 60°C for 10 min. RNA concentration and purity was
determined by measuring the absorbance at 260 nm and 280 nm, respectively using a
spectrophotometer.

6.2.20 DNase digestion and cDNA synthesis

1 pg of RNA was used for DNase digestion using the Deoxyribonuclease I amplification kit
according to manufacturer’s instructions before being reverse transcribed to cDNA.

For reverse transcription the sample was adjusted to a volume of 14 pl with RNase free water,
denatured for 5 min at 95°C and placed immediately on ice. 11 pul of RT MM was added to each
tube before incubating at 37°C for 60 min. To inactivate the enzyme, the tubes were incubated at
95°C for 10 min.

6.2.21 RT-PCR

For conventional RT-PCR 1.5 pl ¢cDNA was mixed with 23.5 pl PCR MM. Water was used as
non template control in each run to check for possible DNA contamination. If the RT-PCR was
performed with the thermal cycler DNA 480, one drop of mineral oil was added to the top of the
samples. Conditions for the thermal cycler DNA 481 were as followed: initial denaturation at
95°C for 5 min, initial annealing at 62°C for 1 min and initial elongation at 72°C for 2 min (1x),
denaturation at 95°C for 1 min, annealing according to table x for 1 min, elongation at 72°C for 2
min (PCR cylces see table x) and a final elongation at 72°C for 7 min. Conditions for the
Thermal Cycler, MyCyler™ were as followed: initial denaturation at 94°C for 5 min,
denaturation at 95°C for 30 sec, annealing according to table x for 30 sec, elongation 72°C for 30
sec (PCR cylces see table x) and a final elongation at 72°C for 7 min. The amplified RT-PCR
products were visualized by GelGreen stained agarose gel electrophoresis and the size was
estimated using a Mass Ruler.

The gels were scanned and evaluated using the QuantumCapt Software from Vilber Lourmat.
Semi-quantitative relative analysis of the target genes was performed by determination of the
ratios of the respective target gene and the internal standard.

6.2.22 Protein extraction

Primary striatal astrocytes were seeded in 24-well plates at a density of 50 000 cells/well, the
immortalized cell lines at a density of 20 000 cells/well. Following treatment, the cells were
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washed twice with ice-cold PBS and membrane proteins were extracted according to Neely et
al., 1999. In brief, cells were scraped into homogenization buffer and centrifuged to yield the
post-nuclear supernatant, which was then centrifuged in a Beckman ultra-centrifuge to obtain the
crude membrane fraction in the pellet. The pellet was solubilised in solubilisation buffer and
protein concentration was determined using a BCA Protein assay kit according to manufacturer’s
instructions.

Isolated brain tissue was obtained as described in 6.2.12 and protein was extracted according to
Sorbo et al., [231]. The tissue was thoroughly homogenized in 500 pl ice-cold tissue
homogenization buffer supplemented with Pefabloc SC protease inhibitor, using 4 strokes of a
sonifier. Homogenates were centrifuged for 30 min at 12 000 rpm at 4°C and the supernatant was
transferred into a new tube. Protein concentration was determined using a BCA Protein assay kit
according to manufacturer’s instructions.

6.2.23 SDS — polyacrylamid gel electrophoresis (SDS-PAGE)

Cell culture samples underwent a methanol-chloroform precipitation according to Wessel and
Fliige, 1983 and the resulting pellet was resuspended at a concentration of 2 pg/ul protein in
SDS-PAGE sample buffer according to Neely et al., 1999. 20 ng of each sample was separated
on a 12 % SDS polyacrylamide/4.0 M urea gel in electrophoresis buffer at 150 V. Urea was
shown to result in a better resolution of AQP4 [84].

Brain tissue samples were prepared as followed: 20 pg of each brain tissue sample was diluted in
6x Laemmli buffer, boiled for 5 min at 95°C and separated on a 12 % SDS polyacrylamide gel
(proteins < 150 kDa) or on a 7 % SDS polyacrylamide gel (proteins > 150 kDa) in
electrophoresis buffer at 150 V for ~50 min. For the large nestin protein boiling resulted in
disruption of the protein and was hence neglected. For investigation of AQP4 protein expression
20 pg of brain tissue samples were diluted in 6x Laemmli buffer and were, without boiling [231],
separated on a 15 % SDS polyacrylamide/4.0 M urea gel in electrophoresis buffer at 150V for at
least 120 min.

6.2.24 Semi-dry blot transfer

After electrophoresis proteins were transferred onto a nitrocellulose membrane. Therefore, the
membrane and filter papers were soaked in freshly prepared transfer buffer and a sandwich of
filter paper/gel/membrane/filter paper was placed on the semi-dry transfer system with the
membrane closest to the anode. The transfer was run for at least ~ 45 min, depending on the
protein size, at 15 V and 150 mA. To check for successful protein transfer from the gel to the
membrane, the membranes were stained with Ponceau Red for ~ 5 min. Poncau Red stains
proteins on nicrocellulose membranes with > 50 ng/band. To destain the membrane before
immunoblotting, the membranes were washed with water several times until the staining
disappeared.

6.2.25 Immunoblotting

Western blot detection for the cell culture samples was performed using the One Step Western
Blot Kit according to manufacturer’s instructions. Brain tissue samples were processed using
conventional immunoblotting. To prevent non-specific background binding of the antibodies, the
membrane was blocked for 1h with 5 % skim milk. The membrane was briefly rinsed with PBS-
Tween before the primary antibody was added in PBS-Tween with 1 % BSA overnight at 4°C.
Following the overnight incubation, the membrane was washed three times for 15 min at RT in
PBS-Tween before the peroxidase conjugated secondary antibody was added in PBS-Tween for
2h at RT. The membrane was washed again in PBS-Tween as previously and immunoreactive
proteins were visualized by chemiluminescence detection using the Amersham ECL™ Western
Blotting detection Kit according to manufacturer’s instructions and films were developed

68



Material and Methods

manually in a bath application. The bands on the developed films were scanned and the optical
density was measured using Image J software.

6.2.26 Data evaluation and statistical analysis

Proliferation assay

Proliferation was assayed in 3-6 independent experiments. The obtained data were calibrated to
the bacteriophage A standard curve for DNA content in each experiment. Calibration served to
avoid variations in the assay outcome in experiments measured at different time points. Values
of treated samples were normalized to untreated control samples. Statistical analysis was
performed using Mann-Whitney rank-sum test or Student’s t-test if normality and variance tests
were passed.

Apoptosis assay

In the apoptosis assay, annexin V' cells were counted and expressed as the number of cells
shifted after fluorescence labelling from the polygonal gate R1 to the polygonal gate R2. To
distinguish necrotic cells propidium iodide was used as a marker of dead cells and the polygonal
gate R3 was defined for this population of cells. Statistical analysis for the three independent
experiments was performed using Student’s t-test for paired data.

Relative quantification of mRNA expression

Relative quantification of mRNA expression of target genes was performed by determining the
ratio of the target gene and a reference housekeeping gene. In the striatal mouse astrocyte
cultures 4-10 independent culture experiments were performed. The PCR products were
separated on agarose gels and their size was estimated using the O GeneRuler ™ 50 bp ladder.
Expression of the housekeeping gene hypoxanthine phophorilbosyl-treansferase (HPRT) was
used as a reference. Furthermore the HPRT primers were designed in a way so they could be
used to detect genomic contamination, indicated by the appearance of a band at 1100 bp. For the
first data (Fig. 2) gels were scanned and the optical density was measured using ImagelJ. For
subsequent data gels were scanned using Quantum ST4 gel documentation ensuring that images
were not overexposed. Using Quantum Capt the quantification threshold was adjusted and the
intensities (grey values) of the individual bands were determined. In both methods values were
normalized to a band of the ladder and the target/reference gene ratio was determined. Values of
treated samples were calculated as percentage of the untreated control samples. Statistical
analysis was performed using a Student’s t-test for unpaired data. Pancreatic cancer cell line
samples were quantitated as described above using Quantum Capt, although B-actin was used as
a reference. In the rat brain samples 2-4 animals were investigated per group. The PCR products
were separated on agarose gels and their size was estimated using the Mass Ruler™ Low Range
DNA Ladder. Gels were evaluated as described above using Quantum Capt. Three different
housekeeping genes, namely B-actin, HPRT and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were tested for uniform mRNA expression in the 6-OHDA lesion model. HPRT
mRNA levels were drastically reduced at 4d post-lesion in both sham and 6-OHDA lesioned
animals, while B-actin and GAPDH mRNA expression was rather stable under both conditions
and during all examined time points and resulted in similar results in the relative quantification
of the target genes. The graphs display the relative quantification of the target genes to GAPDH.
Values of 6-OHDA lesioned animals were normalized to the average sham 24d post-lesion
value. The latter was done to detect any changes in gene expression that were directly surgery
related. 24d post-lesion no surgery related changes in mRNA expression are expected to persist
in sham animals. Statistical analysis was performed using Mann-Whitney rank-sum test or
Student’s t-test if normality and variance tests were passed.
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Relative quantification of protein expression

Protein levels were analysed in three independent experiments in astrocyte cell cultures and in
rat brain samples with 3-4 animals per group. The size of the bands was estimated using the all
blue Precision Plus Protein™ Standard. Bands were scanned and the optical density was
determined using ImagelJ software. For relative quantification of protein expression of a target
gene the ratio of the OD of the target gene and the OD of the reference housekeeping gene
HPRT or GAPDH was determined. Values were calculated as percentage of the untreated or
sham values. Statistical analysis was conducted using Student’s t-test.

Quantification of cell numbers

For the quantifications in the striatal mouse astrocyte cultures 3-7 independent experiments were
performed in duplicate for each condition. 20 random images were taken from each coverslip at
a magnification of 40x. Fluorescently stained or immuno-positive cells were manually counted in
a blind manner. For quantification of DAPI stained cell nuclei the values were normalized to an
area of 1 mm” before statistical analysis was performed. In case of the immunopositive cells,
values were calculated either as percentage of the total number of counted cells or as percentage
of the respective immunopositive cell population. Statistical analysis was performed using
Mann-Whitney rank-sum test or Student’s t-test if normality and variance tests were passed.

For the quantification of Ki-67", nestin’, NG2", Pax6" and TH" cells in the rat brain sections 4-
15 random images comprising an area of at least 146.2 pm x 146.2 pm in the area of interest or
tile scans were taken. Immunopositive cells were counted manually in a blind manner and the
counted values were normalized to an area of 1 mm?” before statistical analysis except in the case
of TH, where the entire area of the lateral cortex was counted. For the quantification of double
positive cells, Ki-67" cells were observed for double staining with a particular marker under high
magnification (63x/1.4 oil immersion objective). For each area of interest at least 10 images
were taken and cells were counted manually. The same procedure was used for examination of
nestin double stainings.

Immunoreactivity intensity measurement

For intensity measurements, images were taken immediately after the immunostaining was
performed to avoid any loss of immunofluorescence due to bleaching. All images were taken in
the same microscopy session to avoid differences due to fluctuations of the LSM performance. A
section of a random sham-operated rat was used to set the parameters at the LSM and
subsequently all stained slides were examined using strictly the same parameters. Four images
were taken in the striatal neurophil in all animals using a high magnification (63x/1.4 oil
immersion objective). Intensity of the immunoreactivity was determined using ImageJ. For TH
the complete image was analysed, while in case of AQP4 six ROIs of the same size were set in
areas that were free of blood vessels and only contained neuropils. In all cases a background
correction was performed. Values of 6-OHDA lesioned sections were calculated as percentage of
the values obtained in sham animals. Statistical analysis was conducted using Student’s t-test.
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