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ABSTRACT

Parkinson’s disease is a progressive neurodegenerative disorder,
characterized by a depletion of the dopaminergic neurons in the substantia
nigra. The cause of the disease is yet unknown but age, oxidative stress, and
neuroinflammation are some of the features involved in the degeneration. In
addition, substantial cell death of noradrenergic neurons occurs in the locus
coeruleus (LC). Noradrenaline has been suggested to protect the dopamine
neurons from oxidative stress and neuroinflammation. The main treatment of
Parkinson’s disease is Levo-dopa, although severe side effects arise from
this therapy. Hence, grafting fetal ventral mesencephalic (VM) tissue into
the adult striatum has been evaluated as an alternative treatment for
Parkinsons’s disease. However, the survival of the grafted neurons is
limited, and the dopamine-denervated striatum does not become fully
reinnervated. Therefore, elucidating factors that enhance dopamine nerve
fiber formation and/or survival of the grafted neurons is of utmost
importance.

To investigate dopamine nerve fiber formation and the interactions with glial
cells, organotypic VM tissue cultures were utilized. Two morphologically
different nerve fiber outgrowths from the tissue slice were observed. Nerve
fibers were initially formed in the absence of migrating astrocytes, although
thin vimentin-positive astrocytic processes were detected within the same
area. A second, persistent nerve fiber outgrowth was observed associated
with migrating astrocytes. Hence, both of these nerve fiber outgrowths were
to some extent dependent on astrocytes, and appeared as a general feature
since this phenomenon was demonstrated in -tubulin, tyrosine hydroxylase
(TH), and aldehyde dehydrogenase Al (ALDHI)-positive nerve fibers.
Neither oligodendrocytes (NG2-positive cells), nor microglia (Iba-1-positive
cells) exerted any effect on these two neuronal growths. Since astrocytes
appeared to influence the nerve fiber formation, the role of proteoglycans,
i.e. extracellular matrix molecules produced by astrocytes, was investigated.
B-xyloside was added to the cultures to inhibit proteoglycan synthesis. The
results revealed a hampered astrocytic migration and proliferation, as well as
a reduction of the glia-associated TH-positive nerve fiber outgrowth.
Interestingly, the number of cultures displaying the non-glia-mediated TH-
positive nerve fibers increased after f-xyloside treatment, although the
amount of TH-protein was not altered. Thus, proteoglycans produced by
astrocytes appeared to be important in affecting the dopamine nerve fiber
formation.
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The noradrenaline neurons in LC have been suggested to protect dopamine
neurons from damage. Therefore, the interaction between VM and LC was
evaluated. Using the intraocular grafting method, fetal VM and LC were
grafted either as single grafts or as VM+LC co-grafts. Additionally, the
recipient animals received 2% blueberry-enriched diet. The direct contact of
LC promoted graft volume and survival of TH-positive neurons in the VM
grafts. The number of dopamine neurons, derived preferably from the A9
(ALDHI1/TH-positive) was increased, whereas the dopamine neurons from
the A10 (calbindin/TH-positive) were not affected. A dense dopamine-f3-
hydroxylase (DBH)-positive innervation was correlated to the improved
survival. Blueberry-enriched diet enhanced the number of TH-positive
neurons in VM, although the graft size was not altered. The combination of
blueberries and the presence of LC did not yield additive effects on the
survival of VM grafts. The attachment of VM or the addition of blueberries
did not affect the survival of TH-positive neurons in LC grafts. The number
of Iba-1-positive microglia was decreased in co-grafted VM compared to
single VM transplants. The addition of blueberries reduced the number of
Iba-1-positive microglia in single VM transplants. Hence, the direct contact
of LC or the addition of blueberries enhanced the survival of VM grafts.

Taken together, these data demonstrate novel findings regarding the
importance of astrocytes for the nerve fiber formation of dopamine neurons.
Further, both the direct attachment of LC or antioxidant-enriched diet
promote the survival of fetal VM grafts, while LC is not affected.

Keywords: Parkinson’s disease, ventral mesencephalon, nerve fiber
formation, glia, locus coeruleus, grafting, antioxidant-enriched diet



POPULARVETENSKAPLIG SAMMANFATTNING

Parkinsons sjukdom é&r en allvarlig neurologisk sjukdom dir de celler
(neuron) som producerar signalsubstansen dopamin i mellanhjdrnan bryts
ner. Bristen pd dopamin forsdmrar hjdrnans styrning av kroppsrorelser.
Motoriska symtom sdsom muskelstelhet, skakningar och balansstorningar
uppstar. Sjukdomsforloppet dr ldngsamt och forst nidr ungefdr 50% av de
dopaminproducerande cellerna dr borta uppstér de forsta symtomen. Orsaken
till sjukdomen &r okénd, men drabbar frimst personer dver 50-60 é&r. I
Sverige har ca 20 000 ménniskor Parkinsons sjukdom. Sjukdomen kan inte
botas men symtomen kan behandlas med ldkemedel. Den wvanligaste
medicineringen dr L-dopa som i hjdrnan kan omvandlas till dopamin, men
tyvérr forlorar medicinen effekt efter ett tag och mingden maste Okas.
Dessutom uppkommer biverkningar, sdsom oftrivilliga rérelser.

Andra behandlingsmetoder har utvérderats, till exempel att ersitta de
forlorade dopamincellerna med nya celler. Denna transplantations-
behandling har ldnge betraktats som lovande, men tyvérr ar det relativt fa
transplanterade celler som Overlever. Dessutom s& véxer inte alla
transplanterade dopaminceller in i vérdhjdrnan. Det &r dérfor viktigt att
studera olika faktorer under utvecklingen som stimulerar bildandet av
dopaminceller sd att bittre transplantationsresultat kan uppnds. Jag har
studerat hur hjirnans stodjeceller (glia celler) interagerar med dopamin-
cellerna i cellodling. Mina resultat visar att en viss typ av dessa stddjeceller,
s.k. astrocyter, verkar vara viktiga for nervutvixten. Dessutom har jag visat
att genom att hdmma tillverkningen av proteoglykaner, en viss sorts molekyl
som astrocyterna producerar, sd erholls en minskad rorelse (migration) av
astrocyterna fran cellodlingen och ddrmed en minskad nervutvéxt fran de
dopamin-producerande cellerna.

Det har léngre varit ként att man vid Parkinsons sjukdom, utdver
nedbrytningen av de dopaminceller som ger upphov till muskelsymtomen,
dven far en nedbrytning av de celler som producerar signalsubstansen
noradrenalin. Studier har visat att noradrenalinceller kan agera skyddande
for dopamincellerna genom att minska inflammation och oxidativ stress (fria
syreradikaler som tros vara skadliga for cellerna). Bade inflammation och
oxidativ stress har foreslagits som mojliga orsaker till Parkinsons sjukdom.
Dessutom finns det data som visar att antioxidant (motverkar fria
syreradikaler)-berikad mat gynnar tillvixten av dopaminceller efter skada i
djurmodeller for Parkinsons sjukdom. Med dessa nya ron i dtanke ville jag
studera interaktionen mellan noradrenalinceller och dopaminceller under
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utvecklingen, samt effekten av antioxidantberikad mat for dessa celler. Tva
procent bldbir tillsattes i maten, vilket motsvarar en kopp bldbar om dagen
for en ménniska. Vévnadsbitar frdn mellanhjdrnan samt ett omrdde langre
bak i hjirnan (som kallas locus coeruleus) frn rattfoster transplanterades
tillsammans. Bitarna frdn mellanhjdrnan innehdller dopaminceller, och
bitarna langre bak i hjdrnan innehéller noradrenalinceller. Mina resultat visar
att nirvaron av noradrenalinceller dkade Overlevnaden av de dopamin-
producerande cellerna, och frimst de dopaminceller som bryts ner vid
Parkinsons sjukdom. Dessutom erhodlls en minskning av de celler som é&r
involverade vid inflammation (mikroglia) ndr noradrenalinceller
transplanterades tillsammans med dopamincellerna. Nér blébdr tillsattes till
maten erhdlls samma resultat, midngden Overlevande dopaminceller 6kade
och mingden celler involverade i inflammation minskade. Detta visar att
redan under utvecklingen sd har noradrenalinceller och antioxidanter en
skyddande roll for dopamincellerna, celler som senare bryts ner vid
Parkinsons sjukdom.

Det dr viktigt att studera Parkinsons sjukdom eftersom problematiken
runtomkring denna neurodegenerativa sjukdom kommer att oka di wvi
ménniskor blir allt dldre. Det dr viktigt att hitta faktorer som kan péverka
dopamincellerna s att béttre nervutvédxt erhalls, alternativt forbattra
Overlevnaden av de celler som transplanteras, vid erséttning av de forlorade
cellerna vid Parkinsons sjukdom. Denna avhandling visar att en typ av
hjarnans stodjeceller (astrocyterna), &r viktiga for dopamin-cellernas
nervutvaxt, samt att narvaron av noradrenalin och antioxidanter oOkar
Overlevnaden av dopamincellerna. Dessutom, det faktum att tillsats av till
exempel blébér till maten kan vara skyddande 6ppnar nya mojligheter for
behandling av neurodegenerativa sjukdomar.
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INTRODUCTION

Grafting of fetal tissue has been undertaken to counteract the symptoms
when dopamine neurons degenerate in Parkinson’s disease. Unfortunately,
the survival of the grafted neurons is rather limited and the graft-derived
reinnervation covers too small regions of the target area. Thus, to elucidate
factors that either promote nerve fiber formation from grafted neurons and/or
enhance the survival of these neurons are of utmost importance in order to
achieve improved transplantation outcome. This thesis focuses on the
influence glial cells exert on ventral mesencephalic (VM) dopamine nerve
fiber formation, as well as the interactions between the locus coeruleus (LC)
and the VM. Further, the effect of antioxidant-enriched diet on grafted tissue
was investigated. The introduction of this thesis presents a brief overview on
the background and pathology of Parkinson’s disease, and some common
experimental methods used to study Parkinson's disease.

The neurotransmitter dopamine

Fifty years ago, dopamine was identified as a distinct neurotransmitter and
not only as a precursor of noradrenaline (Bertler and Rosengren, 1959;
Carlsson et al., 1957; Carlsson et al., 1958). This finding, in combination
with the Levo-DOPA (L-dopa; 3,4-dihydrox-L-phenylalanine) treatment,
resulted in the Nobel price year 2000 given to Arvid Carlsson, together with
Paul Greengard for the investigation of the molecular cascade triggered by
dopamine, and Eric R Kandel who investigated memory formation and
learning at the synapse level. Dopamine, noradrenaline, and adrenaline are
catecholamines, i.e. molecules derived from the amino acid tyrosine (Figure
1). The catecholamines are water-soluble hormones that circulate in the
bloodstream, produced either by the adrenal glands or in the postganglionic
sympathetic nervous system. In the central nervous system (CNS), dopamine
acts as a neurotransmitter synthesized in neurons, for example in the VM.
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Figure 1. Synthesis of dopamine (DA), noradrenaline (NA), and adrenaline
(A). Tyrosine (Tyr.) is converted to dihydroxyphenylalanine (DOPA) by the
rate limiting enzyme tyrosine hydroxylase (TH). DOPA is then converted to
dopamine by dopa-decarboxylase (AADC). Dopamine-p-hydroxylase (DBH)
converts dopamine to noradrenaline, and phenylethanol-amine-N-
methyltransferase (PNMT) converts noradrenaline to adrenaline.

The distribution of catecholamines within the brain was mapped in the
beginning of the 1960s using the Falck-Hillarp catecholamine formaldehyde
histoflouresence method. Dopamine and noradrenaline were converted to
isoquinoline molecules, which are yellow-green fluorescent (Dahlstrom and
Fuxe, 1964; Falck et al., 1962). Several distinct groups, named with an A and
a number, were identified throughout the brain from the medulla oblongata
to the hypothalamus (Dahlstrém and Fuxe, 1964).

Development of midbrain dopamine neurons

The nervous system derives from the ectoderm germlayer. Several
transcriptions factors are involved in the early development of the midbrain
neurons, e.g. sonic hedgehog (Shh), the transcription factor engrailed 1 and 2
(Enl, En2), and fibroblast growth factor 8 (FGFS8) (Crossley et al., 1996;
Echelard et al., 1993; Hynes et al., 1994), for reviews see (Liu and Joyner,
2001; Sillitoe and Vogel, 2008). The dopaminergic neurons are generated
from precursors in the ventricular zone on both sides of the midline in the
neural tube. When these dopaminergic precursors become postmitotic, they
start to express TH and migrate along radial glia towards their final location
(Di Porzio et al., 1990; Shults et al., 1990). In the rat, the development of
VM dopaminergic neurons has been thought to occur between embryonic
day (E) 11-15, with the peak at E14 (Altman and Bayer, 1981; Specht et al.,
1981). However, recent findings have demonstrated that the vast majority of
the substantia nigra (SN) dopaminergic neurons are born already at E12
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(Gates et al., 2006). When the SN neurons have reached their positions in the
midbrain, they form axons projecting towards the lateral ganglionic
eminence (LGE), which develops into mature striatum. In the rat, TH-
positive nerve fibers are found in the LGE already at E14, however, the
dopamine innervation is not completed until weeks later (Seiger and Olson,
1973). Comparing the rat with humans, the ventral migration of TH-positive
cells in humans starts at approximately gestation week 7 and the first TH-
positive nerve fibers are observed in the developing striatum at gestation
week 9, although it takes years before the striatum is fully innervated
(Freeman et al., 1991). Genes involved in differentiation of the dopamine
midbrain precursors are the nuclear receptor NURR1, the LIM homedomain
transcription factor Lmbx1, the paired-like homebox transcription factor
Ptx3, and aldehyde dehydrogenase 1 (ALDH1) (McCaffery and Drager,
1994; Saucedo-Cardenas et al., 1998; Smidt et al., 2000; Wallen et al., 1999;
Zetterstrom et al., 1997), for review see (Sillitoe and Vogel, 2008).

Midbrain dopamine projections

The vast majority of the dopamine neurons in the CNS are located in the VM
and can further be divided into the retrorubral field (A8), SN (A9), and
ventral tegmental area (VTA, Al10) (Dahlstrom and Fuxe, 1964). The
dopamine projections from these areas can be divided into three distinct
pathways: the nigrostriatal (mesostriatal), the mesolimbic, and the
mesocortical pathways. The nigrostriatal pathway arises from dopamine
neurons located in the SN, which innervate the dorsal striatum (caudate-
putamen), and is involved in control of motor activity (Ungerstedt, 1971).
The loss of the nigrostriatal dopamine projections results in motor
disturbances typical of Parkinson’s disease, which will be discussed in more
detail below. The mesolimbic pathway consists of dopamine neurons located
in the VTA that project to the nucleus accumbens, olfactory tubercle, and
amygdala and participate in motivated behavior, reward, and addiction. The
VTA also projects to the frontal cortex, creating the mesocortical pathway,
which is involved in memory and learning (Bjorklund and Lindvall, 1984; Le
Moal and Simon, 1991; Ungerstedt, 1971).

A general marker used for visualization of dopamine neurons is TH (Figure
1). The dopaminergic neurons in the SN and the VTA can roughly be divided
by their expression of TH together with the markers G-protein-regulated
inwardly rectifying potassium channel 2 (GIRK2) and -calbindin,
respectively. (Gerfen et al., 1987a; Gerfen et al., 1987b; German and Liang,
1993; Schein et al., 1998) Further, the progenitor marker ALDHI is
preferably expressed in the SN dopamine neurons (Chung et al., 2005; Haque
et al., 1997; McCaffery and Drager, 1994).
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The basal ganglia circuit

The basal ganglia system is divided into four distinct brain nuclei; the
striatum, the globus pallidus externa/interna, the subthalamic nucleus, and
the SN. These nuclei participate in the control of movements, cognitive, and
limbic functions. The motor behavior is controlled in the dorsal striatum,
whereas the limbic and cognitive inputs occur in the ventral striatum
(Bjorklund and Lindvall, 1984).

The dorsal striatum consists of approximately 90-95% y-aminobutyric acid
(GABA)-ergic medium-sized spiny neurons, which receives inputs from
large parts of the motor cortex, thalamus, and the SN (Gerfen and Wilson,
1996; Graybiel and Ragsdale Jr, 1983). Hence, the striatum is the main input
nucleus of the basal ganglia. Besides the medium-sized spiny neurons,
GABAergic medium aspiny interneurons and cholinergic interneurons are
also present in the striatum (Gerfen and Wilson, 1996; Graybiel and
Ragsdale Jr, 1983). Striatal neurons express dopamine receptors, i.e G-
protein coupled receptors that can be divided into two groups: DI1-like
receptors (receptor D1 and DS5) stimulate adenyl cyclase, whereas D2-like
receptors (receptor D2, D3, D4) inhibit adenyl cyclase (Dearry et al., 1990;
Kebabian and Calne, 1979; Missale et al., 1998). GABAergic medium-sized
spiny neurons expressing D1 receptors mediate the direct pathway to the
globus pallidus interna, while GABAergic medium-sized spiny neurons
expressing D2-receptors mediate the indirect pathway via the globus pallidus
externa and the subthalamic nucleus before the signal reaches the globus
pallidus interna (Gerfen and Wilson, 1996; Graybiel and Ragsdale Jr, 1983).

Normal dopaminergic input to the striatum results in an inhibition of the
indirect pathway and an activation of the direct pathway. The net effect
results in stimulation of the thalamus, which facilitate motor activity.
However, in Parkinson’s disease, the input of dopamine to the striatum is
reduced, which results in a decreased stimulation of the direct pathway and
an activated indirect pathway. This results in an increased output from
globus pallidus interna and less thalamocortical activity and thus, impaired
motor activity (Albin et al., 1989; Bjarkam and Sorensen, 2004; Blandini et
al., 2000; DeLong, 1990) (Figure 2).
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A) Normal B) Parkinson’s disease
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Figure 2. Schematic illustration of the motor basal ganglia system. A) Under
normal conditions, dopaminergic input to the striatum facilitate motor
activity. B) In Parkinson’s disease, the striatum receives less dopaminergic
input from the SN, which in the end results in impaired motor activity. The
direct pathway is mediated by DI-receptors, and the indirect pathway is
mediated by D2-receptors. Striatum (Str), globus pallidus externa (GPe),
globus pallidus interna (GPi), subthalamic nucleus (STN), thalamus (Tha).
Picture adapted from (Bjarkam and Sorensen, 2004).
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Pathology of Parkinson’s disease

The prevalence of Parkinson’s disease is approximately 1-2% worldwide
with a typical age-of-onset of about 60 years (Shastry, 2001). Parkinson’s
disease, which is a severe progressive neurodegenerative disorder, is
characterized by a depletion of the dopamine neurons in the SN. As
mentioned above, this loss of the neurotransmitter dopamine results in a
malfunctional basal ganglia circuit giving the cardinal symptoms of the
disease; muscular rigidity, reduced movement ability (hypokinesia),
slowness in movements (bradykinesia), and tremor at rest (Bernheimer et al.,
1973; Ehringer and Hornykiewicz, 1960; Selby, 1984; Trétiakoff, 1919).
Further, a flexed posture and impaired balance are also common features
(Ehringer and Hornykiewicz, 1960; Selby, 1984). The cardinal symptoms
appear first when about 50% of the dopamine neurons in the SN are lost, and
the levels of dopamine in the striatum are reduced by 80% (Agid, 1991;
Bernheimer et al.,, 1973; Kish et al., 1988). Patients suffering from
Parkinson’s disease often display reduced spontaneity, lack of motivation as
well as dementia (Braak and Braak, 2000; Jellinger, 1991; Zweig et al.,
1993).

The presence of intraneuronal cytoplasmatic inclusion bodies, Lewy bodies,
is another hallmark of Parkinson's disease. These eosinophilic protein
aggregates composed of specific cytoplasmatic proteins, such as a-synuclein,
parkin, ubiquitin, synphilin and oxidized neurofilaments, was first described
in 1912 (Forno et al., 1996; Lewy, 1912). The Lewy bodies are primarily
found in the SN. The presence of Lewy bodies is, however, not exclusive for
Parkinson's disease since diseases such as dementia and Alzhemier’s disease
as well as healthy people during normal aging also display Lewy bodies
(Forno et al., 1996; Gibb and Lees, 1988; Spillantini et al., 1998). However,
the exact role for Lewy bodies in Parkinson's disease is not established, for
review see (Harrower et al., 2005).

Neuromelanin, a polymer pigment, is present in the SN (black nuclei) and
the LC (blue spot) and increases with age (Marsden, 1983). The exact
function is not known, but it has been suggested to be a waste product in the
metabolism of catecholamines. Extracellular neuromelanin in the SN,
however, is found to correlate to areas within the SN high in immunoreactive
MHC class II microglia (Beach et al., 2007). Additionally, neuromelamin
can stimulate the release of tumor necrosis factor alpha (TNFa), interleukin-
6, and nitric oxide from cultivated microglia (Wilms et al., 2003). The
neuromelanin-pigmented neurons are the neurons undergoing degeneration
in Parkinson's disease. The levels of neuromelanin are about half in brains

18



from Parkinson’s disease patients compared to aged matched controls (Zecca
et al., 2002). This loss of neuromelanin in Parkinson's disease can be
monitored using magnetic resonance imaging (MRI) (Sasaki et al., 2006), for
an review on neuromelanin see (Zecca et al., 2006).

In addition to the loss of VM dopamine neurons in Parkinson's disease, the
noradrenaline neurons in the LC (A6) are also degenerating (Ehringer and
Hornykiewicz, 1960). The loss of neurons in the LC is actually more
extensive than that found in the VM (Ehringer and Hornykiewicz, 1960;
German et al., 1992; Mann, 1983; Zarow et al.,, 2003). It has been
demonstrated that noradrenaline reduces oxidative stress in VM cultures
(Troadec et al., 2001). Further, the loss of noradrenergic neurons results in
increased sensitivity in dopamine neurons to various insults, e.g. 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Heneka et al., 2003; Mavridis et
al., 1991; Srinivasan and Schmidt, 2004). One hypothesis to the cause of
Parkinson’s disease is actually that the degeneration of neurons in the LC
precedes the loss of dopamine neurons, which might initiate the degeneration
of dopaminergic neurons.

Risk factors for Parkinson’s disease

Genetic discoveries in combination with epidemiologic studies have implied
multiple putative causes for Parkinson’s disease, thus the term “Parkinson’s
diseases” might be more appropriate (Galpern and Lang, 2006; Lang, 2007).
Some of the features implicated to participate in the destruction of the
dopaminergic neurons are age, genetic factors, environmental factors,
neuroinflammation, and oxidative stress. Among these, age is the strongest
risk factor for developing the disease (Semchuk et al., 1993).

About 5-10% of all cases of Parkinson’s disease are familiar (Olanow and
Tatton, 1999). Several genes have been suggested to participate in either
dominant or recessive forms of Parkinson's disease, e.g. a-synuclein, parkin,
UCH-L1, PINKI, DJ-1, and LRRK2/dardarin (Funayama et al., 2002;
Maroteaux et al., 1988; Nagakubo et al., 1997; Shimura et al., 2000; Valente
et al., 2004; Zimprich et al., 2004), for review see (Gasser, 2007). However,
inherited factors do not participate in sporadic PD, demonstrated in twin-
studies where the prevalence of the disease was not altered (Tanner et al.,
1999; Wirdefeldt et al., 2004).
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Environmental factors, e.g. agriculture with exposure to pesticides (rotenone,
paraquat), and various heavy metals, have been associated with the disease
correlated with abnormal mitochondrial activity (Baldereschi et al., 2003;
Tanner et al.,, 1989; Tanner and Langston, 1990). A comprehensive
investigation clearly suggests a correlation between pesticide exposure and
Parkinsons’s disease, where long exposure displayed the strongest
association (Brown et al., 2006). Parkinson’s disease can also be caused by
various neurotoxins, where the most know example is MPTP. MPTP, a side
product of synthetic heroin, was discovered in the 1980s when young drug
addicts in California demonstrated features similar to Parkinson’s disease
(Davis et al., 1979; Langston et al., 1983). MPTP is highly lipophilic and
crosses easily the blood-brain-barrier, and is converted by monoamine
oxidase in glial cells to an unstable intermediate compound, followed by
spontaneous oxidation to form the toxic metabolite 1-metyl-4-
phenylpyridinium (MPP+) (Heikkila et al., 1984; Nicklas et al., 1985). After
release, MPP+ is taken up into dopamine neurons via the dopamine
transporter, and the complex I of the mitochondrial respiratory chain is
inhibited (Javitch et al., 1985), for review see (Blum et al., 2001).

Neuroinflammation has been suggested to participate in the degeneration of
dopamine neurons in Parkinson’s disease. Activated microglia are found in
the SN and anti-inflammatory drugs have been associated with reduced risks
to develop Parkinson's disease (Chen et al., 2003; McGeer et al., 1988).
Within the CNS, microglia can act as macrophages by remove cell debris and
fight infections by producing proinflammatory cytokines, e.g. interleukin-1f
(IL-1B) and (TNFa). Indeed, post mortem brains from Parkinson’s disease
patients reveal increased levels of TNFa, IL-1f8, IL-6, and transforming
growth factor B (TGFp), and decreased levels of the neurotrophin nerve
growth factor (NGF) and brain derived neurotrophic factor (BDNF) (Mogi et
al., 1994; Mogi et al., 1995; Mogi et al., 1999). Microglia are associated with
increased expression of iNOS and NADPH oxidase, enzymes that generate
free radicals such as nitric oxide and superoxide (Langston et al., 1999).
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Treatments of Parkinson’s disease

The most commonly medical treatment used for Parkinson’s disease is L-
dopa therapy. L-Dopa is a precursor of dopamine that can cross the blood-
brain-barrier. The effects of L-dopa was discovered when the impaired motor
activity found after reserpin treatment, was counteracted by giving the
animals L-dopa (Carlsson et al., 1957; Carlsson et al., 1958). Further studies
demonstrated dramatic reversal of the symptoms, although the effect of the
drug was brief (Birkmayer and Hornykiewicz, 1962). Later, trials displayed
that higher doses and oral administration of L-dopa were efficient (Cotzias et
al., 1967). Today, administration of L-dopa is given together with
decarboxylase inhibitors to decrease the peripheral metabolism. However,
after some years of treatment, the effect of L-dopa decline and the patients
develop dyskinesias (involuntary movements) and/or on-off symptoms due
to fluctuations in the drug dosage (Granerus, 1978; Lang and Lozano, 1998a;
Lang and Lozano, 1998b; Rinne, 1981). Dopamine agonists acting on the
dopamine receptors are also given as an alternative to enhance the motor
activity. Further, treatments to hamper the breakdown of dopamine by
inhibiting the catechol-O-methyl transferase (COMT) and monoamine
oxidase B are undertaken. Various combinations of the above-mentioned
drugs are used as therapies for Parkinson's disease. However, the
medications only improve motor activity deficiencies while do not cure the
disease.

One way to counteract the symptoms of the disease is to use deep brain
stimulation, where high frequently stimulating electrodes are implanted in
the basal ganglia. Implanting the electrodes to the ventral intermediate
nucleus of the thalamus can reduce tremor (Benabid et al., 1991; Putzke et
al., 2003). Stimulation of either the subthalamic nucleus or the globus
palludus interna diminishes bradykinesia, rigidity, as well as reduces L-dopa-
induced dyskinesia (Benabid et al., 1998; Kumar et al., 1998a; Kumar et al.,
1998b).

Yet another method to counteract the symptoms of Parkinsons’s disease is to
replace the lost dopaminergic neurons. Already in 1979, fetal dopaminergic
transplants were evaluated as a putative method to counteract the symptoms
of Parkinson's disease in a 6-hydroxydopamine (6-OHDA) animal model
(Bjorklund and Stenevi, 1979; Perlow et al., 1979). The transplants were
proven to be long-term surviving (Freed et al.,, 1980; Stromberg and
Bickford, 1996), and the striatum of the host was reinnervated in a target
specific manner (Stromberg et al., 1992; Wictorin et al., 1992). Further, new
synapses were formed (Freund et al., 1985; Jaeger, 1985; Mabhalik et al.,
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1985; Stromberg et al., 1988), and the grafts were able to release dopamine
in the reinnervated striatum (Rose et al., 1985; Stromberg et al., 1988;
Zetterstrom et al., 1986). Ten years after the first animal transplantation,
human fetal VM was grafted for the first time to patients. Postmortem
analysis displayed graft survival and reinnervation of the striatum (Kordower
et al., 1998; Lindvall et al., 1988; Madrazo et al., 1988). Unfortunately, the
outcome of the clinical trials revealed poor cell survival and only portions of
the host brain became reinnervated, which was also found in animal
experiments together with the findings that reinnervation of grafted neurons
terminated shortly after implantation, the striatum was not fully reinnervated,
only subpopulations of the grafted neurons innervated the striatum, and
recent findings show that some patients develop dyskinesia (Barker et al.,
1996; Bjorklund et al., 2003; Brundin and Bjorklund, 1998; Freed et al.,
2001; Hagell et al., 2002; Kordower et al., 1996; Olanow et al., 2003;
Tornqvist et al., 2001). Thus, it is important to find various neuroprotective
and neurotrophic factors that can enhance survival and neuritic formation.

A major problem with grafting fetal tissue is the limited availability of tissue.
Stem cells, i.e. self renewal and multipotent cells, are alternative sources for
neuronal transplantation. During the last couple of years, much effort has
been performed regarding stem cells to be used in various neurodegenerative
disorders. However, major concerns regarding scientific, clinical and ethical
issues need to be resolved before stem cells can be used in Parkinson’s
disease as therapy, reviewed in (Newman and Bakay, 2008; Parish and
Arenas, 2007; Wang et al., 2007).
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Experimental analysis of Parkinson's disease

In order to investigate Parkinson’s disease, various animal models have been
developed where different neurotoxins are utilized. A common method used
includes injections of the neurotoxin 6-OHDA, an analogue to dopamine.
The toxin 6-ODHA can be taken up by the dopamine transporter in the
dopamine neurons, and causes cell death of the neurons by formation of
reactive oxygen species, as well as hamper the mitochondrial respiratory
chain, for review see (Blum et al., 2001). 6-OHDA does not cross the blood
brain barrier and therefore, needs to be administrated locally. Injecting the
neurotoxin into the SN or the medial forebrain bundle, a complete lesion of
the nigrostriatal pathway can be obtained, whereas injecting the 6-OHDA
into the striatum results in a slower progression of the neurodegeneration due
to a reterograde transport of the 6-OHDA compounds to the SN (Sauer and
Oertel, 1994; Ungerstedt, 1968). Thus, a Parkinson’s disease animal model is
generated. Another neurotoxin commonly used in animal studies is MPTP,
which is described above, for review see (Blum et al., 2001). Yet another
animal model of Parkinson's disease is rotenone, a commonly used pesticide.
Similar to MPTP, rotenone crosses the blood-brain-barrier and hampers the
mitochondrial respiratory chain (Betarbet et al., 2000) (Perier et al., 2003)
(Ferrante et al., 1997).

Another approach to study neurodegenerative disorders is to isolate brain
regions of interest in order to evaluate interactions. The in oculo grafting
method presents an unique approach to study interactions since tissues can be
evaluated in an isolated in vivo co-culture system. The tissue pieces are
implanted through the cornea to the anterior chamber of the eye and the
grafts can survive as long as the host animal (Eriksdotter-Nilsson et al.,
1988). The grafted tissue pieces maintain the cytoarchitecture and
organization, hence resembling the normal conditions in the brain. Further,
the in oculo grafts develop an intact blood-brain-barrier some weeks
postgrafting, creating small brain circuits under in vivo condition (Granholm
et al., 1996). The transplants are easily identifiable through the translucent
cornea, and tissue pieces can be grafted in sequence allowing different ages
of the implanted tissues. Therefore, this grafting method is very useful in
order to evaluate factors involved in aging diseases, e.g. Parkinsons’s
disease, for review see (Stromberg, 2000). The intraocular grafting method
has for example been undertaken to explore VM nerve fiber innervation to
either immature or mature striatum. It was proven that the fetal dopaminergic
nerve fiber innervation of the mature striatum was rather sparse and
widespread in comparison to the innervation of the striatal anlage, which
displayed a dense patchy pattern (Stromberg et al., 1997; Toérnqvist et al.,
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2001; Vidal et al., 1998). This correlates to the normal development of the
brain, where this patchy pattern normally is found in the striatal anlage
during development (Olson et al., 1972). Further, the role of different
neurotrophic factors, e.g. glial cell line-derived neurotrophic factor (GDNF)
on VM have been investigated (Johansson et al., 1995; Stromberg et al.,
1993).

Different neurotrophic factors have been investigated in order to enhance the
nerve fiber outgrowth from the VM graft to the target. Some factors
implicated to promote VM dopamine neurons, besides the already mentioned
GDNF, are fibroblast growth factors (FGFs), brain derived neurotrophic
factor (BDNF), neurturin, and neurotrophin-4/5 (Date et al., 1993; Giacobini
et al., 1993; Horger et al., 1998; Hyman et al., 1991; Hynes et al., 1994;
Knusel et al., 1990; Lin et al., 1993; Mayer et al., 1993), for review see
(Collier and Sortwell, 1999). When analyzing the border between the graft
and the host, some areas display more nerve fibers innervating the striatum
than other areas. Interestingly, glial processes radiating from the graft to the
host are found within these areas (Stromberg et al., 1992; Stromberg et al.,
1995). Astrocytes, with their multiple different functions, e.g. interactions
with neuronal cells and production of various extra cellular matrix (ECM)
molecules, are important in controlling and guiding neuronal growth (Gates
et al., 1993; O'Brien et al., 1992; Powell and Geller, 1999). ECM molecules,
e.g. proteoglycans (PGs), are suggested important for the formation of the
nigrostriatal pathway by participating in the guidance of the dopaminergic
growth during development (Charvet et al., 1998a; Charvet et al., 1998b;
Gates et al., 1996; O'Brien et al., 1992). Hence, it is important to investigate
how to guide the fetal dopaminergic neurons in order to achieve a better
innervation of the target when grafting the fetal VM to the dopamine-
denervated striatum.

Performing cell cultures, it has been demonstrated that immature fetal VM
produce TH-positive nerve fibers that either are formed in the presence or
absence of astrocytes (Johansson and Stromberg, 2002; Takeshima et al.,
1994) (Figure 3). Notably, only the nerve fibers found in the presence of
astrocytes (glial-guided nerve fibers) were persistant over time, and
terminated their growth within the same time period as when intracranial VM
grafts halt their reinnervation to the striatum (Barker et al., 1996; Johansson
and Stromberg, 2002). Further, the glial-guided nerve fibers innervated,
while the nerve fibers found in the absence of astrocytes (non-glial-guided
nerve fibers) avoided the LGE, which revealed a presence of subpopulations
of TH-positive neurons within the VM tissue pieces (Johansson and
Stromberg, 2003). This correlates with data from intracranial grafting where
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only a subpopulation of the grafted neurons innervated the striatum
(Stromberg et al., 2001; Tornqvist et al., 2001).

Figure 3. A schematic drawing of the two TH-positive nerve fiber
outgrowths found when culturing fetal VM tissue pieces. The neurites are
found either in the absence of glial cell (A), or in the presence of glial cells
(visualized by grey circles) (B). Instead of radiating straight out from the
tissue, the glial-guided nerve fibers change direction and start to arborize
creating a network of nerve fibers surrounding the tissue, reaching a plateau
in length of approximately 1 mm from the tissue slice after 10-14 DIV. Only
the glial-guided nerve fiber outgrowth is persistent over time.

To improve survival of grafted dopamine neurons, antioxidants have shown
to be beneficial (Bjorklund et al., 1997; Nakao et al., 1994). Antioxidants,
often rich in fruits and vegetables, can easily be administrated through the
diet, e.g. blueberry-enriched diet, and participate in scavenging oxygen free
radicals in the circulation (Williams et al., 2004). Antioxidants from
supplemented diets can cross the blood-brain-barrier and are found in for
example the cortex, cerebellum, eye, and liver (Kalt et al., 2008; Matsumoto
et al.,, 2006). Indeed, the addition of antioxidants to the diet has been
proposed to be beneficial for neuronal maintenance in both aging and
neurodegenerative disorders (Bickford et al., 1999; Bickford et al., 2000;
Joseph et al., 1999; Joseph et al., 2005; Martin et al., 2000; Shukitt-Hale et
al., 2008). Further, although many kinds of fruits and vegetables contain
antioxidants, it has been shown that blueberries actually are one of the best
sources for antioxidants (Prior and Cao, 2000). In animal experiments
investigating Parkinson’s disease, the addition of blueberries enhances the
release of dopamine in the striatum as well as the reinnervation after injury,
and facilitates motor improvement (Datla et al., 2004; Joseph et al., 1998;
Joseph et al., 1999; Martin et al., 2000; Stromberg et al., 2005). Hence, it

25



appears as if the supplementation of antioxidants to the diet is beneficial for
the outcome of various neurodegenerative disorders, including Parkinson’s
disease.

In this thesis the two nerve fiber formations found in cultured fetal VM will
be investigated in more detail to elucidate how to guide the neurons, and thus
achieve improved outcome in future grafting clinical trials. Antioxidants
have been proven to be important in neurodegenerative disorders but the role
of antioxidants during development is rather unexplored. Additionally, LC
appears to protect the dopaminergic neurons while nothing is known about
the role of LC during VM development.
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AIMS

» To explore the role of glial cells for the nerve fiber formation,
and the presence of dopamine subpopulations in organotypic
VM cultures

» To examine the function of proteoglycans regarding nerve fiber
formation in VM cultures

> To elucidate the role noradrenaline exerts on fetal VM in oculo
transplants

» To study the effects a blueberry-enriched diet in combination
with the presence of fetal LC would have on fetal VM in oculo
transplants
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MATERIAL AND METHODS

Animals

Female Sprague-Dawley rats (150 g) were used as recipients for in oculo
grafting in paper Il and IV. Fetal tissue for cultures (paper I, II) or grafting
(paper III, IV) was obtained from pregnant rats of the same strain (Scanbur
B&K, Sollentuna, Sweden). Animals were housed on a 12-hour day/night
cycle under constant ambient temperature, given water and chow ad libitum.
Blueberry-enriched diet (2%, NIH-31 diet) was given animals in paper IV.
All experiments were approved by the local ethics committee.

Dissection procedure

Pregnant rats were anaesthetized with 4% isofluran (Baxter Medical AB,
Sweden) using Univentor 400 anesthesia unit (AgnThos, Sweden), palpated
to confirm pregnancy, and the age of the fetuses was determined before
dislocation of the neck. The abdomen was washed with 70% ethanol, cut
open, and fetuses of embryonic day (E) 13-14.5 (crown-rump-length 10-14
mm) were taken out and placed in a Petri dish. Thereafter, the dissection
procedure was performed under sterile conditions in Dulbecco’s modified
Eagle medium (DMEM; Gibco, Sweden). Ventral mesencephalon (VM)
(paper I-IV) and locus coeruleus (LC) (paper III-IV) were bilaterally
dissected using a dissection microscope. The mesencephalic flexure was
identified and the ventral part isolated to obtain VM tissue, and for LC the
pontine flexure was used as an orientation marker. Isolated tissue pieces
were kept in sterile DMEM for a maximum of two hours before grafting or
cell culturing (Figure 4).

7" Hae
LC

VM

Figure 4. Bilateral dissection of fetal VM and LC utilized for cell cultures
and intraocular grafting.
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Roller drum cultures

The roller drum culture technique (Gahwiler et al., 1997; Stoppini et al.,
1991) was used in paper I and II. Isolated butterfly-shaped VM pieces were
chopped in 300 um coronal sections (Mcllwain tissue chopper). The slices
were transferred to fresh DMEM and divided at the midline, and tissue was
plated as single pieces on coverslips. The coverslips (12x24 mm) had been
washed (xylene 4 hr, acetone 4 hr, isopropanol 12 hr, distilled water 30
minutes, isopropanol 30 minutes), dried at 80°C for 30 minutes, autoclaved,
and coated with poly-D-lysine (5mg/100ml dH,O; Sigma-Aldrich, Sweden),
and left to air dry before being used. Two drops of chicken plasma
(1.7mg/ml, Sigma-Aldrich, Sweden) were added to each coverslip, one
organotypic VM tissue piece was placed on each glass, one drop of thrombin
(1000 units/ml; Sigma-Aldrich, Sweden) was added, and the plasma and
thrombin was stirred together. The plasma/thrombin clot was left to air dry
for approximately 20 minutes. The coverslips were placed in 15-ml Falcon
tubes containing 0.9 ml preheated (37°C) medium. The tubes were placed in
a roller drum, which rotated half a turn every minute in an incubator (Figure
5). The cultures were kept at 37°C in 5% CO, for 1, 2, 3, 7, 14, 21, and 28
days in vitro (DIV) (paper 1) and 9 DIV (paper II). Medium was changed
every third day.

Insert cultures

The membrane insert culture technique was utilized in paper 1. Inserts (pore
size 0.4 um, Millipore) were placed in six-well dishes containing 1.7 ml
preheated (37°C) medium. One unilateral organotypic VM tissue piece (for
dissection procedure, see roller drum cultures) was put on each insert using a
spatula (Figure 5). Cultures were kept at 37°C in 5% CO, for 7 and 14 days
in vitro and the medium was changed every third day.
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Figure 5. Fetal VM organotypic cultures were performed in paper I and II,
using the roller drum (A) and insert culture (B) techniques. The picture is
adapted from (Géhwiler et al., 1997).

Astrocytic cell suspension cultures

Astrocytic cell suspension cultures were undertaken in paper II. The
butterfly-shaped VM tissue was dissected as described above and placed in a
15 ml Falcon tube containing 1 ml DMEM. Using a standard Pasteur pipette,
the tissue was mechanically dissociated by trituration (10-15 strokes). A 1 ml
syringe with a 18G needle and then a 23G needle further dissociated the
tissue. The cell suspension was centrifuged for 5 minutes at 1000 rpm, the
supernatant was removed and the cell pellet was resolved in 1 ml culture
medium. Using a Biircher chamber, the number of cells was counted and
seeded with a density of 3.3 x 10° cells/ml in 50 ml culture flasks (Cellstar,
Frickenhausen, Germany). Cells were allowed to settle for 48 hours, the
flasks were shaken and medium was changed. Cells were kept in culture
(37°C, 5% CO,) for 28 DIV, and medium was changed every third day. Cells
were detached from the flask surface by adding 5ml Hanks’ buffered salt
solution (HBSS, Ca*"/Mg*'-free, Gibco, Sweden) supplemented with 0.025%
trypsin and 0.025% EDTA and incubated for approximately half an hour at
37°C. The cells were collected using a cell scraper, the cell solution was
transferred to a 15 ml Falcon tube containing 5 ml of culture medium,
centrifuged for 5 minutes at 1000 rpm, the supernatant was removed and
cells were resuspended in 1 ml culture medium. Cells were once again
counted and seeded into eight-well glass-slide culture dishes (Falcon) with
the density of 25 000 cells/well, and kept in culture for another 14 DIV.
Medium was changed every third day.
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Culture medium

Culture medium was prepared of the following components: 55% DMEM,
32.5% HBSS, 10% fetal bovine serum (Gibco), 1.5% glucose and 1% hepes
(Gibco). The medium was sterile filtered (0.22 pm pore size filters, Sterivex,
Millipore) and aliquots were kept in -20°C, thawed and preheated (37°C)
before use. At plating, the medium was supplemented with antibiotics-
antimycotics (10,000 units/ml penicillin, 10 mg/ml streptomycin, and 25
ug/ml amphotericin; Gibco) to a final concentration of 1%. The
antibiotics/antimycotics was excluded from the first medium change.
Additionally, methyl-umbelliferyl-B-D-xyloside (B-xyloside; Sigma) was
added to both roller drum cultures (0.3 mM, 1.5 mM) and cell suspension
cultures (1.5 mM) in paper II to inhibit proteoglycan synthesis.

Western blot

In paper II, western blot analysis was undertaken. After 9 DIV, VM roller
drum cultures were scraped off, 25-30 cultures were pooled into 100 pl 1%
sodium dodecyl sulfate (SDS) and kept at -70°C until being processed.
Samples were thawed on ice, sonicated (3 x 10 sec) and centrifuged. The
BCA Protein Assay Kit (Pierce, Rockford; Illinois, USA) was used to
determine the protein concentration according to the user’s manual. From
each sample, 40 ng protein was mixed with 2 x loading buffer containing
15% 2-mercaptoethanol, boiled (95 °C, 10 minutes), and cooled on ice. The
samples were loaded on 7.5% SDS polyacrylamide gels using the Protean II
XI vertical electrophoresis system to separate the proteins (Biorad, Hercules,
Ca, USA) according to the user’s manual. In order to determine the
molecular weights of the proteins, the kaleidoscope molecular weight
standard was used (Biorad). Proteins were transferred onto nitrocellulose
membranes (Hybond ECL, Amersham Biosciences, Uppsala, Sweden) using
the Trans-Blot Semidry transfer (Biorad) according to the user’s manual.
Poncreau S stain (Sigma) was used to evaluate efficient transfer. Membranes
blotted for TH and actin were preblocked in 5% milk in 1 x tris buffer saline-
tween (TBS-T). Membranes blotted for neurocan were preblocked in 1%
BSA in 1 x TBS-T. Preblocking the membranes was performed for 1 hour at
room temperature while shaking. Incubation in primary antibodies was
performed at room temperature using surface tension, and the incubation
time for TH and actin was 1 hour, while neurocan was incubated for 2.5
hours. Secondary antibodies were incubated for one hour at room
temperature while shaking. For information regarding antibodies, see table 1
and 3. Between and after incubations with antibodies, the membranes were
washed 3 x 10 minutes in 1 x TBS-T. Chemiluminescence detection was
utilized using ECL plus and Hyperfilm ECL (Amersham Biosciences) in a
table top processor (CEAPRO), all according to manufacturers’ instructions.
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Intraocular grafting

Intraocular grafting was performed in paper III and IV. Two weeks prior the
intraocular implantation, rats were bilaterally sympatectomized during deep
isofluran anesthesia (Baxter Medical AB, Sweden) using Univentor 400
anesthesia unit (AgnThos, Sweden). The endogenous innervation of
noradrenaline to the host iris was thus removed. The time interval between
the removal of the ganglion and the intraocular implantation is preferred to
normalize the levels of neurotrophic factors, which become elevated after the
denervation (Ebendal et al., 1983; Ebendal et al., 1985).

Atropin was given each eye prior to grafting to dilate the pupil, thus
preventing injuries to the iris when the cornea is opened. During deep
anesthesia, a slit in the cornea was made using a razor blade and the rats
received the transplants into the anterior chamber of the eye using a Pasteur
pipette with a modified tip. In paper III, rats with intact superior cervical
ganglia were also used as host animals when grafting. In paper 1V, 28 days
prior the sympatectomy animals received 2% blueberry-enriched diet. The
animals were kept on this diet throughout the experiment. Unilateral tissue
pieces from VM or LC were transplanted in paper III and IV (Figure 6 and
7).

cornea

Figure 6. In paper III and IV, unilateral VM and LC were grafted using the
intraocular method where tissue pieces were implanted into the anterior
chamber of the eye using a Pasteur pipette and gently moved into place by
pushing the cornea with a pair of forceps.
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Figure 7. Experimental design for paper III (A) and IV (B). Unilateral VM
and LC were implanted as single VM or LC grafts, VM+LC co-grafts
attached to each other, or VM-LC with a distance between the tissue pieces.
Additionally, single VM was grafted to animals with intact superior cervical
ganglia. In paper IV, animal received 2% blueberry-enriched diet.

Immunohistochemistry

Grafted animals (paper III and IV) were anesthetized i.p. with
pentobarbitalnatrium, followed by intracardial injections of 50 ml Tyrode
solution (Ca>" free), and 250 ml 4% paraformaldehyde in 0.1 M phosphate
buffer (pH=7.4). The intraocular transplants were dissected, postfixed for
one hour, and rinsed in 10% sucrose in 0.1 M phosphate buffer. The
intraocular grafts were stored in sucrose solution at 4°C until processed for
indirect immunohistochemistry. The transplants were rapidly frozen in
gaseous CO,, and cryostat sections (14 pm) were collected and thawed onto
gelatine-coated glass slides. Cultures (paper I, II) were fixed in 2%
paraformaldehyde in 0.1 M phoshate buffer for 1 hour before being
processed for indirect immunohistochemistry.
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Before and after incubations of antibodies, cultures and sections were rinsed
3 x 10 minutes in 0.1 M phosphate buffered saline (PBS). Cultures were
incubated with antibodies dissolved in 1% triton-X-100 in 0.1 M PBS.
Sections were incubated in antibodies diluted in 0.3% triton-X-100 in 0.1 M
PBS. However, the primary antibodies ALDH1 and calbindin were diluted in
0.1 M PBS containing 2 and 10 % serum, respectively (Sigma-Aldrich,
Sweden). When triton-X was excluded in incubations of primary antibodies,
sections and cultures were preincubated in 0.3% triton X-100 in 0.1 M PBS
containing 10% serum for one hour at room temperature and rapidly rinsed
in 0.1 M PBS before the primary antibodies were applied. Incubations of
primary antibodies were performed for 48 hours at 4°C. Blocking unspecific
staining was performed using 5% goat serum (Sigma-Aldrich, Stockholm,
Sweden) in 0.1 M PBS for 15 minutes at room temperature before
incubations of secondary antibodies. Secondary antibodies were applied for
one hour at room temperature. In paper I and II, cultures were stained with
DAPI for 10 minutes at room temperature to visualize cell nuclei. Double or
triple labeling was performed in sequence, with one antibody at a time. All
incubations of antibodies were performed in a humified atmosphere.
Antibodies used are listed in table 2 and 3. Cultures and sections were
mounted in 90% glycerol. Insert cultures were processed for
immunohistochemistry directly on the membranes, and mounted by cutting
out a piece of the membrane, which was placed between an object glass and
coverslip.

Table 1: Primary antibodies used for western blot in paper II.

Antibodies | Dilution | Company “Detection*
Actin 1:10 000 | Chemicon, actin,
mouse loading control
TH 1:10 000 | Immunostar, | dopamine neurons
mouse
Neurocan 1:500 Chemicon, proteoglycans
mouse
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Table 2: Primary antibodies used for immunohistochemistry in paper I-I'V.

Antibodies Dilution | Company, Paper | ”Detection”
Species

ALDHI1 1:150 Abcam, I III A9 dopamine neurons
rabbit

BIII-tubulin 1:200 Sigma-Aldrich, I microtubules
mouse (“pan-neuronal” marker)

Calbindinp,g, | 1:2000 Swant, 111 A10 dopamine neurons
mouse

DBH 1:150 Chemicon, IIL, IV noradrenaline neurons
mouse

GAD 65/67 1:100 Sigma-Aldrich, I GABA neurons
rabbit

Iba-1 1:1000 Wako Chemicals, | I, 1V pan-microglia marker
rabbit

Neurocan 1:1000 Chemicon, II proteoglycans
mouse

NG2 1:200 Chemicon, I oligodendrocyte
rabbit precursors

Ox-6 1:200 Serotec, v MHC class II microglia
mouse

S1003 1:200 Dako. I astrocytes
rabbit

TH 1:1500 Immunostar, I-IV dopamine neurons
mouse

TH 1:300 Pel-Freez, I-IV dopamine neurons
rabbit

Vimentin 1:200 Sigma-Aldrich, I astrocytes
rabbit

DAPI 1:50 Molecular Probes | I, II Cell nuclei
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Table 3: Secondary antibodies used in article I-1V.

Antibodies Species Dilution | Company Paper
(immuno-

histochemistry)

Alexa 488 Goat anti-mouse | 1:200 Molecular Probes | I-IV
Alexa 488 Goat anti-rabbit | 1:500 Molecular Probes | I-IV
Alexa 594 Goat anti-mouse | 1:500 Molecular Probes | I-IV
Alexa 594 Goat anti-rabbit | 1:500 Molecular Probes | I-IV
Antibodies Species Dilution | Company Paper
(western blot)

ImmunoPure IgG | Goat anti-mouse | 1:70 000 | Pierce 11

Graft volume, nerve fibers, and astrocytic migration

In paper I and II, nerve fiber outgrowth and astrocytic migration were
measured from the peripheral borderline of the tissue slice to the distal end
that fibers or astrocytes had reached. Four measurements were collected from
each culture and parameter, and the mean values were used for statistical
analysis.

In paper II, immunoblot density was evaluated using the NIH Image software
(Gel plotting macro, version 1.63). Each grey value obtained for TH and
neurocan 160 kDa was divided by the grey value of the loading control
(actin) and expressed as percentage of the controls. Each sample was
evaluated 2-3 times and mean values for each sample were calculated and
used for the statistics.

In paper III and IV, the placement of the intraocular grafts was documented
when implanted to the anterior chamber of the eye. Grafts were monitored
through the cornea and graft sizes could be measured over time using a
microscope equipped with a scale in one of the oculars. By measuring the
longest diameter and the diameter perpendicular to it, the volume of the
grafts was estimated by multiplying the two measurements (the thickness of
the grafts had been estimated to 1 mm). This estimation of graft volume has
been demonstrated to be valid (Bjorklund et al., 1980).

In paper III and IV, the density of DBH-positive nerve fibers were analyzed.
Images using a CCD camera (ProgRes C14, Jenaoptic) were captured using
the 20 x objective. The NIH Image software (Image macro, version 1.63)
was used to measure the optical density of DBH-immunoreactive fibers,
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where binary images were utilized to calculate grey values (Stromberg et al.,
2005). In LC, areas containing DBH-positive neurons were avoided. Mean
values were calculated and analyzed from 3-4 measurements of each
transplant.

Cell counts

In paper II, astrocytic cell suspension cultures were analyzed using a
standardized frame at 10 x magnification. Four measurements were
performed on each suspension culture and mean values were calculated and
statistically evaluated.

The number of Iba-1-positive microglia was counted in paper I and IV. At 20
x magnification, a standardized frame mounted in one of the oculars was
used, and the number of microglia within the frame was counted.
Approximately four measurements were performed on each culture or
transplants, and mean values were calculated and statistics was performed.

In paper III and IV, neurons were counted on every fifth section throughout
the grafts, and the Abercrombie formula was used to estimate the total
numbers of neurons in the grafts (Abercrombie, 1946). In VM grafts,
neurons being TH-positive/DBH-negative were counted, while in LC grafts
TH-positive/DBH-positive neurons were counted. The border between the
two grafts was determined using the DAPI filter. ALDHI1/TH-positive
neurons and calbindin/TH-positive neurons were counted and expressed as
number of neurons displaying double labeling. Mean values were used for
statistical analysis.

A digital camera (Hamamatsu) was used to capture images of cultures and
transplants, and Open lab software (Improvision) was used to process the
images. Identical areas were photographed at different wavelengths and
merged to achieve pictures of double or triple labeling.

Statistics

Throughout the experiments, cultures and transplants were blind-coded when
analyzed. Statistical comparison was performed using one-way analysis of
variance (ANOVA), followed by Fisher’s post hoc analysis (paper 1, 1I) and
Bonferroni post hoc analysis (paper III, IV). In paper II, the proportion of
cultures demonstrating the different nerve fiber outgrowths was analyzed
using the %’ —method. In paper III, Student’s independent r-test was
performed to analyse grafts = sympatectomy. Values are expressed as means
= SEM. Differences were determined as significant when p<0.05*, p<0.01%%*,
and p<0.001***,
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RESULTS AND DISCUSSION

Attempts have been made to replace the degenerating dopaminergic neurons
in Parkinson’s disease by grafting fetal VM to the dopamine-denervated
striatum. The outcome of the grafting experiments displays reinnervation of
the host striatum in a narrow zone surrounding the graft. Thus, to explore
factors that might participate when the grafted dopaminergic neurons
innervate the dopamine denervated striatum, organotypic E14 VM tissue
cultures have been performed. Two different TH-positive nerve fiber
outgrowth patterns from the tissue slice were detected (Johansson and
Stromberg, 2002). Soon after plating, TH-positive nerve fibers were seen
projecting straight away from the tissue slice, reaching distances above 3 mm
at 21 DIV. Although the length of these TH-positive nerve fibers was
extremely long, the nerve fibers were not persistent over time, and appeared
to degenerate or retract after some days in vitro (DIV). These first formed
TH-positive nerve fibers were observed in the absence of glial cells (non-
glial-guided). A second TH-positive nerve fiber outgrowth from the VM
tissue slice was formed onto migrating astrocytes (glial-guided). This second
wave of TH-positive nerve fibers was persistent over time, and reached the
length of approximately 1 mm (Figure 3). Interestingly, when co-cultures of
VM and LGE were undertaken, only the glial-guided TH-positive nerve fiber
outgrowth projected to the LGE (Johansson and Stromberg, 2003). These
results suggest the presence of subpopulations of TH-positive neurons within
the VM tissue, which act differently when forming their nerve fibers.
Therefore, paper I was conducted to characterize these two different nerve
fiber formations from organotypic VM tissue cultures in more detail
regarding the presence of different glial cells and subpopulations of
dopaminergic neurons. These two nerve fiber projections will from now on
be referred to as non-glial-guided-, and glial-guided nerve fibers.

The non-glial-guided nerve fibers in VM cultures

Already at one day after plating, p-tubulin-positive nerve fibers were
observed to project from the organotypic VM tissue slice in the absence of
cell bodies, i.e the first sequence of nerve fiber outgrowth (paper I). First one
day later, TH-positive nerve fibers displaying the non-glial-guided outgrowth
were observed. Both f-tubulin-positive/TH-negative and f-tubulin/TH-
positive non-glial-guided nerve fibers displayed a dotted appearance at later
time points as if they were degenerating. However, in the tissue cultures
displaying healthy neurites, the length of the non-glial-guided nerve fibers
reached up to 4 mm. Notably, thin vimentin-positive fibers were observed
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among these first non-glial-guided nerve fibers, which originated from large
polygonal vimentin-positive cells, located in the periphery of the tissue slice.
At seven days after plating 69% of the cultures displayed these vimentin-
positive fibers, while at 21 DIV only 23% of the cultures demonstrated these
vimentin-positive fibers. At this time point the vimentin-positive processes
were as long as the TH-positive nerve fibers, i.e. approximately 3 mm.

The results from paper I revealed that the non-glial-guided nerve fibers found
in organotypic VM cultures rather is a general phenomenon than specific for
dopaminergic neurons since -tubulin-positive/TH-negative nerve fibers also
demonstrated this pattern. Hence, the TH-positive non-glial-guided nerve
fibers were preceded by other neurons. These first nerve fibers might act as
guiding/pathfinding fibers, in order to create a scaffold that the following
nerve fibers can use for support (Jacobs and Goodman, 1989a; Jacobs and
Goodman, 1989b). The finding that vimentin-positive processes were
detected along these non-glial-guided fibers supports this pathfinding theory.
Vimentin is an early astrocytic marker also utilized to characterize radial
glia, acting as scaffold for other nerve fibers and cells during development
(Hartfuss et al., 2001; Hidalgo and Booth, 2000; Malatesta et al., 2000;
Schnitzer et al., 1981). However, it has previously been suggested that radial
glial might be neuronal progenitors, which can develop into either neuronal
stem cells, neurons, or glial cells (Gotz et al., 2002; Malatesta et al., 2000).
Unfortunately, no conclusions about the nature of these vimentin-positive
fibers could be drawn from the present study. However, the fact that more
cultures displayed these vimentin-positive processes early after plating
supports the pathfinding theory. Taken together, the non-glial-guided nerve
fibers are not formed in the total absence of glial cells.

The glial-guided nerve fibers in VM cultures

At three days after plating, vimentin-positive astrocytes were migrating from
the VM tissue slice, forming a monolayer. This migration was rather sparse
at 3 DIV. Over time, the migration of astrocytes proceded, and reached a
plateau at approximately 14 DIV. The glial-guided nerve fibers were found
on the migrating astrocytes. Instead of radiating straight away from the tissue
slice without changing direction as the non-glial-guided nerve fibers did,
both B-tubulin-positive/TH-negative and p-tubulin/TH-positive nerve fibers
of the glial-guided nerve fibers changed the direction, creating a network of
fibers circulating around the VM tissue slice at the distance of approximately
I mm. Notably, these glial-guided nerve fibers were persistent over time.

As already mentioned, the glial-guided nerve fibers innervate the LGE, and
the innervating nerve fibers could be correlated to areas displaying astrocytes
(Johansson and Stromberg, 2003). Further, in intracranial grafting, the
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reinnervation of the graft-derived nerve fibers in the dopamine denervated
striatum often occurs over areas, i.e. “permissive sites”, where glial
processes radiate from the graft to the host (Stromberg et al., 1992;
Stromberg et al., 1995). The elongation of the graft-derived nerve fibers
terminates after about one week postgrafting, followed by weeks of
branching (Barker et al., 1996). The length of the graft-derived innervation is
similar to the length of the glial-guided nerve fibers obtained from
organotypic VM cultures (Barker et al., 1996; Johansson and Stromberg,
2003). Hence, the glial-guided nerve fibers obtained in organotypic VM
cultures is likely the nerve fiber outgrowth that corresponds to the graft-
derived outgrowth when implanted into the brain.

The roller drum culture technique vs. the membrane culture
technique

To further investigate the two nerve fiber projections, the VM roller drum
cultures were compared to VM cultures where the membrane insert culture
technique was utilized (paper 1) (Gahwiler et al., 1997; Stoppini et al., 1991).
Surprisingly, the non-glial-guided nerve fibers were never observed. At 7
DIV, no astrocytes were observed outside the tissue slice. At 14 DIV,
astrocytes had migrated from the tissue slice and the glial-guided nerve fibers
were displayed. Hence, although the glial-guided nerve fiber ourgrowth was
revealed in membrane cultures, a delay in time was observed. When
performing roller drum cultures, the tissue slices were attached to the cover
slips directly at plating, proven by the fact that B-tubulin-positive nerve
fibers displayed the non-glial-guided outgrowth already at one day after
plating. However, it seems like the attachment of tissue cultures to the
membranes takes longer time. This delayed attachment might be the reason
for why the non-glial-guided nerve fibers were absent. Notably, the absence
of the non-glial-guided fibers did not result in the lack of glial-guided nerve
fibers. This implies that the persistent glial-guided nerve fibers can be
formed without being preceded by the non-glia-guided nerve fibers.
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A9 vs. A10 dopaminergic neurons in VM cultures

When dissecting fetal VM, both A9 and A10 neurons are included. The two
nerve fiber outgrowth patterns observed in organotypic VM cultures could
perhaps be correlated to either A9 (SN) or A10 (VTA) neurons, thus
immunohistochemistry for ALDHI1 was performed. ALDH1 is preferably
expressed in the A9 dopaminergic neurons, while A10 dopaminergic neurons
are ALDH1-negative (Chung et al., 2005; McCaffery and Drager, 1994).
Both the non-glial-guided, and the glial-guided nerve fiber outgrowths
displayed TH/ALDHI1-positive nerve fibers. Hence, these two nerve fiber
patterns observed in VM cultures could not be correlated to either A9 or A10
dopaminergic neurons. This was, however, not expected since the glial-
guided nerve fibers targets the LGE, i.e. should display an A9 dopaminergic
feature (Johansson and Stromberg, 2003). Additionally, recent data in our
group have shown that the non-glial-guided nerve fiber outgrowth targets
corical tissue (af Bjerken et al., 2008). To conclude, these results indicate
that the correlation between the non-glial-guided and the glial-guided nerve
fibers is far more complex that initially thought.

Oligodendrocyte precursors and microglia in VM cultures

Nerve fiber formation in organotypic VM cultures appeared to be correlated
to the presence of astrocytes, but the influence from other glial cells needed
to be elucidated. Therefore, the presence of oligodendrocyte precursors
(NG2-positive cells) was evaluated. Shortly after plating, small and round
NG2-positive cells with short processes were found within the tissue slice.
At later time points, the NG2-positive cells displayed more processes and
formed a network inside the tissue piece, a pattern normal for cultured NG2-
positive cells (Bouslama-Oueghlani et al., 2005). From 7 DIV, the NG2-
positive cells migrated from the tissue slice, following the same route as the
migrating astrocytes, although NG2-positive cells were still present in the
tissue slice. The presence of oligodendrocyte precursors could not be
correlated to either the dopaminergic neurons or their nerve fiber outgrowths.

The presence of microglia was monitored in the VM cultures using the pan-
microglia marker Iba-1. The role of microglia can be both protective and
toxic. For example, neuroinflammation has been implicated to participate in
the degeneration of dopamine neurons in Parkinson’s disease, and elevated
levels of various proinflammatory cytokines, for example TNFa and IL-1f,
are found in post mortem brains (Mogi et al., 1994). Microglia has also been
shown to enhance survival of cultured dopaminergic neurons (Nagata et al.,
1993; Zietlow et al., 1999). In our VM cultures, microglia were present in the
tissue slice from seven days after plating as small, rounded cells without
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processes. From 14 DIV, the microglia displayed short, arborized processes.
Notably, at 14 and 21 DIV, microglia were localized in areas devoid of,
rather than areas dense with, TH-positive neurons. It has previously been
documented that microglia are more rounded immediately after plating, and
are thought to be more prone to migrate, which correlates to the rounded
cells found in paper I at 7 DIV. Additionally, the fact that the even
distribution of microglia found at 7 DIV in the tissue slice changed to an
uneven distribution in the cultures at later time points further supports the
theory that the microglia migrated at the earlier time point (Grossmann et al.,
2002; Stence et al., 2001). Additionally, at 14 DIV some microglia had
migrated away from the tissue slice onto the monolayer of vimentin-positive
astrocytes, however, no correlation to the presence of nerve fibers was made.
Taken together, the fact that astrocytes appeared to guide the migration of
both oligodendrocytes and microglia outside the tissue slice implies that
astrocytes actually are the key players regarding guidance in the VM
cultures.

The role of proteoglycans during dopaminergic development

Since astrocytes appeared important for nerve fiber formation, paper II
focused on effects of astrocytic induction of proteoglycans (PGs). PGs are
ECM molecules consisting of a core protein and glycosaminoglycan (GAG)
chains, and participate in dopamine nerve fiber guidance during development
(Charvet et al., 1998a; Charvet et al., 1998b; Gates et al., 1993), and are
increased at the border of dopaminergic grafts (Barker et al., 1996; Gates et
al., 1996). A major family of PGs is chondroitin sulfates, consisting of
aggrecan, versican, brevican, and neurocan, where neurocan has been found
in high levels during development (Meyer-Puttlitz et al., 1995). Therefore,
neurocan was utilized as marker for PGs in paper II.

Methyl-umbelliferyl-B-D-xyloside (B-xyloside), a PG synthesis inhibitor,
was added in the medium when culturing the VM tissue for 9 DIV. This time
point was chosen because the astrocytic migration is intense and both the
non-glial-guided and the glial-guided nerve fibers are normally present
(Johansson and Stromberg, 2002). B-xyloside prevents the GAG chains to
bind to the core protein, which results in no release of the proteoglycans
(Lander et al., 1998; Niederost et al., 1999; Schwartz, 1977). Hence, B-
xyloside blocks the effects of PGs and has been utilized to investigate the
role of PGs regarding neuritic growth, proliferation, and migration (Carey et
al., 1987; Fichard et al., 1991; Niederost et al., 1999; Ratner et al., 1985).
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Effects of B-xyloside supplementation in VM cultures

In paper II, both the non-glial-guided, and the glial-guided nerve fiber
formation, documented in paper I, were observed. In control cultures, the
non-glial-guided nerve fibers were observed in 54% of the cultures, whereas
98% of the cultures demonstrated the glial-guided nerve fibers. B-xyloside
treatment did not affect the length of the non-glial guided nerve fibers, while
the length of the glial-guided nerve fibers decreased. Notably, 1.5 mM f-
xyloside treatment resulted in that only 63% of the cultures displayed the
glial-guided nerve fibers, while the numbers of cultures displaying the non-
glial-guided nerve fibers increased to 80%. Interestingly, western blot
analysis revealed that the B-xyloside treatment did not alter the amount of
TH-protein, although the presence of the two different nerve fiber
outgrowths was shifted. The presence of TH-positive nerve fibers located on
the migrating astrocytes was not altered after the B-xyloside treatment

The supplementation of B-xyloside to the medium resulted in an impaired
proliferation of astrocytes as well as a hampered astrocytic migration. The
migrating  astrocytes in  control cultures displayed neurocan-
immunoreactivity located to vesicles, whereas B-xyloside-treated astrocytes
demonstrated a diffuse cytoplasmatic expression of neurocan located in the
astrocytic processes. Further, the amount of neurocan core protein without
any GAG chains was increased after the B-xyloside treatment compared to
control cultures.

The finding in paper II that hampered astrocytic migration reduced the
number of cultures displaying the glial-guided nerve fibers, while the number
of cultures demonstrating the non-glial-guided nerve fibers increased, is
rather intriguing. This suggests a relationship between these two nerve fiber
formations, which has also been revealed previously where a promoted
astrocytic migration resulted in fewer cultures displaying the non-glial-
guided nerve fibers, and an inhibition of the astrocytic migration enhanced
the presence of the non-glial-guided nerve fibers (af Bjerken et al., 2007,
Johansson and Stromberg, 2002). This assumption of a constant relationship
between the two nerve fiber outgrowths is further supported by the fact that
in paper 11, the amount of TH-protein was not altered. The length of the glial-
guided nerve fibers was diminished after B-xyloside treatment. Whether this
reduction in nerve fiber length was a direct effect due to loss of growth
promoting molecules or an indirect effect due to hampered astrocytic
migration is not clear from the present study. However, since TH-positive
nerve fibers were located on the astrocytes despite the B-xyloside treatment,
it is more likely that the reduction in nerve fiber growth was caused by a
reduced migration. This is supported by findings demonstrating reduced
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migration after B-xyloside treatment (Ratner et al., 1985). Controversially, in
the adult brain PGs have for example been found to be upregulated after
injury, and the degradation of PGs results in increased regeneration (Moon et
al., 2002; Properzi et al., 2005; Steinmetz et al., 2005; Tropea et al., 2003).
However, in normal adult brains, PGs are low in expression. Thus, inhibiting
the PG expression during development results in reduced nerve fiber growth,
while after injury of the adult brain the same inhibition results in increased
nerve fiber regeneration.

When grafting dopaminergic neurons, unfortunately low cell survivalis
obtained, which stresses the importance to evaluate factors that might
promote survival (Brundin and Bjorklund, 1998). It has been postulated that
both the LC and antioxidants are beneficial for neuronal maintenance
(Heneka et al., 2003; Martin et al., 2000; Mavridis et al., 1991; Prior and
Cao, 2000; Srinivasan and Schmidt, 2004; Stromberg et al., 2005), but little
is known about the protective properties during development. Thus, papers
IIT and IV were conducted to analyze the effects LC and antioxidant-enriched
diet exert on fetal VM utilizing the in oculo grafting method, as described in
the introduction. Unilateral fetal VM and LC were grafted either as single
grafts, or as co-grafts. Additionally, 2% blueberry-enriched diet was given
the recipients animals (Figure 7).

Survival of VM and LC intraocular grafts

Measurements of grafts size of VM single, LC single, and VM+LC cografts
revealed enhanced volume of the VM grafts attached to the LC,
independently of diet given, when compared to single VM grafts (paper III
and IV). The volume of VM grafted together with LC but with a distance
between the tissue pieces, was not increased. However, the addition of
blueberries did not increase the volume of grafted VM. Neither the presence
of VM nor the supplementation of blueberries did enhance the volume of LC
grafts.

Dopaminergic neurons in the VM grafts were TH-positive/DBH-negative,
while noradrenergic neurons in the LC grafts were TH/DBH-positive. In
animals given the control diet, the attachment of the LC to the VM resulted
in enhanced survival of TH-positive/DBH-negative neurons. When the tissue
pieces were grafted with a distance, no increased number of surviving
neurons in the VM graft was obtained. When the blueberry-enriched diet was
given, single VM grafts displayed more TH-positive/DBH-negative neurons
compared to single VM grafts on the control diet. However, no additive
effect on the survival of TH-positive/DBH-negative neurons in the VM
grafts was obtained in VM co-grafts given diet with supplementation of
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blueberries. Further, the presence of the VM or the addition of blueberries
did not improve the survival of TH/DBH-positive neurons in the LC grafts.

Interestingly, volume enlargement was observed in the VM grafts attached to
the LC, while the addition of blueberries did not influence the size of the VM
grafts, however, an increase of surviving dopaminergic neurons were
revealed in VM grafts in both experimental setups. Thus, while increase in
volume might be an indication for better survival of grafts, it is not necessary
in order to obtain improved neuronal survival. What causes the increase in
the VM volume when attached to the LC is unfortunately not known. A
hypothesis might be that the innervation of noradrenergic nerve fibers found
in the VM grafts attached to the LC (see discussion below) promotes growth-
stimulating factors. It was surprising to find that the supplementation of
blueberries did not yield enlargement in graft volume since in oculo
hippocampal grafts demonstrated larger grafts after feeding the host with
blueberries (Willis et al., 2005). A recent study, where intracranially
transplanted VM cell suspension cultures displayed enhanced survival in
animals given blueberry-enriched diet, supports our findings in paper IV that
increased number of TH-positive neurons was observed after blueberry
supplementation (McGuire et al., 2006). Taken together, the presence of LC
or the addition of blueberries promoted survival of VM intraocular grafts,
while no additive effect was obtained. Notably, neither the presence of VM,
nor the addition of blueberries promoted survival of LC grafts.

A9 vs. A10 dopaminergic neurons in intraocular VM grafts

In paper III, we wanted to evaluate whether the presence of the LC would
favor survival of subpopulations of VM dopamine neurons, i.e. A9 and A10.
Thus, ALDH1/TH-positive as well as calbindin/TH-positive neurons were
counted in the VM portion of single- and co-grafts. Dopamine neurons
preferably located to the SN are ALDH1-positive, while dopamine neurons
preferably located in the VTA are calbindin-immuoreactive (Chung et al.,
2005; Gerfen et al., 1985; McRitchie et al., 1996; Rogers, 1992). Single VM
grafts displayed ALDHI immunoreactivity in 31.8 % of the grafts, while VM
attached to LC displayed ALDHI-positive neurons in 81.8% of the grafts.
Further, the number of neurons displaying ALDH1/TH double labeling in the
VM grafts attached to the LC was higher compared to single VM grafts.
When analyzing calbindin/TH-immunoreactive neurons, no difference in the
number of neurons in the VM grafts was observed.
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The results implies that the presence of the LC actually is more beneficial for
the dopaminergic neurons preferably located in the SN than in the VTA,
although the LC in situ innervate both the SN and the VTA (Collingridge et
al., 1979; Jones and Moore, 1977; Jones and Yang, 1985). In Parkinson’s
disease, the dopaminergic neurons in the SN degenerate, which could be a
secondary effect due to the loss of the protective input from the LC, and
herein we show that the presence of LC increases the number of
TH/ALDHI-positive neurons. Thus, the fact that the direct presence of LC
could promote survival in the VM is worth considering in grafting trials for
Parkinson's disease.

Noradrenergic innervation in VM intraocular grafts

Further attempts were undertaken in paper III to evaluate the role of LC for
the survival of VM grafts. When LC was attached to VM, a dense
innervation of DBH-positive nerve fibers was observed in the VM graft.
When VM and LC were placed at a distance, some DBH-positive nerve
fibers were found in the VM grafts, although not as dense as when attached
to the LC. Notably, the density of DBH-positive nerve fibers in VM grafts
when attached to the LC was similar to that found within the LC grafts. The
noradrenergic input from the peripheral nerve fibers in the iris was also
evaluated. However, although an intact iris demonstrated DBH-
immunoreactivity, the VM grafts were DBH-negative.

It has been shown that noradrenaline improves survival of VM dopaminergic
neurons in culture (Troadec et al., 2001). Thus, our finding that dense
noradrenergic innervation was correlated to improved survival of the VM
grafts, is supported by the data presented by Troadec. Notably, a distance
between the LC and the VM grafts resulted in noradrenergic innervation of
the VM, although not to such an extent where survival was promoted. Most
cell loss occurs early after grafting (Mahalik et al., 1994; Zawada et al.,
1996). Considering the fast onset of cell death upon grafting, and most likely
a prolonged time for the noradrenergic nerve fibers to reach into the VM
when grafted with a distance from the LC, might explain why only the direct
attachment of LC promoted survival of dopamine neurons.
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Microglia in intraocular grafts

Neuroinflammation participates in the degeneration of the dopamine neurons
in Parkinson’s disease, and activated microglia have been detected in the SN
(McGeer et al., 1988). Further, antioxidant-enriched diet has been proven to
affect neuroinflammation (Joseph et al., 2005; Shukitt-Hale et al., 2008;
Stromberg et al., 2005). Thus, the presence of microglia was studied in paper
IV, using antibodies against Iba-1 and Ox-6. The supplementation of
blueberries decreased the number of Iba-1-positive microglia in VM single
grafts. The attachment of LC resulted in decreased number of Iba-1-positive
microglia in VM compared to single VM grafts from animals given control
diet. Iba-1-positive microglia within the grafts from animals given the
control diet were rather small and rounded with thin processes, while the Iba-
I-positive microglia found in grafts from animals given the blueberry-
enriched diet were more distended with thicker processes and appeared to be
more activated. However, although the microglia in grafts supplemented with
blueberries appeared as more active by their morphology, almost no double
immunoreactivity for Iba-1/0x-6 was observed.

Animals fed with antioxidants display reduced levels of TNFa (Cartford et
al., 2002), and our results showing that the number of Iba-1-positive
microglia was decreased in the VM grafts when attached to the LC, or in the
VM single grafts from animals given blueberry diet, might mimic this effect
of levels of micoglia. The Iba-1-positive microglia differed in their
morphology, but Iba-1 is a pan-microglia marker, thus more characterization
of the microglia was needed. Surprisingly, although the microglia appeared
as more active after blueberry treatment, almost no double labeling of Iba-
1/0x-6 was observed. Ox-6 is a marker for MHC class II microglia, and is
thought to be a marker for more activated microglia. Therefore, more studies
are required in order to elucidate this effect of less microglia observed in our
VM intraocular grafts. However, it is clear from this present study that the
addition of blueberries or the attachment of LC affects the number of
microglia in fetal grafted in oculo VM tissue.
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CONCLUSIONS

v' The two nerve fiber outgrowth patterns observed in fetal VM
organotypic tissue cultures appear to be a general phenomenon
during nerve fiber production and cannot be correlated to either A9
or A10 dopaminergic neurons. Further, astrocytes are the key players
for guidance within these cultures, while microglia and
oligodendrocytes most likely do no influence the nerve fiber
formation.

v"Inhibiting the proteoglycans synthesis results in hampered astrocytic
migration and proliferation, and the presence of the persistent glial-
guided nerve fibers is decreased. Further, the relationship between
the two nerve fiber outgrowths from the VM tissue is probable
constant, i.e. when the glial-guided nerve fibers are retracted, the
non-glial guided nerve fibers are promoted, and vise versa.

v When transplanting fetal VM and LC tissue together, the attachment
of LC yields a dense innervation of noradrenergic nerve fibers in the
VM, which facilitates survival of dopaminergic neurons, derived
preferably from the SN.

v" Blueberry-enriched diet enhances the survival of dopamine neurons
in VM in oculo graft. However, no additive effects on VM grafts are
obtained when combining the presence of LC grafts with the
supplementation of blueberries. Further, both the presence of LC or
the addition of blueberries decrease the number of microglia in VM
single grafts.

v’ Neither the presence of VM, nor the addition of blueberries
improved survival of LC in oculo grafts.

To conclude, this thesis has revealed the importance of astrocytic guidance
for nerve fiber formation in VM organotypic cultures, and the promoting role
LC and the addition of blueberries exert on intraocular VM grafts. These
findings are important since nerve fiber formation and/or survival of grafted
neurons are crucial parameters to study to achieve improved grafting
outcome in Parkinson's disease.
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