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ABSTRACT

A STUDY OF THE EFFECTS OF EPIDERMAL GROWTH FACTOR (EGF) AND
BASIC FIBROBLAST GROWTH FACTOR (bFGF) ON MESENCEPHALIC
DOPAMINERGIC NEURONS IN CULTURE: GLIA-MEDIATED PROTECTION
AGAINST NEUROTOXINS AND STIMULATION OF REGROWTH

by
Tina H. Park

Adpvisor: Dr. Catherine Mytilineou

Many peptide trophic factors have been shown to be able to maintain the survival
and promote the recovery of injured central nervous system neurons. We investigated the
effects of two trophic factors, epidermal growth factor (EGF) and basic fibroblast growth
factor (bFGF), on rat embryonic mesencephalic cultures in order to test whether or not
they could (a) modity the damage caused by the specific dopaminergic neurontoxins 1-
methyl-4-phenylpyridinium (MPP™*) and 6-hydroxydopamine (6-OHDA), or (b) affect
the ability of the dopaminergic neurons to recover following toxin-induced damage.

Our results demonstrate that both EGF and bFGF protect dopaminergic neurons
against the neurotoxic effects of MPP* and 6-OHDA, and also promote regenerative
processes of injured dopaminergic neurons. We provide evidence that these effects are
mediated by astrocytic glial cells. Therefore, our studies suggest that astrocytic glial cells

synthesize and secrete factors which enhance the biochemical and morphological



development of dopaminergic neurons in vitro and increase the resistance of these cells

to specific neurotoxins.
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I. INTRODUCTION

Many peptide growth factors have been shown to be able to maintain the survival
and promote the recovery of injured central nervous system (CNS) neurons. Since
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) have been
demonstrated to enhance the survival and differentiation of dopaminergic neurons in
mesencephalic cell cultures (Ferrari et al., 1989; Casper et al., 1991; Engele and Bohn,
1991), we investigated in this thesis the possible neuroprotective effects of EGF and
bFGF against the neurotoxicity of 1-methyl-4-phenylpyridinium (MPP*) and 6-
hydroxydopamine (6-OHDA) on cultured dopaminergic neurons. More specifically, we
examined whether treatment of rat embryonic mesencephalic cuitures with these growth
factors could (a) modify the damage caused by the specific dopaminergic neurotoxins
MPP+ and 6-OHDA, or (b) affect the ability of the dopaminergic neurons to recover
following toxin-induced damage.

EGF and bFGF were found to stimulate the proliferation of astrocytes in our
cultures, and thus we hypothesized that astrocytes mediate the neurotrophic effects of
these growth factors on dopaminergic neurons. Therefore, we examined whether
astrocytic glial cells alone, derived from the mesencephalon and from the striatum,
could mimic the effects produced by EGF and bFGF on mesencephalic cultures.  These
two anatomical regions, containing the dopaminergic neuronal somata and axon
terminals, were selected to determine the presence of region-specific neuron-glia
interactions. Mesencephalic and striatal glial monolayers in neuron-glia cocultures, and
conditioned media obtained from these glia were tested for their effects against the

neurotoxicity produced by MPP™ and 6-OHDA on dopaminergic neurons.



Our results demonstrate the essential role of glial cells in mediating the trophic
effects on dopaminergic neurons and protective effects against neurotoxins produced by
EGF and bFGF. It is proposed in this thesis that astrocytic glial cells synthesize and
secrete factors which enhance the biochemical and morphological development of
dopaminergic neurons in vitro and increase the resistance of these cells to specific

neurotoxins.

A. Parkinson's Disease

Parkinson's Disease is a neurodegenerative disorder which increases in incidence
with age (see review by Marsden, 1990). Degeneration of the pigmented dopaminergic
neurons in the substantia nigra pars compacté, resulting in striatal dopamine (DA)
deficiency, and the presence of eosinophilic Lewy body inclusions in the cytoplasm of
surviving neurons are pathological hallmarks of Parkinson's disease. A reduction in the
striatal DA content by 80% or greater leads to manifestation of the clinical symptoms.
The major parkinsonian symptoms include akinesia, rigidity and tremor. Although the
cause of idiopathic Parkinson's disease is unknown, it is hypothesized that either heredity
or environmental neurotoxins may have important roles in the etiology of the disease
(Agid, 1991).

Degeneration of dopaminergic neurons appears to continue during the process of
the disease (McGeer et al., 1988), which is probably the reason for the progressive
deterioration of motor functions in parkinsonian patients. The possibility to prevent or
delay the progression of Parkinson's disease has recently been the subject of intensive
experimental and clinical research (Cohen et al., 1984; Langston et al., 1984; The

Parkinson Study Group, 1989; Tetrud and Langston, 1989). Therapeutic approaches



which have been tested include neurotransmitter replacement with levodopa--a precursor

of DA biosynthesis, antioxidative interventions and neural implantation.

B. Dopaminergic Neurotoxins

1. MPTP and MPP*

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was discovered as a
contaminant in illicit preparations of the meperidine-like narcotic which caused clinical
effects very closely resembling Parkinson's disease (Davis et al., 1979; Langston et al.,
1983). MPTP has since been widely used to produce experimental models of Parkinson's
disease in various animals, including monkeys (Burns et al., 1983), dogs (Johannessen et
al., 1989), cats (Schneider et al., 1986) and mice (Heikkila et al., 1984). Although
neurotoxic effects have been demonstrated in these animals, species differences in
sensitivity to MPTP was found. For example, while primates are very sensitive to the
toxic effects of MPTP, mice require high doses (Heikkila et al., 1984) and rats appear to
be resistant (Chiueh et al., 1984). It is suggested that differences in MPTP metabolism
and metabolite clearance rates may be responsible for species differences in sensitivity
to this toxin (Johannessen et al., 1985). MPTP neurotoxicity is also found to be age-
dependent, so that older animals are much more susceptible to its toxic effects than
younger ones (Gupta et al., 1986; Langston et al., 1987). This is possibly due to
increased activity of the MPTP metabolizing enzyme, monoamine oxidase-B (MAO-B),
with age (Strolin-Benedetti and Dostert, 1989).

Metabolism of MPTP is essential for its neurotoxic activity.  MPTP is
metabolized via a two-step oxidation to the intermediate, 1-methyl-4-phenyl-2,3,-

dihydropyridinium (MPDP™), and subsequently to 1-methyl-4-phenylpyridinium (MPP*;



Chiba et al., 1984). The initial conversion to MPDP™ is mediated by the enzyme MAO-B
and further oxidation to MPP* occurs spontaneously. /n vivo evidence that MPPT is the
toxic compound comes from studies where intracerebrally administered MPP* caused
depletion of DA and also parkinsonian behavioral deficits (Heikkila et al., 1985;
Bradbury et al., 1986). The effects of both MPTP and MPP™ in vitro have been studied
in our laboratory on explant and dissociated cell cultures of rat embryonic
mesencephalon, and it was found that they caused reduction of DA uptake levels and
destruction of dopaminergic neurons (Mytilineou and Cohen, 1984; Mytilineou et al.,
1985; Mytilineou and Friedman, 1988). Similar findings on selective neurotoxicity of
MPP+ for dopaminergic neurons in culture have been reported by others (Sanchez-Ramos
et al., 1986, 1988; Michel et al., 1990).

MPTP is a specific neurotoxin for dopaminergic neurons because its metabolite,
MPP™*, is selectively accumulated within these neurons via the high éffinity DA
reuptake system (Chiba et al., 1985; Javitch et al., 1985; Schinelli et al., 1988). In fact,
kinetic properties of the uptake of MPP* and DA by rat striatal synaptosomes, as well as
inhibition by DA reuptake system blockers , were found to be very similar (Javitch et al.,
1985). MPTP conversion to MPP™ takes place extraneuronally since MAO-B is most
prevalent within astroglial cells (Westlund et al., 1985). It has been reported that
astrocytes can convert MPTP to MPP™* in vitro (Ransom et al., 1987). Inhibitors of
MAO-B such as deprenyl and pargyline are able to block the neurotoxicity of MPTP in
vivo (Cohen et al., 1984; Heikkila et al., 1984; Langston et al., 1984).

There are two major hypotheses for the mechanism of MPTP neurotoxicity (see
reviews by Sayre, 1989; Gerlach et al., 1991). The first hypothesis proposes that as a
result of MPP¥ redox cycling, intraneuronal generation of cytotoxic free radical species
such as superoxide and hydrogen peroxide may cause oxidative stress, thus leading to

cellular damage. In support of this hypothesis, Hasegawa et al. (1990) found MPP*-



induced formation of superoxide radicals in heart submitochondrial particles. Although
there is evidence that MPTP and MPP* can induce oxidative stress (Johannessen et al.,
1986; Cleeter et al., 1992), it is not the mechanism of action that is currently accepted.
According to the second hypothesis, MPP* is actively accumulated within the
mitochondria (Ramsay and Singer, 1986), where it is believed to cause cell destruction
by inhibiting NADH-linked mitochondrial respiration at the level of Complex I (Nicklas
et al., 1985; Krueger et al., 1990). A significant reduction of Complex I activity has
been found in the substantia nigra of patients with idiopathic Parkinson's disease (Parker
et al., 1989; Schapira et al., 1990), thereby justifying the use of MPTP and MPP* to

produce experimental models of Parkinson's disease in animals and in vitro.

2.6-OHDA

6-Hydroxydopamine (6-OHDA) is a well known neurotoxin specific for
catecholaminergic neurons (see review by Kostrzewa and Jacobowitz, 1974). As a
structural analogue of catecholamines, 6-OHDA is selectively taken up and accumulated
within catecholaminergic neurons by the high-affinity transport system. The degenerative
effect of 6-OHDA in the CNS was first described by Ungerstedt (1968). It was found that
6-OHDA caused degeneration of dopaminergic cell bodies and terminal processes
(Breese and Traylor, 1970; Uretsky and Iversen, 1970).

6-OHDA is unstable at physiological pH and it rapidly autooxidizes to form
cytotoxic free radical species such as quinones, hydrogen peroxide, superoxide and
hydroxyl radicals (Heikkila and Cohen, 1972; Sachs and Jonsson, 1975). These reactive
oxidation products may cause damage to neuronal structures as a result of oxidation of
sulfthydryl groups of enzymes and membrane lipid peroxidation. Loss of neuronal
function, such as neurotransmitter uptake mechanisms, follows and eventually leads to

cell death. Cellular defenses against these reactive oxygen species include various



antioxidant enzymatic systems such as superoxide dismutase, glutathione peroxidase,
glutathione reductase and catalase.

6-OHDA has been reported to produce degeneration of dopaminergic neurons in
experimental animals (Jonsson, 1976) and in mesencephalic cell cultures (Mytilineou and
Danias, 1989). Although it is highly selective for catecholaminergic neurons, the effects
of 6-OHDA are dose-dependent, so that at higher concentrations it can cause unspecific

damage to both noncatecholaminergic neurons and glial cells.

C. Neurotrophic Factors

Neuronal survival and differentiation during development, and the maintenance of
its function in the adult nervous system is regulated by peptides called neurotrophic
factors. Molecules directed to the regulation of neuronal growth and survival have been
distinguished from those directed specifically to the regulation of growth or regrowth of
neuronal processes. All of these agents, together, will be referred to as neurotrophic
factors. They appear to be involved in the repair of damaged neuronal systems and lack
of these factors has been implicated as one of the possible causes in several

neurodegenerative diseases (Appel, 1981).

1. Relevance to Injury and Regeneration

Neurotrophic activity is reported to increase following injury to the brain. It has
been shown in vivo that injury to the central nervous tissue induces a time-dependent
accumulation of substances at the lesion site, which are neurotrophic in test cultures for a

variety of neuronal types (Lundborg et al., 1982; Nieto-Sampedro et al., 1982, 1983;



Manthorpe et al., 1983). Such a response to injury by the central nervous tissue may be
interpreted as an attempt at regeneration.

Neurotrophic factors are believed to be involved in neuronal regeneration, and
thus the goal of many current investigations is to search for factors which are capable of
promoting neuronal survival and stimulating the neurite growth response following
injury. Since regeneration of neurons in the adult CNS requires some type of trophic
support, it is plausible that application of exogenous supply of trophic factors could
maintain survival and enhance regrowth of damaged neurons. There have been several
recent reports of neurotrophic activity on central degenerating neurons. Nerve growth
factor (NGF) was found to promote the survival of septal cholinergic neurons in vivo
following axonal injury caused by fimbrial transections (Hefti, 1986; Williams et al.,
1986). Basic fibroblast growth factor (bFGF) was also found to prevent the death of
lesioned septal cholinergic neurons in vivo (Anderson et al., 1988) and to cause
morphological and biochemical recovery in MPTP-lesioned nigrostriatal system of mice
(Otto and Unsicker, 1990). Recently, Hyman et al. (1991) and Beck et al. (1992) reported
that brain-derived neurotrophic factor (BDNF) promotes the survival of mesencephalic
dopaminergic neurons and reduces the toxicity of MPP* in vitro. In addition, BDNF was
also found to be protective against 6-OHDA-induced dopaminergic cell death in culture
(Spina et al., 1992). Identification of a neurotrophic factor specific for dopaminergic
neurons is clearly one of the most important goals, since it is the degeneration of these

neurons which is characteristic for Parkinson's disease.

2. Astroglial-Derived Factors
Purified cultures of astroglial cells produce and release neurotrophic factors into
their culture medium. These soluble factors have been tested in experiments with various

CNS neurons and were found to display neuronotrophic and/or neurite-promoting



activities (Banker, 1980; Manthorpe et al., 1982; Muller and Seifert, 1982; Barbin et al.,
1984; Patel and Hunt, 1989; Giulian et al., 1993). Although the nature of these factors in
glial conditioned medium (CM) is unknown, several investigators reported that cultured
astrocytes synthesize NGF (Lindsay, 1979; Manthorpe et al., 1986; Houlgatte et al., 1989;
Ono et al., 1991; Yoshida and Gage, 1991), while others (Hatten et al., 1988; Gray and
Patel, 1992) found bFGF in their astroglial CM. Mattson and Rychlik (1990) also
reported that FGF is synthesized by glial cells and that it can protect neurons against
excitatory amino acid-induced cell death.

Implantation of neural tissue into the damaged CNS has been investigated as a
way to promote functional recovery. Survival of both the grafted tissue and injured host
neurons is suggested to be promoted by glial-derived neurotrophic factors. Bohn et al.
(1987) grafted adrenal medullary tissue into MPTP-lesioned mouse brain and obtained
recovery of dopaminergic neurons in the host. They hypothesized that one of the
mechanisms for this recovery may be the synthesis of neurotrophic factors by glia, as a
result of graft-stimulated gliosis. Reactive glial cells surrounding a wound site are also
implicated as the source of injury-induced neurotrophic activity found in the brain (Nieto-
Sampedro et al., 1983; Finkelstein et al., 1988). These findings offer new insight into the
role of glia in CNS regeneration, where it has been generally believed that the formation
of glial scar acts as a physical barrier to interfere with regenerative processes (Liuzzi and

Lasek, 1987).

3. EGF

EGF is a polypeptide of 53 amino acids, first isolated from adult male mouse
submaxillary gland (Cohen, 1962). It is a potent mitogen and a differentiation factor for a
variety of cells both in vivo and in vitro (see review by Carpenter, 1979). EGF

immunoreactivity (Fallon et al., 1984; Lakshmanan et al., 1986) and precursor mRNA



(Rall et al., 1985) were detected in the rodent brain, suggesting that EGF is synthesized in
the brain. Although the concentration of EGF as measured by enzyme immunoassay in
brain homogenates was shown to be extremely low (Probstmeier and Schachner, 1986), a
recent study has provided evidence of EGF synthesis in both the developing and adult
brain by the detection of EGF mRNA expression in the mouse (Lazar and Blum, 1992).

One of the earliest signals of EGF action is the activation of protein tyrosine
kinase integrated in the receptor molecule (Pandiella et al., 1989). The existence of
specific EGF receptor (EGFR) has been demonstrated in the mouse brain (Adamson and
Meek, 1984). More recent reports have also demonstrated the presence of EGFR in the
brain of rats (Hiramatsu et al., 1988) and found them to be associated with both glia
(Wang et al., 1989) and neurons (Gomez-Pinilla et al., 1988). EGFR was also detected
by immunocytochemistry in the human nervous system (Werner et al., 1988).

Evidence has accumulated to support the role of EGF as a neurotrophic agent in
the CNS. It has been shown that EGF binds to and stimulates DNA synthesis and cell
division in astrocytic glial cells (Leutz and Schachner, 1981; Simpson et al., 1982).
Furthermore, EGF enhanced the survival and process outgrowth of cortical neurons and
cerebellar neurons in culture (Morrison et al., 1987, 1988). Similar effects of EGF was
found in mesencephalic cultures by our group, specifically for dopaminergic neurons
(Casper et al., 1991). We also found that EGF increased the survival and proliferation of
mesencephalic neuronal precursors in culture (Mytilineou et al., 1992). In experimental
models of brain injury, EGF was shown to modify anoxic neuronal injury in cortical
cultures (Kinoshita et al., 1990). In addition to its neurotrophic effects demonstrated in
vitro , EGF was found to exert in vivo trophic effects on MPTP-lesioned mice to enhance

injured dopaminergic parameters in the striatum (Hadjiconstantinou et al., 1991).
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4. bFGF

bFGF is a 146 amino acid polypeptide, belonging to the family of heparin-binding
growth factors (see reviews by Westermann et al., 1990; Wagner, 1991). Members of
this family exhibit structural homology and bind to heparin with high affinity. bFGF was
first isolated from bovine pituitary gland and brain (Gospodarowicz et al., 1984), and has
been shown to demonstrate mitogenic and differentiation activity on a wide variety of cell
types (see review by Gospodarowicz et al., 1987). Numerous reports are available on
bFGF-mediated mitogenic responses in astrocytes (Pettmann et al., 1985) and
oligodendrocytes (Eccleston and Silberberg, 1985), and neurotrophic effects on neurons
from various brain areas (Walicke, 1988; Matsuda et al., 1990). bFGF can also stimulate
the proliferation of neuroblasts and neuroepithelial cells in vitro (Gensburger et al., 1987,
Murphy et al., 1990).

bFGF is found in relatively high concentrations in embryonic and adult
mammalian CNS (Gospodarowicz et al., 1987; Caday et al., 1990). bFGF has been
purified from adult human brain homogenate (Bohlen et al., 1985) and it was shown that
cultured human fetal brain neurons contain and synthesize bFGF (Torelli et al., 1990).
bFGF mRNA appears to be widespread and abundant in the rat brain (Ernfors et al.,
1990). Immunohistochemical studies have yielded conflicting results concerning the
cellular distribution of bFGF. Several investigators found bFGF localization primarily in
neurons (Pettmann et al., 1986; Janet et al.,, 1988), while others found bFGF
immunoreactivity primarily in astrocytes (Gomez-Pinilla et al., 1992; Woodward et al.,
1992) and demonstrated that cultured astroglia can synthesize bFGF (Ferrara et al., 1988;
Hatten et al., 1988). It is possible that bFGF is expressed at different times during CNS
development in these two cell types. Evidence shows that bFGF is released from both

astroglial and neuronal cells in vitro (Araujo and Cotman, 1992); however, it is not yet
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known by what mechanism bFGF, which lacks a signal peptide sequence (Esch et al.,
1985; Abraham et al., 1986), is released from these cells.

Like EGF, bFGF initiates its action by interacting with a cell surface receptor. In
agreement with findings of bFGF activity on both neurons and glia, high affinity receptor
sites were located on both cell types (Araujo and Cotman, 1992). Specific receptors for
bFGF were demonstrated on neurons in vitro (Walicke, 1988) and in vivo (Ferguson et
al., 1990). In situ hybridization revealed a broad distribution of bFGF receptor mRNA
in the adult CNS, primarily localized in neurons (Wanaka et al., 1990).

Evidence has been accumulating which suggests that bFGF functions as a
neurotrophic agent in the CNS. bFGF promotes neuronal survival in hypothalamic
cultures (Torres-Aleman et al., 1990), cerebellar granule.cclls (Hatten et al., 1988),
septal neurons (Grothe et al., 1989), and also chick spinal cord neurons (Unsicker et al.,
1987). In embryonic cultures of cortex, hippocampus, and mesencephalon, bFGF
promotes survival of neurons and stimulates neurite outgrowth (Morrison et al., 1986;
Walicke et al., 1986; Rousselet et al., 1988; Ferrari et al., 1989). Effect of bFGF on
neuronal survival has also been demonstrated in experimental lesion paradigms. For
example, septal cholinergic neurons can be rescued by bFGF following fimbria-fornix
lesion in the adult rat (Anderson et al., 1988). An increased productibn of bFGF was
found in response to brain injury (Finkelstein et al., 1988; Frautschy et al., 1991). Also,
bFGF was shown to be effective against glutamate excitotoxicity in cultured hippocampal
neurons (Mattson et al., 1989) and striatal neurons (Freese et al., 1992). All these
observations suggest that bFGF may play an important role in the development and
maintenance of the CNS. In addition, as has been demonstrated in the nigrostriatal
system of MPTP-treated mice (Otto and Unsicker, 1990), bFGF may stimulate regrowth

of neuronal fibers and aid in the recovery of injured neuronal systems.
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IL. EXPERIMENTAL PROCEDURES

A. Preparation and Maintenance of Dissociated Cell Cultures

1. Neuronal Cultures

Neuronal cultures were established from rat embryonic tissues on either the 14th
or the 16th day of gestation. Timed female pregnant Sprague-Dawley rats were
purchased from Zivic-Miller Laboratories (Allison Park, PA). Animals were sacrificed
with CO7 vapor and cesaerian section was performed to quickly remove the uterus
containing the embryos, which was then placed in a petri dish containing minimal
essential medium (MEM; Gibco). Under sterile conditions, embryos were taken out of
the uterus one by one and placed in Earle's balanced salt solution (BSS; Gibco) with
gentamycin. After a 10 min waiting period, the embryos were rinsed with BSS and the
mesencephalon was disssected out using the dissection microscope.  Tissues were
dissected out without their membrane coverings and collected in Ca*™* and Mg*™ free
phosphate buffered saline (PBS; Gibco) at 4°C. Tissue fragments were minced into small
pieces and then mechanically dissociated in chemically defined medium by mild
trituration with a small bore Pasteur pipette. The number of viable cells was determined
by exclusion of trypan blue dye (1:1 dilution with 4% solution) and counted with a
hemocytometer. 0.5 ml of cell suspension into each polyornithine-coated (0.1 mg/ml,
Sigma) 35 mm Falcon plastic dish was plated at a density of 5 X 105 cells/dish.  Final
volume in each dish was always kept at 1.5 ml. Cultures were maintained at 37°C in an

atmosphere of 10% CO7/90% air and 100% relative humidity, and were fed twice weekly

with chemically defined medium (Bottenstein and Sato. 1979; DiPorzio et al., 1980),

consisting of MEM/F12 (1:1, Gibco), glucose (33 mM), HEPES (15 mM), NaHCO3
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(44.6 mM), transferrin (100 pg/ml), insulin (25 pg/ml), putrescine (60 nM), sodium
selenite (30 nM), progesterone (20 nM), and glutamine (2 mM).

2. Glial Cultures

Glial cultures were prepared from tissues of newborn rats aged 3 to 5 days.
Animals were sacrificed with CO2 vapor and placed in 70% ethanol for a few seconds.
Under sterile conditions, brains were removed intact and incubated in MEM containing
gentamycin. After rinsing with BSS, the whole mesencephalon or striatum was dissected
out without their membrane coverings and collected in Ca** and Mg+ free PBS on ice.
Tissue fragments were chopped gently into small pieces with #11 blades and then placed
in the above buffer containing 0.25% trypsin plus 1% DNAse I (10 pg/ml) for a 15 min
incubation in a shaking water bath at 379C. An equal volume of horse serum (Gibco)
was added to inactivate the trypsin and the solution containing the tissue fragments was
centrifuged for 10 min at 1000 rpm. The supernatant was discarded and the tissues were
rinsed with BSS before dissociation. Tissues were mechanically triturated and the cell
suspension was prepared in the medium consisting of MEM, heat-inactivated fetal calf
serum (10%; Gibco), glucose (0.4%), plus glutamine (2 mM) and plated into noncoated
25 cm? culture fasks (Falcon) at a density of 1 X 106 cells/ml. Final volume was
maintained at 5 ml. To remove the debris in the cultures, feeding medium was replaced
24 h after initial plating, and twice weekly thereafter. Cultures were maintained at 37°C
in an atmosphere of 10% CO»/90% air and 100% relative humidity. Once the cultures
had grown to confluency, usually by 7 days in vitro , these cultures were used to collect

mesencephalic and striatal CM.
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3. Neuronal-Glial Cocultures
To prepare glial cell monolayer for use as substrate for neuronal cells, confluent

glial cultures grown in 25 cm? tissue culture flasks were treated for 10 min with a buffer
solution containing 0.04% trypsin, or until the cells were observed to separate. Cells
collected from several flasks in this way were pooled together and 10% horse serum was
added to inactivate the trypsin. The cells were then centrifuged for 10 min at 1000 rpm
and the supernatant was discarded. After rinsing with BSS, the cells were gently
triturated in an appropriate volume of the growth medium (not containing serum) to yield
a density of 1 X 106 cells/dish. The dissociated cells were plated directly into 35 mm
Falcon plastic dishes that were not coated. After the cultures reached confluency,
mesencephalic cells from E14 embryonic brains were plated on these preformed glial cell
monolayers. These neuronal-glial cocultures were maintained with the same chemically
defined medium described above for neuronal cultures, and at 37°C in an atmosphere of

10% CO,/90% air and 100% relative humidity. The feeding medium was replaced twice

a week.

B. Experimental Treatment of Cultures

1. Growth Factors

In most experiments, cultures were refed 3 h after plating (day 0) with fresh
medium in control cultures and with medium containing 10 ng/ml EGF (Collaborative
Research) or 10 ng/ml bFGF (recombinant human bFGF; gift from Synergen) in growth
factor-treated cultures. Fresh growth factors were replenished at each subsequent feeding
and were present throughout the experiment. In some experiments, the growth factors

were introduced to control cultures 10 days following initial plating.
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2. Inhibitor of Cell Proliferation

The mitotic inhibitor 5-fluoro-2'-deoxyuridine (FUDR) and uridine (Sigma) at 8
UM and 20 puM, respectively, were added to the cultures in the feeding medium 3 h after
plating in bFGF-treated cultures and 24 h after plating in control and EGF-treated
cultures. In the control and EGF-treated cultures, addition of FUDR within the first 24 h
after plating resulted in a large amount of cell loss. FUDR was added again at each

refeeding and was present throughout the experiment.

3. Glial Conditioned Medium

Mesencephalic CM and striatal CM were obtained from their respective glial cell
cultures grown as described above in 25 cm? tissue culture flasks. Once the glial cultures
had reached confluency, the serum-containing glial growth medium was washed out with
BSS and replaced with chemically defined medium. After a 24 h conditioning, the
medium containing the glial secreted products was collected and centrifuged for 10 min
at 1000 rpm to get rid of debris. The CM was then sterilized with a 0.22 pm filter

(Millipore) and stored at -76°C until use.

4. Neurotoxins

Cultures were exposed to freshly prepared 10 UM MPP* (Research Biochemicals)
in the feeding medium at 4 days in vitro (DIV) for 24 h or at 10 DIV for 48 h in the
experiments with growth factors and with 100 uM at 6 DIV for 60 min in the experiments
with glial cells or with glial CM. At the end of the exposure period, cultures were washed
3 times with BSS. Damage to dopaminergic neurons was determined by tyrosine
hydroxylase (TH) immunocytochemistry and by measuring the [3HIDA uptake 24 h after
incubation in toxin-free feeding medium. Flow charts illustrating the various

experimental conditions are as follows:
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(1) Dayo0  --—--- >> Day4 ----- >> Day$5 ---- >> Day6
Control, MPP* Wash Analyze
EGF, bFGF (10 uM) 24 h later

2)Day0  ----- >> Day10 ----- >> Dayl12 ---- >> Day 13
Control, Mppt Wash Analyze
EGF, bFGF (10 uM) 48 h later

3)Day0 - >> Day6 ---- >> Day6 ----- >> Day?7
Control, MPP+ Wash Analyze
Glia, Glial CM (100 uM) 60 min later

Cultures were exposed to 100 uM 6-OHDA for 45 min (50 uM in the experiments
with glial CM) at 6 DIV and analyzed 24 h later for neurotoxic damage to the
dopaminergic neurons. Since 6-OHDA is known to undergo rapid autooxidation, it was
prepared in the solution containing an antioxidant, ascorbic acid (10 uM final

concentration in the cultures), immediately prior to use and kept on ice.

C. Analytical Procedures

1. High Affinity DA Uptake

Cultures were thoroughly washed with buffer and incubated with [3H]DA (0.5
Ci/ml; 37 Ci/mmol; New England Nuclear) for 10 min in the presence of ascorbic acid
(0.2 mg/ml) in PBS (pH 7.3), supplemented with 0.9 mM CaCly and 0.5 mM MgCl> at
370C. After two rinses and a 5 min incubation with fresh buffer, [3H]DA accumulated
within the cells was released by incubating the cultures with 95% ethanol for 30 min at
370C, then added to 10 ml Liquiscint (National Diagnostics) and counted in a scintillation
spectrometer. Nonspecific uptake values were obtained by blocking neuronal uptake with

10 uM mazindol (Sandoz Pharmaceuticals).

2. Immunocytochemistry
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Cultures were fixed in 10% formalin/0.03% glutaraldehyde in 0.1 M sodium
acetate buffer (pH 6.5) for 10 min, followed by 4% paraformaldehyde/0.03%
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 8.5) for 1 h at room temperature
(from O'Malley et al., 1991) and stained with TH antibodies (1:1000; Eugene Tech); or
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min and stained
with antibodies against glial fibrillary acidic protein (GFAP; 1:1000; Accurate Chemical)
or neuron specific enolase (NSE; 1:1000; Polysciences), using the Vectastain ABC kit
(Vector Labs) with 3', 3'-diaminobenzidine as a chromogen. Cultures were permeabilized
with 0.2% Triton X-100 for 30 min and incubated with the primary antibodies for 24 h at
40C.,

3. Cell Counts and Morphometry

The number of dopaminergic neurons in cultures was determined by counting the
cells positively immunostained with TH antibodies. 200 fields (0.5 mm X 0.5 mm) in four
transverse strips across the diameter of the dish, representing 5% of the total area, were
counted using a Nikon inverted microscope at 200X magnification. The number of
astrocytes was determined in the same way by counting GFAP-immunoreactive cells in
50 fields across one transverse strip. The length of the longest neurite of a TH
immunopositive (TH+) neuron was estimated at 400X magnification by counting the
number of its intersections with a reticule grid (0.25 mm X 0.25 mm, subdivided into 100
squares). A total of 60 cells (3 dishes, 20 cells in each) which were completely within the
size of the field while moving the field from one end of the dish to the other were selected

for measurements in each treatment group.

4. HPLC
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High performance liquid chromatography (HPLC) with electrochemical detection
(Bioanalytic Systems, West Lafayette, Ind.) was utilized to determine the concentration
of MPP* and 6-OHDA in the extracellular medium of control cultures and mixed neuron-
glia cultures. For the analysis of 6-OHDA content, samples were injected over a C-18
reverse phase column (5 um beads, 25 cm length). The mobile phase consisted of 0.15
M monochloroacetic acid (pH 3.0), 0.7 mM EDTA, 2.0 mM sodium octylsulfate, and
6.0% acetonitrile. The flow rate was 1.0 ml/min. 6-OHDA concentration was calculated
from the comparison of the peak heights and retention times of samples and standard
solutions. The analysis of MPP* concentration in the medium was performed by the

laboratory of Dr. Castagnoli, Jr., as described in their publication (Chiba et al., 1984).

5. Protein Assay
500 wl of 0.2 N NaOH was added to each culture dish to solubilize the protein
and samples were collected by scraping off all cells. Protein determination was made by

the method of Lowry et al. (1951), with bovine serum albumin used for standards.

D. Statistical Analysis

Data are expressed as the means t standard error of the mean (SEM). All
experiments were repeated 2 to 5 times. Significance between two groups was tested by
independent t-test and by one-way analysis of variance (ANOVA) for multiple
comparisons, followed by Tukey's HSD post hoc test. The computer program SYSTAT

(SYSTAT Inc., Evanston, IL) was used for all statistical analyses.
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III. RESULTS

A. Development of Dopaminergic Neurons in Primary Mesencephalic Culture

In order to characterize the development of dopaminergic neurons in dissociated
fetal rat mesencephalic cultures, the high-affinity [3HIDA uptake levels were measured
and immunocytochemistry was performed with antibodies against TH, the rate-limiting
enzyme in DA biosynthesis. TH immunocytochemistry is widely used as a specific
marker for dopaminergic neurons, and the DA uptake activity which is sensitive to
inhibition by mazindol is used as an index of normal function in these cells.

The development of dopaminergic neurons was followed for 18 days in vitro . As
shown in Fig. 1, the DA uptake levels increased steadily with time. It should be noted
that during the third week, the growth varied between experiments so that DA uptake
could remain constant, increase slightly or be somewhat reduced. TH
immunocytochemistry revealed that the morphological development of dopaminergic
neurons parallel the gradual increase in DA uptake (Fig. 2). At Day 5, the TH+ cells are
small and have very short processes. At Day 14, the cell body size has increased while
processes, where most of the high affinity DA uptake sites are located, are much longer.
By Day 18 the processes have outgrown the size of the field and the cell morphology is
much more complex.

Cell counts of TH+ neurons indicated that there was a gradual decline in cell
survival over time, which resulted in a 67% reduction during the two weeks between Day
4 and Day 18 (Fig. 3). However, notice that the DA uptake progressively increased

during this period while cell loss is occurring, indicating that surviving dopaminergic
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Figure 1. The in vitro development of [3HIDA uptake. E16 embyonic mesencephalic
cultures were plated in polyornithine-coated 35 mm dishes at a density of 5 X 103
cells/dish, and maintained in a serum-free, chemically defined medium for 18 days. The
DA uptake levels increased steadily with time. Each point represents the mean of 5
samples = SEM.



21

Figure 2. The developmental growth of dopaminergic neurons over time in vitro
visualized with TH immunocytochemistry. Immunocytochemistry performed at 5 DIV
(A), 14 DIV (B) and 18 DIV (C) reveals the extensive outgrowth and maturation of

dopaminergic neurons with time.
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Figure 3. The in vitro survival of dopaminergic neurons. The number of TH
immunopositive neurons was counted at different days of development in vitro during the
18 day growth period. A gradual decline in cell survival occurred with time. All values
are the mean of 4 samples + SEM.
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neurons mature further and that neurite outgrowth continues with time, as supported by

morphological observations.

B. Effects of Growth Factors on Mesencephalic Culture

1. Survival and Neurite Outgrowth of Dopaminergic Neurons

We tested whether the development of dopaminergic neurons in mesencephalic
cultures is sensitive to the effects of growth factors by treating with either EGF (10
ng/ml) or bFGF (10 ng/ml) beginning at the day of plating (0 DIV) and throughout the
duration of the experiments. These concentrations of the growth factors have been shown
to induce a maximal trophic response in primary neuronal cultures (Morrison et al., 1987
Ferrari et al., 1989; Knusel et al., 1990; Engele and Bohn, 1991). In vitro development
of dopaminergic neurons was monitored by measuring the high affinity [3HIDA uptake
levels and by immunostaining for TH. In EGF- and bFGF-treated cultures (hereafter
referred to as EGF cultures and bFGF cultures, respectively), the DA uptake was
approximately 2- to 3-fold higher than control levels after one week, but during the
second and third weeks it increased at a much faster rate to reach levels between 10- and
15-fold higher than controls (Fig. 4). These results are in agreement with previous
reports where an increase in DA uptake was observed after treatment of mesencephalic
cultures with EGF (Casper et al., 1991) and bFGF (Ferrari et al., 1989; Engele and Bohn,
1991).

Dopaminergic neurons visualized with TH immunocytochemistry had longer and
more elaborate processes in EGF and bFGF cultures than those in controls (Fig. 5). The
time course of this enhanced outgrowth of neurites paralleled the increase in DA uptake

over time, so that differences in the length and arborization of dopaminergic neuronal
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Figure 4. Effects of EGF and bFGF on the in vitro development of [3H] DA uptake.
Mesencephalic cultures were maintained in a serum-free, chemically defined medium in
the absence or continuous presence of EGF (10 ng/ml; A) or bFGF (10 ng/ml; B) for 18
days. Both growth factors stimulated the DA uptake to yield significantly higher values
over controls at all time points (P < 0.05; Independent t-test). Each point represents the

mean of 5 samples + SEM.
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Figure 5. EGF and bFGF stimulation of dopaminergic neuritic outgrowth visualized with
TH immunocytochemistry. The development of dopaminergic neurons under different
treatment conditions was followed by immunostaining for TH at 5, 14 and 18 DIV. A, B,
C; No growth factors. D, E, F; EGF (10 ng/ml from 0 to 18 DIV). G, H, I; bFGF (10
ng/ml from O to 18 DIV). Extensive outgrowth of neurites is evident in EGF-treated (E,

F) and bFGF-treated (H, I) cultures compared to controls (B, C).
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processes became evident after one week of incubation with growth factors, while marked
differences were observed after two weeks (Fig. SE, F, H, D).

The addition of EGF and bFGF to the cultures also produced a significant increase
in the long-term survival of dopaminergic neurons. In contrast to the gradual decline in
cell survival in control cultures, in EGF and bFGF cultures the decrease in the number of
TH+ neurons occurred at a much slower rate and there was a reduction of only about 30-
40%, compared to 67% in controls, during the same two week period between Day 4 and
Day 18 (Fig. 6). The number of surviving TH+ cells in EGF and bFGF cultures was
significantly higher than in controls at both 14 and 18 DIV (P < 0.05).

The growth factor effects were not limited to dopaminergic neurons. The overall
neuronal survival was also increased, as visualized with neuron specific enolase
immunostaining (NSE; not shown). Also, EGF treatment in these cultures greatly
enhanced the neurite outgrowth of serotonergic neurons, as shown by
immunocytochemical staining with antibodies against 5-tryptophan hydroxylase which is

a regulatory enzyme in serotonin biosynthesis (Fig. 7).

2. Glial Cell Proliferation

Gliogenesis in vivo is reported to occur mostly during late gestation and
postnatally (Varon and Somjen, 1979). Therefore, our cultures which are derived from
embryonic tissues at gestational days 14 or 16 presumably contain a very small number of
glial cells initially. However, by about 4 days after incubation with EGF or bFGF, cell
proliferation in the cultures became evident from the increase in the total number of cells
observed by phase contrast microscopy (Fig. 8). Consistent with these observations,
protein content in growth factor-treated cultures was significantly higher than in controls,
sometimes by as much as 6- to 7-fold at 18 DIV (Table 1). Immunocytochemistry to

stain for glial cells showed that the number of GFAP+ astrocytes increased slightly in
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Figure 6. Long-term survival of dopaminergic neurons with EGF or bFGF treatment. The
number of TH immunopositive neurons was counted at different days of development in
vitro in cultures with or without EGF (10 ng/ml) or bFGF (10 ng/ml) treatment for 18
days. While the number of TH+ cells did not differ significantly between the three
treatment groups at 4 and 10 DIV, the TH+ cell number of control cultures declined at 14
and 18 DIV and was significantly lower than those of growth factor-treated cultures (* P
< 0.05; ANOVA followed by Tukey's HSD post hoc test ). All values are the mean of 4
samples = SEM.
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Figure 7. EGF stimulation of serotonergic neuritic outgrowth visualized with 5-HT
immunocytochemistry. Immunocytochemistry performed at 22 DIV reveals that
serotonergic neurons in cultures treated with EGF (10 ng/m! from 0 to 22 DIV; B) have

much more extensive outgrowth of neurites than those in control cultures (A).
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Figure 8. EGF and bFGF stimulation of cell proliferation visualized with phase contrast
microscopy. At 6 DIV, the cell density in cultures treated with EGF (10 ng/ml from 0
DIV; B) or bFGF (10 ng/ml from 0 DIV; C) is visibly higher than the density of cells in

control cultures (A).



33



34

Table 1. EGF and bFGF increase the protein content in mesencephalic cultures. EGF and
bFGF was added to the cultures at 0 DIV and was present throughout the experiment.
Protein content was significantly higher from the respective controls at all points in the
EGF-treated cultures and after 10, 14 and 18 DIV in the bFGF-treated cultures. P < 0.05;

Independent t-test. All values represent the means of 3-5 samples + SEM.

Treatment Protein (ug/ culture)

4 DIV 10 DIV 14 DIV 18 DIV
Control 129+15 278+19 218+ 8 241%19
EGF (10 ng/ml) 304+19 772435 776168 1012189
Control 76+ 9 49+ 3 4444 45+ 4

bFGF (10 ng/ml) 100+ 9 224*15 223+9 2676
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controls over time (Fig. 9A, B), whereas after growth factor treatments the density of
GFAP+ astrocytes became so high that the cultures were confluent by 10 DIV (Fig. 9D,
F). Because of the overlapping growth pattern of glial processes, it was not possible to
determine with accuracy the number of GFAP+ cells in the growth factor-treated cultures.
Glial cell proliferation continued in the presence of growth factors, even after confluency,
which made it difficult to maintain cultures beyond 18 DIV,

Since cultured astrocytes have been demonstrated to have a high affinity DA
uptake system (Pelton et al.,, 1981) and this parameter is used as a measure of
dopaminergic neuronal function in our studies, it was important to determine the
proportion of DA uptake contributed by astrocytes in growth factor-treated cultures. We
compared the level of DA uptake in pure neuronal cultures with that of pure astrocytic
cultures which contain predominantly GFAP+ cells, and found that [3H]DA uptake into
glial cells is approximately 12% of the level obtained in neuronal cultures. This amount
falls within the range of values typically observed as mazindol-insensitive nonspecific
uptake in our cultures. Thus, it appears that the increased levels of specific DA uptake

produced by treatment with growth factors do not include uptake into nonneuronal cells.

C. Development of Dopaminergic Neurons in Neuronal-Glial Coculture

Astrocytic cultures were derived from either the mesencephalon or the striatum of
newborn pups. Although oligodendrocytes and microglia could be detected by visual
inspection, very few neurons were found to be present when we immunostained for NSE
and cells positively stained with GFAP antibodies were the predominant cell type in the
glial cultures (not shown). We co-cultured mesencephalic cells on mesencephalic or

striatal glial monolayers to examine whether region-specific interactions between
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Figure 9. GFAP-immunoreactive astrocytes respond to EGF and bFGF. Mesencephalic
cultures were processed for GFAP immunocytochemistry at 4 and 12 DIV. A small
increase in the number of GFAP+ cells with time was observed in control cultures
maintained in chemically defined medium (A, B). The presence of EGF (10 ng/ml; C, D)
or bFGF (10 ng/ml; E, F) in the cultures stimulated astrocytic proliferation and increased

the density of GFAP+ cells.
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dopaminergic neurons and glial cells, as described in previous studies (Denis-Donini et
al., 1984; O'Malley et al., 1991), are present in our cultures. Cultures were grown for 7
days in vitro and the effects of the two types of glial monolayers on dopaminergic
parameters were analyzed at this time.

The results clearly demonstrate stimulation of growth of dopaminergic neurons
plated on glial substrate in cocultures compared to neuronal cultures plated on nonglial
substrate (polyornithine). The [3HIDA uptake in both mesencephalic and striatal glial-
neuronal cocultures was almost 2.5-fold higher than that of controls after one week (Fig.
10). As expected from this increased DA uptake activity, dopaminergic neurons
visualized with TH immunocytochemistry showed much more complex morphologies
when grown on glial monolayers compared to controls grown on nonglia (Fig. 11). It
can be seen that the TH immunoreactive neurons in the mixed neuron-glia cultures are
much more developed than the neurons grown in the absence of glial cells, in terms of
cell body size, neuritic arborization and length. The appearance of TH+ cells is similar
whether they are grown on mesencephalic or striatal glia. These cells display highly
branched and long, extended processes. After one week, cultures grown on glial
monolayer derived from the striatum had nearly twice the number of TH+ neurons than
cultures grown on nonglial substrate, indicating that the survival of dopaminergic neurons
is also increased by the presence of astrocytes (Table 2). Mesencephalic glia similarly
increased the dopaminergic cell survival.

Our results demonstrate that the biochemical and morphological development of
dopaminergié neurons were enhanced by both mesencephalic and striatal glia. However,
analyses of neuronal uptake activity and cell survival, together with morphological
observations indicate that there are no apparent differences between homotypical and

heterotypical glial cells in their support of dopaminergic neurons under normal condition.
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Figure 10. Effects of glial substrates on the [3HIDA uptake. El4 embryonic
mesencephalic cultures were plated on polyornithine or on preforined monolayer of
mesencephalic or striatal glia. DA uptake levels measured at 7 DIV demonstrate
significantly higher values in cultures plated on glial cells compared to controls plated on
nonglial substrate (* P < 0.001; Independent t-test). Values represent the mean of 4

samples * SEM.
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Figure 11. Glial stimulation of dopaminergic neuronal development visualized with TH
immunocytochemistry. Immunocytochemistry performed at 7 DIV reveals the enhanced
morpﬁological development of dopaminergic neurons in cultures plated on mesencephalic
glial substrate (B) and on striatal glial substrate (C). Cells with much more complex

morphologies compared to controls (A) are present in these cultures.
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Table 2. Effect of glial cell substrate on the dopaminergic cell survival. The number of
TH immunopositive neurons was counted at 7 DIV in cultures plated on polyornithine or
on striatal glial substrate. The survival of dopaminergic neurons was significantly
increased in the presence of glial cells (2 P < 0.05; Independent t-test). Values represent

the mean of 7 samples + SEM.

Substratum TH+ cells/ cm?2

Polyornithine 38670
Striatal Glia 672192 @
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D. Effects of Glial Conditioned Media on Mesencephalic Culture

1. Survival and Neurite Outgrowth of Dopaminergic Neurons

In order to determine whether the trophic effects of glia on dopaminergic neurons
require contact between neurons and glial cells, or whether the effects are mediated by
factors released by glia into the extracellular medium, conditioned medium obtained
from enriched astrocytic cultures were tested for their ability to mimic the glial effects
produced in neuronal-glial cocultures. Again, glial CM derived from either
mesencephalic or striatal astrocytes were used to identify possible region-specific
differences in the dopaminergic neuronal response.

Some effects of CM on neuritic outgrowth and cell survival appeared almost
immediately in the mesencephalic cultures. When cultures were observed only 3 h after
initial plating, most cells in control cultures with chemically defined medium had no
processes, whereas those with CM had already extended short neurites (not shown).
There was also a noticeable difference in the number of attached cells between the two
conditions so that cultures plated with CM seemed more dense than controls after 3 h in
vitro . The effects of CM on the survival of dopaminergic neurons after 7 days in culture
are shown in Table 3. Both mesencephalic and striatal CM promoted the survival of TH+
cells; however, mesencephalic CM produced a more potent effect compared to the striatal
CM (4.2-fold and 2.8-fold higher than controls, respectively), suggesting a possible
preference by mesencephalic dopaminergic neurons for factors derived from homotypical
glial cells.

Consistent with the results of dopaminergic neuronal survival, [3H]DA uptake

activity was also stimulated by both types of CM, but to a greater extent by
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Table 3. Effects of glial conditioned media on the dopaminergic cell survival. The
number of TH+ cells was determined at 7 DIV in the cultures maintained with chemically
defined medium, mesencephalic CM and striatal CM. Both types of glial CM
significantly enhanced the survival of dopaminergic neurons compared to controls (2 P <
0.001; b P < 0.005); but this effect was even greater after treatment of cultures with
mesencephalic CM than with striatal CM (¢ P < 0.005). Independent t-test. Values are

the mean of 3 samples + SEM.

Condition TH+ cells/ cm?
Control 243+29
Mesencephalic CM 1031+86 @, €

Striatal CM .. 675t14b
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mesencephalic CM compared to striatal CM (3.9-fold and 2.8-fold higher than controls,
respectively; Fig. 12). An increase in DA uptake was not observed after a 24 h treatment
with glial CM from Day 5 to Day 6. Fig. 13 shows the enhanced morphological
development of TH-immunoreactive neurons in CM-treated cultures. Neuritic outgrowth
is much greater in the cultures maintained with either mesencephalic or striatal CM
compared to controls.

These results show that similar trophic effects upon dopaminergic neurons are
produced by both glial monolayers in neuronal-glial cocultures and by glial conditioned
medium. This provides evidence that soluble trophic substances which can act upon
dopaminergic neurons are secreted by cultured astrocytes derived from either the

mesencephalon or the striatum.

2. Glial Cell Proliferation

Glial CM induced proliferation of glial cells, as reflected by the number of
GFAP+ cells in mesencephalic cultures (Table 4). Mesencephalic and striatal CM led to
a 7.5- and a 9.3-fold increase in GFAP+ cells, respectively, compared to controls. This is
not unexpected since various growth factors, several of which have been found to be
secreted by astrocytes, are known to have mitogenic effects on glia. Thus, it is possible
that in addition to a direct trophic effect of glial CM, an increase in glial cell number

could also affect the neuronal growth and survival.

E. Growth Factor Effects on the Neurotoxicity of MPP* and 6-OHDA on Dopaminergic

Neurons
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Figure 12. Effects of glial conditioned media on the [3H] DA uptake. E14 embryonic
mesencephalic cultures were maintained with chemically defined medium, mesencephalic
CM or striatal CM, and the DA uptake levels were measured at 7 DIV. Both types of CM
stimulated the DA uptake to yield significantly higher values over controls (* P < 0.001).
The stimulation of increase in DA uptake was greater by mesencephalic CM compared to
striatal CM (P < 0.05). Independent t-test. Values represent the mean of 4 samples £
SEM. '
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Figure 13. Stimulation of dopaminergic neuronal development by glial conditioned media
visualized with TH immunocytochemistry. The different morphological appearance of
dopaminergic neurons in mesencephalic cultures under different treatment conditions is
revealed by TH immunostaining at 7 DIV. Stimulation of dopaminergic neuronal growth

by mesencephalic CM (B) and striatal CM (C) is evident when compared to controls (A).
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Table 4. Effects of glial conditioned media on the stimulation of astrocytic cell
proliferation. Treatment of mesencephalic cultures with mesencephalic CM or striatal
CM for 7 days resulted in an increased number of GFAP immunoreactive cells. Values

are the mean of 2-4 samples + SEM.

Condition GFAP+ cells/ cm2
Control 320+ 72
Mesencephalic CM 2392+166

Striatal CM 2968+ 36
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1. Short-term Pretreatment with Growth Factors

To examine whether EGF and/or bFGF can protect dopaminergic neurons from
degeneration, we treated the cultures with the neurotoxin MPP™, at a concentration shown
to selectively affect only the dopaminergic neurons (Sanchez-Ramos et al., 1986; Michel
et al., 1990). Upon observation of cultures by phase contrast microscopy, we also did not
find evidence of generalized toxicity after MPP* treatment. Cultures grown for 4 days
were incubated with 10 uM MPP™ for 24 h and the [3H]DA uptake levels were measured
after a 24 h incubation with toxin-free medium. In all cultures, whether or not treated
with EGF or bFGF, addition of MPP* reduced the DA uptake to approximately 35% of
their respective controls (Fig. 14), thereby suggesting that growth factor pretreatment for
4 days and their presence during MPP* exposure is not able to protect dopaminergic
neurons against MPP* neurotoxicity.

Cell counts of TH immunostained cultures indicated that there was no significant
loss of TH+ neurons following exposure to MPP* (Table 5). However, treatment of
cultures with MPP* produced clear indications of structural damage to dopaminergic
fibers. The appearance of damaged neurons was similar in all cultures, with or without
EGF- and bFGF-pretreatment (Fig. 15B, E, H). Many TH+ neurons consisted of a cell
soma with very short processes, while others appeared -completely truncated. This
suggests that while these dopaminergic neurons survived, they lost most or all of their
processes, as was implied by the large decrease in DA uptake. The change in neuritic
length after MPP* treatment was quantitated by morphometric evaluation of
dopaminergic neurons stained for TH immunoreactivity. Fig. 16 shows histograms
depicting the distribution of neuritic length in 60 randomly selected dopaminergic
neurons under different treatment conditions. MPP™* treatment produced similar
decreases in neuritic length in control and growth factor-treated cultures. The reduction

in the mean neuritic length in response to MPP™ treatment was 58% for controls and 59%
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Figure 14. Effect of MPP* treatment on [3HIDA uptake. Mesencephalic cultures
maintained in the absence or presence of EGF (10 ng/ml; A) or bFGF (10 ng/ml; B) were
exposed to 10 UM MPP? for 24 h at 4 DIV. Cultures were incubated with toxin-free

medium for 24 h and DA uptake was measured at 6 DIV and presented here as % of

untreated own control. MPP* treatment produced approximately 60-70% reduction of

DA uptake from their respective controls in all cultures. All values are the mean of 5

samples £ SEM.
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Table 5. Effect of MPP* treatment on TH+ cell survival. Mesencephalic cultures
maintained under different growth conditions were exposed to MPP* for 24 h at 4 DIV.
The number of TH+ neurons was determined at 5 DIV. The number of TH+ cells was not

affected by MPP* treatment in any of the groups. All values are the mean of 4 samples

SEM.
Treatment TH+ cells/ cm?2

Control EGF (10 ng/ ml) bFGF (10 ng/ ml)
No MPP+ 117.0+13.8 115.9+16.8 130.0£8.4

MPP* (10 uM) 98.0£15.8 114.6£16.6 117.0+9.0
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Figure 15. Effect of MPP™ treatment on dopaminergic neurons visualized with TH
immunocytochemistry, and EGF and bFGF stimulation of the regrowth of dopaminergic
processes following MPP™ treatment. Mesencephalic cultures maintained in the absence
(A, B, O) or presence of EGF (10 ng/ml; D, E, F) or bFGF (10 ng/ml; G, H, I) were
treated with 10 UM MPPT for 24 h at 4 DIV and immunostained with TH antibodies. A,
D and G show TH+ neurons at 5 DIV from cultures not exposed to MPP*, while B, E and
H are from corresponding MPP*-treated cultures. MPP* treatment produced truncation
of nearly all dopaminergic processes in cultures with or without growth factors, while
leaving the cell soma intact. The appearance of TH+ cells at 14 DIV shows some
spontaneous regrowth of fibers in MPP*-exposed dopaminergic neurons (C), but
continuous presence of EGF and bFGF in the cultures after MPP* treatment stimulated

extensive outgrowth of dopaminergic neurites (F and I, respectively).
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Figure 16. Effect of MPP* treatment on dopaminergic neuritic length. Mesencephalic
cultures maintained in chemically defined medium (A), plus EGF (10 ng/ml; B) or plus
bFGF (10 ng/ml; C) for 4 days were exposed to 10 uM MPP™ for 24 h. Cultures were
processed for TH immunocytochemistry at 5 DIV. The length of the longest neurite was
measured in 60 randomly selected TH+ neurons from each treatment condition by
counting the number of interseétions of a reticule grid crossed by the neurite. In all
treatment groups, MPP* exposure produced a similar shift in the distribution of number
of cells toward shorter neuritic length (less number of intersections crossed). The mean
neuritic length + SEM in different treatment conditions are: (A) Control 1.12+0.14,
MPP* 0.4740.10; (B) EGF 1.5240.17, E-MPP* 0.63+0.15; (C) bFGF 1.70+0.19, F-
MPP+ 0.8210.14.
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and 52% for EGF and bFGF cultures, respectively. These results present further evidence
for the lack of protection from MPP* toxicity by a short-term treatment with EGF or
bFGF.

In contrast to the selective toxicity of MPP* upon dopaminergic neurons,
6-OHDA at a concentration of 100 uM for 45 min at 6 DIV produced generalized toxicity
in mesencephalic cultures. Fig. 17 shows the widespread cell death caused by 6-OHDA
treatment, as observed by phase contrast microscopy. Most cells have lost their processes
and appear to be degenerating. As a result of the nonspecific toxic action of 6-OHDA,
glial cells visualized with GFAP immunocytochemistry also displayed signs of damage
(not shown).

When we tested the growth factor treatments for protective effects against 6-
OHDA neurotoxicity on dopaminergic neurons, we found that in contrast to the lack of
protection against MPP after 4 days of treatment, bFGF effectively counteracted the
toxicity of 6-OHDA. All of the dopaminergic parameters measured after 6-OHDA
treatment, i.e. [3H]DA uptake activity (95% reduction in controls compared to 79% in
bFGF cultures), number of surviving TH+ neurons (72% reduction versus 36%), and
neuritic length (83% reduction versus 59%), indicated that 6-OHDA was indeed toxic to
the cultures but that bFGF treatment reduced the damage produced by 6-OHDA (Table
6). Results from EGF-treated cultures were inconsistent between experiments. Fig. 18
clearly demonstrates the protective effect of bFGF treatment against 6-OHDA toxicity in
dopaminergic neurons visualized with TH immunocytochemistry. In fact, the appearance
of these cells is similar to dopaminergic neurons in cultures that were not treated with 6-

OHDA.

2. Long-term Pretreatment with Growth Factors
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Figure 17. Generalized toxicity produced by 6-OHDA visualized with phase contrast
microscopy. Compared with control cultures that were not treated with a toxin (A),
incubation of mesencephalic cultures with 100 uM 6-OHDA for 45 min at 6 DIV
produced nonspecific damage to all cell populations (B), leading to the loss of neuritic

processes and cell death.
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Table 6. Effects of bFGF treatment against 6-OHDA neurotoxicity. Exposure to 100 uM
6-OHDA for 45 min at 6 DIV in cultures grown in the continuous presence of bFGF
resulted in a reduction of 6-OHDA-induced loss of dopaminergic parameters. The toxin
treatment significantly decreased DA uptake levels, TH+ cell number and neurite length
in all cultures, whether or not they were treated with bFGF (P < 0.001). However, bFGF

treatment effectively reduced the damage produced by 6-OHDA (P < 0.05). Independent

t-test.
Control bFGF
Untreated Treated % Untreated Untreated  Treated % Untreated
[3H]DA Uptake 163.0+20.9 8.6%4.8 5.3£3.0 199.6+16.2 36.8+6.9 21.2+4.1
(fmol/10 min/culture)
TH+ cells/cm2 464+48 128+20 27.5+4.2 47660 304124  63.9+54
Neurite Length 2.2+0.3 0.5+0.2 16.7+4.7 3.4+0.3 1.41+0.2 41.2+54

(Number of Intersections)
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Figure 18. Protective effects of bFGF against 6-OHDA neurotoxicity on dopaminergic
neurons visualized with TH immunocytochemistry. Exposure to 100 pM 6-OHDA for 45
min at 6 DIV caused cell death and extensive damage to the dopaminergic neurcnal
processes in control cultures (A), but bFGF treatment protected these cells so that many

relatively undamaged neurons were observed in these cultures (B).
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As described previously, treatment with EGF or bFGF for an extended period
results in glial cell proliferation as well as increases in DA uptake and survival of
dopaminergic neurons. Since a long-term pretreatment with the growth factors creates in
these cultures an environment supportive of dopaminergic neuron survival and growth,
we wanted to determine whether or not protection from MPP* toxicity could be achieved
under such conditions. Cultures grown in the absence of growth factors or in the
presence of EGF or bFGF for 10 days were incubated with various concentrations of
MPP+ for 48 h. The [H]DA uptake levels in control cultures exposed to MPP* were
reduced in a dose-dependent manner, while pretreatment with EGF or bFGF attenuated
the MPP*-induced decrease in DA uptake (Fig. 19). At a concentration of 5 UM MPP™,
control cultures had an 86% reduction in uptake, while after EGF and bFGF treatments
the same concentration of MPP* caused a 56% and a 48% reduction, respectively. These
results indicate that pretreatment with growth factors for 10 days can protect the
dopaminergic neurons from loss of DA uptake. However, this protective effect of growth
factors was decreased at the highest MPP* concentration used (10 M), indicating that
the protective effects afforded by growth factor treatments can be overcome by increasing
the concentration of the neurotoxin. We tested the possibility that the presence of growth
factors during MPP™* exposure was somehow responsible for counteracting the neurotoxic
effects of MPP*. When EGF or bFGF was added simultaneously with MPP™ for 48 h, in
cultures previously grown for 10 days without any growth factor, the reductions in DA
uptake levels were similar to those of control cultures which were never treated with
growth factors. For example, after treatment with 5 UM MPP™ the DA uptake in control
cultures was reduced by 86%, compared to 85% and 71% in the presence of EGF and
bFGF, respectively. Thus, it appears that only a long-term pretreatment with EGF or
bFGF is effective in raising the threshold for MPPT neurotoxicity in these cultures.

Growth factor pretreatment was also found to protect dopaminergic neurons from
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Figure 19. Protective effects of EGF and bFGF against MPP*-induced reduction in
[3HIDA uptake. Mesencephalic cultures maintained for 10 days in the absence or
presence of EGF (10 ng/ml) or bFGF (10 ng/ml) were exposed to various concentrations
of MPP™ for 48 h. DA uptake was measured at 13 DIV and presented as % of respective
untreated controls. MPP* produced a dose-dependent reduction in DA uptake in all
cultures, but the presence of EGF attenuated this reduction at 1 uM and 5 UM MPP*
concentrations (* P < 0.01), while the presence of bFGF attenuated the reduction in DA
uptake at all MPP™* concentrations used (* P < 0.001). ANOVA followed by Tukey's
HSD post hoc test. Each point represents the mean of 5 samples = SEM.
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MPP*-caused cell death. Although a 48 h exposure to various concentrations of MPP*
did not result in a significant loss of TH+ cells in any of the cultures, a 72 h incubation
with 10 uM MPP led to a significant reduction in the number of TH+ cells in controls,

but not in cultures pretreated with EGF or bFGF for 10 days (Fig. 20).

3.Inhibition of Growth Factor-Stimulated Glial Cell Proliferation

Earlier studies in our laboratory indicated that the effects of EGF on dopaminergic
neurons are mediated by proliferating glial cells (Casper et al., 1991). Similarly, Engele
and Bohn (1991) reported that the wophic effects of bFGF on dopaminergic neurons are
also mediated by glia. In order to determine whether the protection from MPP*
neurotoxicity after a long-term treatment with EGF or bFGF could be due to proliferating
glial cells, we treated the cultures with growth factors in the presence or absence of the
mitotic inhibitor FUDR. Phase contrast microscopy reveéls the opposing action of
FUDR on growth factor-stimulated cell proliferation and the different appearance of the
cultures between these conditions (Fig. 21). As expected, treatment with FUDR greatly
reduced the number of GFAP+ astrocytes in all cultures, particularly in those treated with
the growth factors (77%, 91% and 98% reductions in control, EGF and bFGF cultures,
respectively). When these cultures were treated at 10 DIV with 5 uM MPP™ for 48 h, the
presence of FUDR completely eliminated the protective effect of growth factors against
MPP*-induced reduction in DA uptake (Fig. 22), suggesting that proliferating glia

probably mediate the growth factor effects.

F. Effects of Glial Monolayers on the Neurotoxicity of MPP* and 6-OHDA on
Dopaminergic Neurons
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Figure 20. Protective effects of EGF and bFGF against MPP*-induced TH+ cell loss.
Mesencephalic cultures maintained for 10 days in the absence or presence of EGF (10
ng/ml) or bFGF (10 ng/ml) were exposed to 10 uM MPP* for 72 h. The number of
surviving TH+ neurons was counted in cultures processed for TH immunocytochemistry
at 13 DIV. MPPT produced a significant reduction in TH+ cell number only in cultures
which were not treated with EGF or bFGF (* P < 0.05; Independent t-test). All values are
the mean of 4 samples = SEM.
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Figure 21. Inhibition of glial cell proliferation by FUDR treatment visualized with phase
contrast microscopy. Treatment of mesencephalic cultures with EGF (10 ng/ml) or bFGF
(10 ng/ml) causes glial cell proliferation, as shown by an increased cell density in the
cultures (A and C, respectively). This growth factor-stimulated increase in glial cell
proliferation is inhibited with the addition of FUDR (B and D). These cultures resemble

controls that were not treated with the growth factors.
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Figure 22. Inhibition of glial cell proliferation abolishes the protective effects of EGF and
bFGF against MPPt-induced reduction in [3H]DA uptake. Mesencephalic cultures were
maintained in the absence or presence of FUDR under three different treatment
conditions: (1) chemically defined medium; (2) plus EGF (10 ng.ml); (3) plus bFGF (10
ng/ml). Cultures were exposed to 5 tM MPP™ for 48 h and DA uptake, presented as %
of respective controls not exposed to MPP*, was measured at 13 DIV. While MPP*
produced significantly smaller reductions in DA uptake in cultures treated with EGF or
bFGF (* P < 0.005; ANOVA followed by Tukey's HSD post hoc test). the presence of
FUDR in these cultures eliminated their protective effects and yielded similar reductions
as in controls. All values are the mean of 5 samples +SEM.
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Since initial studies implicate glial cells as playing a critical role in the protective
effects of growth factors against MPP* and 6-OHDA, we tested the ability of purified
glial cells to protect dopaminergic neurons against these toxins. As described earlier,
glial cell monolayers exert trophic effects on dopaminergic neurons grown in neuronal-
glial cocultures.

Cultures were exposed to 100 uM MPP* for 60 min or 100 uM 6-OHDA for 45
min at 6 DIV and analyzed 24 h later for toxicity and glial-mediated protection. In the
presence of either mesencephalic glia or striatal glia, [3HIDA uptake reductions caused
by MPP™* and 6-OHDA treatments were far less than the reductions in controls (Fig. 23).
Both toxins led to a significant reduction of DA uptake in all culture conditions (p <
0.001); however, they produced a nearly complete loss of DA uptake activity in control
cultures (96%), while MPP in the presence of mesencephalic or striatal glial cells caused
86.8% and 87.5% reductions, respectively, and 6-OHDA caused only 36.9% and 40.3%
reductions, respectively. Interestingly, the glial protective effect against 6-OHDA
toxicity was greater than that against MPP*. This finding appears to be due to a much
smaller damage produced at the neurites by 6-OHDA in the presence of glial cells
compared to the damage produced by MPP*, as demonstrated by TH
immunocytochemistry (Fig. 24). Dramatic differences in the appearance of dopaminergic
neurons are evident following exposure to the toxins in control cultures compared to
those grown on glial monolayers, and also between the effects of MPPT compared to the
effects of 6-OHDA, particularly in the toxicity produced at the neurites.

In confirmation of the results obtained from DA uptake assays and TH
immunocytochemistry, the neuritic length was indeed damaged to a greater extent after
treatment with MPP™ than with 6-OHDA in the presence of glia (Table 7). In fact, glia
was not at all effective in preventing the MPP*-induced reduction of neuritic length,

whereas 6-OHDA-induced reduction was decreased from 76.4% in control cultures to
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Figure 23. Protective effects of glial substrates against MPP*- and 6-OHDA-induced
reduction of [SH]DA uptake. Mesencephalic cultures were plated on polyornithine, on
mesencephalic glial monolaver or on striatal glial monolayer. Treatment with 100 uM
MPP™ for 60 min or 100 uM 6-OHDA for 45 min at 6 DIV produced a significant
reduction of uptake in all culture conditions (P < 0.001). However, the presence of glial
cells in the cultures afforded protection against toxin treatments, with a greater protection
against 6-OHDA (** P < 0.001) compared to the protection against MPP* (* P < 0.001).
Independent t-test. No significant difference was observed between the effects produced
by mesencephalic glia and by striatal glia. Values represent the mean of 4 samples
SEM.
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Figure 24. Protective effects of glial substrate against MPP*+ and 6-OHDA toxicity on
dopaminergic neurons visualized with TH immunocytochemistry. Treatment of
mesencephalic cultures with 100 uM MPP* for 60 min or with 100 uM 6-OHDA for 45
min both produced extensive degeneration of neurons and their processes in control
cultures (A, D). In cultures with glial substrate, the toxins produced a much smaller
damage to dopaminergic neurons compared to controls (mesencephalic glia B, E; striatal
glia C, F); this protective effect was particularly striking against 6-OHDA, where most

cells had some neurites left intact (E, F).
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Table 7. Effects of glial substrate on MPP* and 6-OHDA neurotoxicity. Mesencephalic
cultures were plated on polyornithine, mesencephalic glia, or striatal glia and exposed to
100 uM MPPT for 60 min or 100 uM 6-OHDA for 45 min at 6 DIV. The presence of
glial cells in the cultures afforded some protection against 6-OHDA-induced damage to
the neurites, but not against MPP+. The glial cells effectively counteracted against TH+

cell loss caused by either of the toxins.

MPP+ 6-OHDA

Control Mes-Glia  Str-Glia Control Mes-Glia Str-Glia

TH+ cells/ Cm2 55.7+16.1  111.24£11.2 102.8+0.4 30.745.7 90.4%0.3 92.0+10.7
(% of untreated) :

Neurite Length 24.1+5.9 19.3+4.2 17.1+3.6 23.6+8.6 80.335.8 65.7+44
- (% of untreated)
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19.7% and 34.3% by mesencephalic and striatal glia, respectively. Morphometric
evaluation of these cultures demonstrated that the dopaminergic neuronal survival was
increased in the presence of glial cells after treatment with the toxins, from 44.3%
reduction in control cultures to a complete protection following exposure to MPP™, and
from 69.3% reduction in controls to only 8 to 10% loss following 6-OHDA treatment
(Table 7). All of these results taken together indicate that there is no region-specific
differences in the glial protective effects against dopaminergic neurotoxins.

It may be hypothesized that the protective effects of glia against MPP* and 6-
OHDA are due to the uptake of these toxins into glial cells or the rapid degradation of
toxins in the extracellular medium in the presence of glia, both of which would lead to
decreased amounts of toxins available to the dopaminergic neurons. In order to test these
hypotheses, concentration of the toxins in the extracellular medium was determined at
various time intervals in control cultures and neuronal-glial cocultures. Table 8 presents
the data obtained from an analysis of MPP™* concentration in the medium at O time and at
60 min after addition of 100 uM. Tt is evident that all of the values are similar and that
the presence of glial cells in the cultures did not reduce the MPP* concentration in the
medium. The same conclusion was reached after analysis of 6-OHDA concentration in
the extracellular medium by HPL.C at several time points (Table 9). Therefore, it is clear
that same concentration of the toxins are available for uptake into dopaminergic neurons
whether or not glial cells are present in the cultures.

Since dopaminergic neurons have been demonstrated to be resistant to the toxic
effects of MPP* and 6-OHDA in either the presence of growth factors or purified
astrocytic glia, we tested the ability of EGF and bFGF to further potentiate the glial
protective effects against the two toxins. It was found by measurements of DA uptake
activity that EGF and bFGF did not potentiaie the effects produced by glial cells alone

(Table 10). This lack of additive effects of growth factors and glia supports the view that
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Table 8. Concentration of MPPY in the culture medium. 100 uM MPP* was added to
dishes without cells, mesencephalic neuronal cultures, and to mixed neuron-glia
cocultures at 6DIV for a 60 min incubation. The concentration of MPP* in the
extracellular medium was analyzed at the start of treatment and at the end of the the
exposure period. In all conditions at both time points, the concentration of MPP* was

found to remain at approximately 100 uM. Values are the mean of 3 samples = SEM,

expressed as UM MPP™,
Culture Condition
Time (min) No cells Neuronal Mixed
0 101.5+1.7 94.612.1 98.3+1.0

60 101.5%£1.0 99.5£2.0 101.9+0.9




77

Table 9. Concentration of 6-OHDA in the culture medium. 100 uM 6-OHDA was added
to mesencephalic neuronal cultures and to mixed neuron-glia cocultures at 6DIV for a 45
min incubation. The concentration of 6-OHDA in the extracellular medium was analyzed
at the start of treatment, after 15 min, and at the end of the the exposure period. In all
time points, the concentration of 6-OHDA was found to be equivalent in the two culture
condition groups and also the loss of this toxin during the incubation period occurred at

the same rate. Values are the mean of 3 samples & SEM, expressed as uM 6-OHDA.

Culture Condition

Time (min) Neuronal Mixed
0 11710.2 129+3.5
15 109£5.7 118+5.2

45 90+£1.2 10245.5
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Table 10. Lack of potentiation of glial protective effects against MPP* and 6-OHDA by
growth factors. Mesencephalic cultures plated on striatal glial monolayer were
maintained with chemically defined medium alone or in the presence of EGF (10 ng/ml)
or bFGF (10 ng/ml). The growth factors, added together with glial cells, did not
potentiate the reduction in the toxin-induced loss of [3HIDA uptake obtained by glial
cells alone. 100 uM MPP* was treated for 60 min and 100 uM 6-OHDA for 45 min at 6
DIV. DA uptake was then measured 24 h after removal of toxins and incubation with
fresh medium without growth factors. Values represent the mean of 3-4 samples + SEM,

expressed as % of untreated.

Striatal Glia + EGF + bFGF

MPP+ 15.3+1.4 19.2+1.4 19.2+1.9
6-OHDA 43.912.0 38.0£1.9 43.3+3.0
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it is the increase in the number of glial cells caused by the growth factor treatments which

is responsible for their protective effects against dopaminergic neurotoxicity.

G. Effects of Glial Conditioned Media on the Neurotoxicity of MPP* and 6-OHDA on

Dopaminergic Neurons

In order to test the hypothesis that glial cells release trophic factors into the
extracellular medium which in turn protect dopaminergic neurons from toxin-induced
damage, we studied the protective effects of mesencephalic and striatal glial conditioned
medium against MPP* and 6-OHDA toxicity. 100 uM MPP* for 60 min or 50 uM 6-
OHDA for 45 min was applied to the cultures at Day 6 in vitro and the extent of
neurotoxicity was assessed 24 h later. Mesencephalic and striatal CM treatments
mimicked the glial protective effects against MPP*- and 6-OHDA-induced reduction in
DA uptake (from 88.7% to 59.2% and 63.5% , respectively after MPP* treatment; from
60.3% to 23.8% and 22.5%, respectively after 6-OHDA treatment; Fig. 25). Like glial
cells derived from the two brain regions, there was no difference between mesencephalic
CM and striatal CM in their potency of protective effects.

Visualization of dopaminergic neurons with TH immunocytochemistry revealed
that the appearance of surviving cells following toxin treatment fully supports the results
obtained from DA uptake assays (Fig. 26). However, photomicrographs show that the
toxins were able to produce some destruction of cell structure even in the presence of
CM. Toxin-induced cell loss normally varies from experiment to experiment and in this
particular set of experiments, we did not observe a significant loss of TH+ cells with 100

UM MPP* or 50 uM 6-OHDA treatment in any of the groups.
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Figure 25. Protective effects of glial conditioned media against MPP*- and 6-OHDA-
induced reduction of [3H]DA uptake. Mesencephalic cultures were maintained with
chemically defined medium, mesencephalic CM or with striatal CM. Treatment with 100
UM MPP for 60 min or 50 uM 6-OHDA for 45 min at 6 DIV produced a significant
reduction of uptake in all culture conditions (P < 0.05), except in cultures with striatal
CM after 6-OHDA weatment. Glial CM significantly reduced the toxicity of MPP* (* P
< 0.005) and 6-OHDA (** P < 0.01) on DA uptake. No significant difference was
observed between the effects produced by mesencephalic glia and by striatal glia. Values
represent the mean of 4 samples + SEM.
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Figure 26. Protective effects of glial conditioned media against MPP*+ and 6-OHDA
toxicity on dopaminergic neurons visualized with TH immunocytochemistry. Treatment
of mesencephalic cultures with 100 uM MPP* for 60 min or with 50 uM 6-OHDA for 45
min both produced extensive degeneration of neurons and their processes in control
cultures (A, D). Although the neurons in cultures with glial CM were also visibly
damaged, the toxic effects on these cultures were somewhat antagonized by both

mesencephalic CM (B, E) and striatal CM (C, F).



82



83

H. Growth Factor Effects on the Regrowth of Damaged Dopaminergic Neurons

We studied the ability of the growth factors to promote regrowth of damaged
dopaminergic neurons by using a concentration of MPP* and exposure time which
produced damage to the dopaminergic fibers without causing extensive cell loss. Control,
EGF, and bFGF cultures were exposed to 10 uM MPP™ for 24 h at 4 DIV and the
development of the dopaminergic neurons was followed for the next two weeks (Fig. 27).
Experiments described in the previous sections demonstrated that the toxicity of MPP*
under these conditions was similar in control and growth factor-treated cultures. The
cultures which were pretreated with EGF or bFGF prior to introduction of MPP™ received
the growth factors continuously until the end of the experiment. A gradual increase in
[3HIDA uptake over time occurred in all MPP*-treated cultures, but they always
remained lower than their respective controls. However, treatment with growth factors
resulted in a pronounced increase in DA uptake in MPP*-exposed cultures, providing
evidence that regrowth of damaged dopaminergic processes was promoted by both EGF
and bFGF. In fact, at 18 DIV the MPP*-treated cultures maintained in the presence of
growth factors reached levels of DA uptake that were not only higher than those of the
MPP*-treated controls, but also were several fold greater than untreated controls. For
example, [3H]DA uptake in EGF-MPP™ cultures was 156.3 # 9.4 fmol/10 min/ culture
compared to 82.5 + 4.9 in the untreated controls; similarly, bBFGF-MPP* cultures had a
DA uptake of 121.5 £ 7.6 fmol/ 10 min/ culture compared to 24.7 * 3.3 in the untreated
controls.

Consistent with the gradual increase in DA uptake in all the MPP*-treated
cultures, TH immunocytochemistry showed regrowth of dopaminergic processes in these
cultures over time (Fig. 28). At 10 days after exposure to MPP™, there was a much more

extensive neurite outgrowth in growth factor-treated cultures than in controls. In order to
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Figure 27. EGF and bFGF stimulation of the recovery of [3HIDA uptake following
MPP? treatment. Mesencephalic cultures grown in the absence or presence of EGF (10
ng/ml; A) or bEGF (10 ng/ml; B) were treated with 10 uM MPP+ for 24 h at 4 DIV. The
levels of DA uptake were measured at various times following MPP* treatment. EGF
and bFGF were continuously present in E-MPP* and F-MPP* cultures, respectively,
throughout the experiment. After an initial MPP*-induced reduction, DA uptake
increased slightly with time in C-MPP* cultures, while both EGF and bFGF stimulated a
much larger increase in DA uptake. All E-MPP* values (P < 0.05) and all F-MPP*
values (P < 0.01) are significantly greater than the respective C-MPP™ values
(Independent t-test). Each point represents the mean of 5 samples + SEM.
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Figure 28. (Same as Figure 15) Effect of MPPY treatment on dopaminergic neurons
visualized with TH immunocytochemistry, and EGF and bFGF stimulation of the
regrowth of dopaminergic processes following MPP* treatment. The appearance of TH+
cells at 14 DIV shows some spontaneous regrowth of fibers in MPP*-exposed
dopaminergic neurons (C), but continuous presence of EGF and bFGF in the cultures
after MPP™ treatment stimulated extensive outgrowth of dopaminergic neuriies (F and I,

respectively).
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quantify process regrowth after MPP*-induced damage, the length of the longest neurite
was measured in 60 randomly selected TH+ neurons from each treatment group. As
shown in Fig. 29, following MPP* treatment, there were many more dopaminergic
neurons with longer neuritic length in both EGF and bFGF cultures than in controls,
which further supports the finding that growth factor treatments resulted in a greater
increase in DA uptake over that of controls. The mean length of the longest neurite was
2.4-fold greater than controls after EGF treatment and 2.6-fold greater after bFGF

treatment,
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Figure 29. EGF and bFGF increase dopaminergic neuritic length following MPP*
treatment. Mesencephalic cultures maintained in the absence or presence of EGF (10
ng/ml) or bFGF (10 ng/ml) were exposed to 10 uM MPP* for 24 h at 4 DIV and allowed
to recover for 10 days with or without EGF (A) and bFGF (B). The length of the longest
neurite was measured as previously described. Both E-MPP* and F-MPP™ cultures have
many more TH+ neurons with longer neuritic length than their respective C-MPP¥
cultures at 14 DIV. The mean neuritic length + SEM in different culture conditions are:
(A) E-MPP* 6.33£0.62, C-MPP*+ 2.65+0.27; (B) F-MPP* 9.68+0.74, C-MPP*
3.78+0.39.
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IV. DISCUSSION

A. Enhanced Development of Dopaminergic Neurons

1. Effects of Growth Factors

Treatment of cultures with the growth factors resulted in an increased survival
and neurite outgrowth of dopaminergic neurons. Following their initial interaction with a
cell surface receptor, the mechanism of action of these growth factors is not known. The
stimulation of growth of dopaminergic neurons by either EGF or bFGF followed a
remarkably similar course, suggesting a common mechanism of action. Furthermore, the
time course of these growth factor effects closely paralleled the rate of increase in the
number of glial cells, which became apparent after several days in culture. Since the
localization of the growth factor receptors on dopaminergic neurons remains a question,
the possibility exists that the growth factor-induced proliferation of glia led to the
production of one or more dopaminergic trophic factors by these cells. Mitogenic
activities of both EGF (Leutz and Schachner, 1981; Simpson et al., 1982) and bFGF
(Pruss et al., 1982; Pettmann et al., 1985) on astrocytic glial cells are well documented.
Toward the end of the second week in vitro, when significant growth factor effects on
dopaminergic neurons were being observed, GFAP+ astrocytes were by far the most
abundant cell population in the growth factor-treated cultures, suggesting that they were
probably the cells providing trophic stimulation. Moreover, the trophic effects of EGF
and bFGF on dopaminergic neurons were abolished if the mitotic inhibitor FUDR was
added together with the growth factors (results not shown). This is in agreement with
previous reports showing that when various agents were used to inhibit glial cell

proliferation in mesencephalic cultures (Knusel et al., 1990; Casper et al., 1991; Engele
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and Bohn, 1991), the neurotrophic effects of EGF and bFGF on dopaminergic neurons
were eliminated. Although a direct trophic effect on CNS neurons has been ascribed to
both EGF (Morrison et al., 1987) and bFGF (Walicke and Baird, 1988; Unsicker et al.,
1992), results from our study support an indirect, glial-mediated trophic role of these

growth factors.

2. Effects of Glial Monolayers

The effects of glial cells, in the absence of growth factors, on all dopaminergic
parameters resembled those produced by a long-term, continuous treatment with EGF or
bFGF. However, the glial trophic effects became apparent at a much earlier time point in
vitro compared to the growth factor effects. Our hypothesis that the growth factor effects
are glial-mediated would have predicted this early action of glia, since the putative
trophic factors are probably present in these mixed cultures from the beginning. Previous
studies using cocultures of neurons and astroglia have demonstrated the trophic support
by glial cells for dopaminergic neuronal growth (Denis-Donini et al., 1984).
Dopaminergic neurons in our cocultures of neurons and monolayers of either
mesencephalic or striatal astrocytes displayed increased DA uptake activity and survival,
but particularly striking was their enhanced morphological complexity. When compared
to the dopaminergic neurons grown on polyornithine or with growth factor treatments at
any time point, even as late as Day 18, those grown on astrocytic monolayers for one
week were far more developed in terms of their cell body size, neuritic branching and

neuritic length.

3. Effects of Glial Conditioned Media
Similar trophic effects on dopaminergic neurons were produced by glial CM

obtained from mesencephalic or striatal astroglia to those produced by glial cell
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monolayers from these brain regions. It was not evident from our experiments whether
the extent of the neurotrophic effects produced by glial cells and by the CM differed. It
seems likely that the same substance(s) which stimulated the development of
dopaminergic neurons in the neuron-glia cocultures are contained in the CM as soluble
trophic factors, thereby increasing the DA uptake activity and promoting neuronal
survival and growth. It should be pointed out, however, that these effects on
dopaminergic neurons by the CM were coincident with the mitogenic effect on astrocytes
in the same cultures. Therefore, the enhanced dopaminergic development resulting from
treatment with CM appears to be due to a combination of a direct effect by the glial-

secreted products and an indirect effect by the stimulation of glial cell proliferation.

4. Summary of Results

Our initial experiments with EGF and bFGF yielded results which suggested that
the growth factor trophic effects on dopaminergic neurons are mediated by glial cells. To
support this hypothesis, it was important to test the ability of glial cells alone to mimic the
growth factor effects, and then to follow up with experiments using glial CM to determine
the possibility of production of soluble trophic factors by astrocytes in the cultures. All
three culture conditions, i.e. with growth factors, glial monolayers, or glial CM, resulted
in the significant enhancement of dopaminergic biochemical and morphological
development. All of the results taken together suggest that the astroglia synthesize and
secrete factor(s) which is(are) trophic for mesencephalic dopaminergic neurons, and that
it is via this mechanism that EGF and bFGF exert their growth-promoting effects. It
cannot be concluded from these experiments whether any known growth factors are

among the trophic agents contained in our glial conditioned media.
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B. Mechanisms of Glial Neurotrophic Effects

1. Extracellular Matrix Molecules
It has been reported that astrocytes provide a supportive substratum for neuronal

attachment, migration, survival, and neurite extension in vitro (Noble et al., 1984). The
astrocytic cell-derived substances responsible for these neuron-glia interactions may
include diffusible proteins in the culture medium and also nondiffusible, membrane-
associated molecules. The extracellular matrix is the substratum for cell adhesion in vivo
, and consists of various glycoproteins, proteoglycans and glycosaminoglycans forming
an insoluble network in the spaces between cells. Laminin, a glycoprotein molecule of -
the extracellular matrix synthesized by astrocytes, is well known for its enhancement of
neurite outgrowth (Rogers et al., 1983; Matthiessen et al., 1989). It is possible that any of
the extracellular matrix molecules partly mediated the glial stimulation of dopaminergic
neuronal growth in our neuronal-glial cocultures. In addition, the presence of glial
monolayers increased the density of the cultures so that cell-cell contacts between
neurons and glia may also have potentiated the dopaminergic neuronal survival and

development.

2. Secreted Factors

Trophic activities on the survival and differentiation of central neurons in vitro
have been found in CM obtained from astrocytic cultures (Banker, 1980; Muller and
Seifert, 1982; Barbin et al., 1984; Rudge et al., 1985; Patel and Hunt, 1989), suggesting
that neurotrophic substances synthesized by glial cells are released into the culture
medium. Similar to the results in our studies, Giulian et al. (1993) examined glial
influences upon neuronal growth and survival and found that astroglial cells in cocultures

and also their secretion products contained in the CM supported neuronal survival and
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neuritic growth. The fact that the trophic effects produced by astrocytic monolayers in
our studies were closely mimicked by glial CM provide evidence for the secretion of
soluble trophic factors by astroglia as the mechanism of glial neurotrophic activity.
Since the glial and CM trophic effects were analyzed for only dopaminergic neurons in
our studies, we are not able to address the issue of trophic factor specificity for a
particular neuronal population. It is possible that the same agent(s) which exerted the
trophic effects upon dopaminergic neurons may have similar effects for other target
neurons, so that many trophic factors are secreted by astrocytes to produce effects upon

several different neuronal populations.

C. Neurotrophic Factors in Glial Conditioned Medium

Although the nature of the neurotrophic factors contained in glial CM is not
known, several studies suggest certain identified growth factors as possible candidates.
For example, it has been reported that astrocytes in culture can synthesize nerve growth
factor (NGF; Yoshida and Gage, 1991); however, NGF has not been demonstrated to be
trophic for dopaminergic neurons. Another growth factor which has been reported to be
synthesized and secreted by astroglial cells in culture is bFGF (Ferrara et al., 1988;
Hatten et al., 1988). Interestingly, bFGF is reported to function as an autocrine factor to
stimulate the growth of astrocytes themselves (Araujo and Cotman, 1992; Gomez-Pinilla
et al., 1992), which then synthesize and release more bFGF. Since bFGF added to our
cultures with inhibited glial cell proliferation did not produce dopaminergic neurotrophic
effects, it appears that some other trophic factor(s) must be secreted by astrocytes which
can act upon the dopaminergic neurons. However, it cannot be ruled out that bFGF acts

synergistically with some unidentified glial-derived factor to exert the trophic effects
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observed in our cultures. If bFGF is in fact one of the active participants, Araujo and
Cotman's (1992) finding that EGF treatment of astroglial cultures increased the release of
bFGF from these cells becomes significant for our studies where the neurotrophic effects
of EGF are believed to have resulted from an increase in the number of astrocytes. On
the other hand, it is possible that the only action of bFGF in our cultures is to induce the

production of other trophic agents by astroglial cells.

D. Region-Specific Differences in Neuron-Glia Interactions

The main projection targets for dopaminergic neurons from the substantia nigra
are in the striatum. In order to examine region-specific neuron-glia interactions for
dopaminergic neurons, tissues from the mesencephalon and from the striatum, where
dopaminergic somata and axon terminals, respectively, are located, were chosen to
prepare glial cell monolayers and glial CM. Our aim was to find indications that different
dopaminergic trophic substances, both membrane-associated and diffusible, may be
synthesized by astrocytes derived from the two brain regions.

Several studies have reported that astrocytes from different brain regions display
distinct biochemical and physiological properties (Perraud et al., 1990), and that regional
heterogeneity exists in glial-released proteins (Zahs et al., 1993). More significantly,
astrocytes derived from different brain regions have been demonstrated to differ in their
support of dopaminergic neuronal survival (O'Malley et al.,, 1991) and their
morphological maturation in culture (Denis-Donini et al., 1984; Chamak et al., 1987a,
1987b). In all of these studies, it was found that astrocytes derived from the
mesencephalon had greater effects on the promotion of survival and growth of

mesencephalic dopaminergic neurons compared to astrocytes derived from the striatum.
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For example, Chamak et al. (1987b) demonstrated that the dopaminergic neurons grown
on mesencephalic astrocytes have more complex morphological traits than those grown
on striatal astrocytes. Similarly, Rousselet et al. (1988) found that the mesencephalic
glial CM enhances the number of primary neurites in mesencephalic neurons.

In our studies, we did not observe these different region-specific effects for
dopaminergic neurons grown on mesencephalic astrocytes or on striatal astrocytes.
Dopaminergic neuronal development in the presence of either type of glial cells was
enhanced to the same extent. However, we did find a larger effect of mesencephalic CM
compared to striatal CM in supporting neuronal survival and also in increasing the DA
uptake activity. One explanation for this discrepancy between astrocytes and astrocytic
CM may be that the additional contributing factors present in the neuronal-glial
cocultures (i.e., extracellular matrix molecules and cell-cell contacts) produce
néurotrophic effects which overshadow the effects produced by secreted glial products
alone. Thus, the total effect produced by a combination of all these factors in the
cocultures may not allow for the identification of region-specific interactions. Our results
suggest that different trophic factors are present in the two types of glial CM and that the
growth and survival of mesencephalic dopaminergic neurons are preferentially influenced

by factors produced by astrocytes derived from the same brain region.

E. Protection Against MPP* and 6-OHDA Neurotoxicity

1. Effects of Growth Factors
In our culture system, prolonged incubation with EGF or bFGF was necessary to
obtain positive protective effects against MPP* toxicity, suggesting that their trophic

effects were indirectly mediated, probably as a result of stimulation of glial cell
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proliferation by these growth factors. This was supported by observations of a lack of
protection from toxicity when cultures were exposed to MPP* at 4 DIV, before growth
factors had caused extensive glial cell proliferation, and a lack of protection from toxicity
when cultures were treated with growth factors just for the duration of MPP* exposure.
In contrast, if MPP* was applied to the cultures after they were treated with EGF or
bFGF for 10 days, when the glial cell number had greatly increased, the reductions in DA
uptake and TH+ neuronal survival were significantly smaller than in non-growth factor-
treated controls. Moreover, when FUDR was included in the medium together with
growth factors, the protective effect against MPP*-induced reduction in DA uptake was
completely eliminated, suggesting that it was mediated by the dividing cell population.

In contrast to the lack of protective effects against MPP™ neurotoxicity after a 4-
day pretreatment with the growth factors, bFGF was able to protect against the toxicity of
6-OHDA _ler 6 days of treatment, which is still before significant stimulation of
dopaminergic neuronal development or glial proliferation has occurred. This is
suggestive of different mechanisms of bFGF-induced resistance to dopaminergic
neurotoxins: an indirect, glial-mediated effect against MPP* neurotoxicity and a direct
effect against 6-OHDA. It cannot be completely ruled out, however, that the small
number of contaminating glial cells in the bFGF-treated cultures were stimulated to

synthesize factors which then produced the observed protective effects.

2. Effects of Glial Monolayers and Glial Conditioned Media

Both astrocytic glial cells and glial CM in the same cultures with neurons
significantly reduced the MPP* and 6-OHDA dopaminergic neurotoxicity. The extent of
protection against tiiese toxins appeared to be the same with either glial monolayers or
with the CM, suggesting that the glial-derived molecules responsible for these effects are

contained in the CM as soluble trophic factors. We did not find any region-specific
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differences in the protective effects between those produced by mesencephalic glial cells
or CM and those produced by striatal glia or CM.

Our results demonstrate much greater protective effects against 6-OHDA toxicity
compared to those against MPP* by both glial cells and by CM, which indicates different
mechanisms of action of the two neurotoxins. It is known that although both of these
toxins are actively accumulated within the dopaminergic neurons via the high-affinity DA
uptake system (Kostrzewa and Jacobowitz, 1974; Chiba et al., 1985; Javitch et al., 1985),
the mechanisms by which they induce toxicity within the cell are different. MPPT* is
believed to induce cell death by inhibiting mitochondrial respiration, leading to ATP
depletion (Nicklas et al., 1985). On the other hand, 6-OHDA toxicity is produced by the
formation of cytotoxic oxygen radical species (Heikkila and Cohen, 1972; Sachs and
Jonsson, 1975). The observed differences between the protective effects against the two
toxins was primarily due to the degree of resistance against neuritic degeneration
following toxic treatment. The presence of glial cells or treatment with glial CM greatly
reduced the damage produced by 6-OHDA at the neurites, whereas MPP+ damage to
neuritic length was only slightly reduced. It may be possible that different glial-derived

molecules are targeted to act against these two dopaminergic toxins.

3. Summary of Results

To support the hypothesis that the protective effects of growth factors against
MPP* are mediated by glial cells, it was important to demonstrate that glial cells alone
could also protect the dopaminergic neurons against toxin-induced damage. In further
support of the role of glial cells in the neuroprotective effects obtained with growth factor
treatments, the addition of EGF or bFGF to the neuronal-glial coculture did not potentiate
the glial protective effects against MPP*, Furthermore, bFGF did not potentiate the glial

protective effects against 6-OHDA, although it was suggested that bFGF may exert a
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direct action on the dopaminergic neurons treated with this toxin. This lack of an additive
effect between bFGF and glial cells suggests that bFGF may be one of the factors
secreted by astrocytes. The finding that the glial CM was able to closely mimic the
effects produced by glial cells leads to the conclusion that it is by the action of secreted
glial products that all treatment conditions in our studies resulted in the protection of

dopaminergic neurons against MPP* and 6-OHDA toxicity.

F. Neuroprotective Mechanisms

1. Glial Cells

Potential mechanisms by which glial cells could mediate the protection of
dopaminergic neurons from the toxic effects of MPP*+ and 6-OHDA include (1) the
prevention of accumulation of the toxins within dopaminergic neurons by interfering with
the DA uptake carrier, or (2) decreased concentration of the toxins in the extracellular
medium as a result of uptake or degradation of the toxins by glial cells, as well as (3) the
stimulation of protective mechanisms for dopaminergic neurons through the secretion of
other putative trophic molecules.

The first possibility seems to be unlikely, since both MPP* and 6-OHDA
accumulate within dopaminergic neurons through the high affinity DA reuptake system
and, as our studies have demonstrated, DA uptake levels are greatly increased after EGF
or bFGF treatment and in the presence of glial monolayers or glial CM. Secondly, it also
appears unlikely that glial uptake of MPP* may have produced significant lowering of the
concentration of the toxin available to dopaminergic neurons, since studies have shown
that even in the presence of astrocytes MPP™ is not stored within the cells but is

accumulated mostly in the medium (Mytilineou and Friedman, 1988; Schinelli et al.,
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1988). In fact, DiMonte et al. (1992) has recently shown that one possible mechanism for
the resistance of astrocytes to MPP toxicity is that MPP*, which is generated within the
astrocytes, can cross the cell mermbranes and escape to the extracellular compartment. To
rule out the possibility of either glial uptake or degradation of the toxins, we analyzed the
concentrations of MPP* and 6-OHDA in the extracellular medium during their incubation
period and found that the same concentrations of the toxins were available to
dopaminergic neurons whether or not glial cells were present in the cultures. Therefore,
it appears that the third possibility is the most likely mechanism of glial-mediated
protection against these toxins -- through the secretion of neurotrophic substances by

astrocytes.

2. Glial Secretion of Trophic Factors

The results of our studies indicate that the glial cells condition the culture medium
with one or more substances which can protect the dopaminergic neurons against toxicity
produced by MPP* or 6-OHDA. Astrocytes have been shown to produce identified
peptide growth factors such as NGF (Ono et al., 1991; Yoshida and Gage, 1991) and
bFGF (Ferrara et al., 1988; Hatten et al., 1988). Although it does not appear to be the
mechanism operating in our cultures, a direct effect of growth factors against neurotoxin-
induced cell death has been shown through the protection of hippocampal neurons from
glutamate neurotoxicity by FGF (Mattson et al., 1989; Mattson and Rychlik, 1990); by
the reduction of neuroblastoma cell death caused by 6-OHDA after treatment with NGF
(Tiffany-Castiglioni and Perez-Polo, 1981); and by the protection of mesencephalic
dopaminergic neurons from MPP*-induced cell death by BDNF (Hyman et al., 1991;
Beck et al., 1992). Although BDNF has been demonstrated to be neurotrophic for

mesencephalic dopaminergic neurons, it appears unlikely that BDNF is the trophic factor
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secreted by glial cells in our cultures since BDNF mRNA has been found in neurons, but

not in glial cells (Emfors et al., 1990; Hofer et al., 1990).

3. Defense System Against Oxygen Radz'cals

The highly reactive products of 6-OHDA autooxidation, including superoxide
radicals, hydrogen peroxide and hydroxyl radicals, have been shown to cause neuronal
cell destruction (Sachs and Jonsson, 1975). The normal cellular defense system against
these cytotoxic oxygen species consists of antioxidative enzymes such as superoxide
dismutase (SOD), glutathione peroxidase, glutathione reductase and catalase. An
augmentation in the level of these antioxidative enzymes which can remove the toxic
products may thus protect the neurons against 6-OHDA toxicity. It has been reported that
glial cells are better equipped with antioxidant defense mechanisms than neurons (Raps et
al., 1989; Geremia et al.,' 1990). In these studies, an enhanced SOD activity, leading to
reduced lipid peroxidative injury, has been found in glial cells (Geremia et al., 1990), and
the concentration of glutathione was found to be high in cultured astrocytes compared to
neurons (Raps et al., 1989).

Growth factors have been implicated as protective agents against oxidative
damage. Tiffany-Castiglioni and Perez-Polo (1981) studied the effects of NGF treatment
on the toxicity of 6-OHDA in neuroblastoma cells. They found that NGF significantly
increased the cell survival after 6-OHDA treatment and that the mechanism of protection
was by an enhanced resistance to free radical products, particularly to hydrogen peroxide.
A study by Jackson et al. (1990) also found a protective effect of NGF against 6-OHDA
toxicity. These investigators observed an enhanced catalase activity in PC12 cells, which
led to the resistance to peroxidative insult. Another growth factor that has been
demonstrated to be effective against the toxicity of 6-OHDA is BDNF. Spina et al.

(1992) found an involvement of the glutathione system against oxidative stress in the
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protective effect of BDNF against 6-OHDA-induced dopaminergic cell loss in
mesencephalic cultures.

Recent studies have addressed the question of free radical involvement in the
mechanism of MPTP neurotoxicity. It has been observed that the interaction of MPP*
with mitochondrial complex I generates free radicals, such as superoxide, and that
transgenic mice with increased SOD activity are resistant to the toxic effects of MPTP
(Przedborski et al., 1992). Others found that MPTP caused a reduction in the cellular
glutathione levels in mice and that this effect could be reversed by antioxidants (Yong et
al., 1986). These results provide supporting evidence for an oxygen radical mediation in
MPTP neurotoxicity.

If the neurotoxic actions of both MPP* and 6-OHDA are indeed caused by the
formation of oxygen radicals, it is possible that an induction by glial cells and glial-
derived factors of free radical detoxifying mechanisms mentioned above could account

for the protective effects against these neurotoxins observed in our studies.

G. MPP* Neurotoxicity

In the present study we have used the neurotoxin MPP to investigate the process
of nerve fiber degeneration in dopaminergic neurons and the ensuing recovery following
damage. The mechanisms by which MPTP causes dopaminergic neuronal degeneration
are not yet fully understood and the site of neurotoxic action of MPTP has been debated.
Some reports provide evidence that the initial damage occurs at the nerve terminals
(Burns et al., 1983; Kitt et al., 1986; Ricaurte et al., 1986), while others suggest that the
insult begins at the cell soma (D'Amato et al., 1986; Sundstrom et al., 1988). If the

primary damage of MPTP is terminal degeneration, the toxin may not cause cell death
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and thus allow the possibility of recovery. Our results demonstrate that dopaminergic
neuronal processes are most sensitive to MPP+ damage. By selecting the appropriate
MPP concentration and exposure time, we were able to produce severe reductions in DA
uptake (65%) and in the length of dopaminergic fibers (56%) without loss of neuronal
somata. These results are in agreement with findings from a recent study which
examined the MPTP-induced degenerative process in the primate brain (Herkenham et
al., 1991). By utilizing autoradiography to localize [14CIMPP* accumulation sites
following MPTP injections, the authors found that MPP* was taken up by dopaminergic
terminals and subsequently transported to the cell body in a retrograde fashion. They
postulate that dopaminergic terminals die first, followed by a slower degeneration of the
neurons at a dose-dependent rate. Our morphological observations on TH immunostained

neurons after MPP* treatment are consistent with their findings.

H. Neuronal Recovery from Injury

Regrowth of dopaminergic fibers after lesion of the nigrostriatal pathway have not
been demonstrated. However, spontaneous recovery following MPTP treatment has been
observed in primates (Eidelberg et al., 1986; Waters et al., 1987), cats (Schneider and
Rothblat, 1991) and mice (Hallman et al., 1985; Ricaurte et al., 1986). In culture, it was
previously suggested that mesencephalic dopaminergic neurons did not regenerate
processes after MPP* damage (Michel et al., 1990). In contrast, our studies demonstrate
that regrowth of dopaminergic fibers can occur spontaneously following MPP*-induced
damage, but it often occurs with a delay of several days (see Fig. 27). This delayed

recovery is possibly one of the reasons for the apparent discrepancy between our results
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and those of Michel et al. (1990), who followed recovery for only 6 days after MPP*
treatment. The regrowth of dopaminergic fibers after damage observed in our
experiments, is not an unexpected finding. Many studies indicate that the neurons of the
central nervous system (CNS) have an inherent ability to regenerate processes, after they
have been severed by either mechanical or chemical injury (Bjorklund and Stenevi, 1979;
Kalil and Reh, 1979; Fawcett, 1992). The environment surrounding the damaged neurons
appears to be the critical factor which prevents or restricts significant neuronal
regeneration in the CNS. For example, the formation of reactive astrocytes at the site of
injury (McKeon et al., 1991) or the presence of oligodendrocytes (Schwab and Caroni,
1988) may act as inhibitory environmental influences. Experiments have shown that
substitution of the CNS environment with a more permissive one, such as the peripheral
nervous system neuroglia, can induce injured central neurons to regenerate processes
(Aguayo et al., 1981; Benfey and Aguayo, 1982). In the peripheral nervous system,
regeneration of damaged neurons can be enhanced by selective trophic factors. NGF and
BDNF have been demonstrated to promote the regrowth of axotomized peripheral
neurons (Lindsay, 1988).

Although dopaminergic neurons, under our culture conditions, were able to grow
fibers after MPP* damage, the extent of growth did not approach that of undamaged
fibers even after 2 weeks following lesion. To determine whether the regrowth of MPP*-
damaged dopaminergic fibers in culture can be stimulated by the action of growth factors,
we examined the effect of EGF and bFGF on the recovery of growth after exposure to
MPP*. Initially, we determined the effects of treatment with EGF or bFGF on the
development of dopaminergic neurons in our culture system. In accord with findings
from previous studies (Ferrari et al., 1989; Casper et al., 1991; Engele and Bohn, 1991),
both EGF and bFGF stimulated the growth of dopaminergic fibers and promoted the

survival of dopaminergic neurons in culture. Treatment with these growth factors
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resulted in an increase in [3H]DA uptake, which was more pronounced during the second
and third week in vitro. Also during this time, a striking increase in the neuritic length of
TH+ neurons was observed in cultures treated with growth factors. In addition to
promoting growth during normal development in culture, treatment with EGF or bFGF
also enhanced the regrowth of MPP+-damaged dopaminergic fibers. This was confirmed
both by measurements of [3HIDA uptake and by morphological evaluation of cultures
immunostained with antibodies to TH. At 10 days after MPP* exposure, the DA uptake
levels and dopaminergic neuritic lengths of EGF and bFGF cultures were 2.4- to 3.0-fold
greater than their controls. In fact, growth factor treatment of MPP*-damaged
dopaminergic neurons resulted in growth which was greater than that of undamaged
controls not treated with EGF or bFGF. In a recent publication, Hadjiconstantinou et al.
(1991) also described stimulation of DA uptake by EGF in mesencephalic cultures treated
with MPP*. The authors also found that partial recovery of dopaminergic parameters
could be achieved by treating MPTP-lesioned mice with EGF. Similarly, Otto and
Unsicker (1990) reported that treatment of MPTP-lesioned mice with bFGF resulted in a

recovery of DA and TH levels and reappearance of TH-immunoreactive fibers.

I. Neurotrophic Factors and Degenerative Disease

An interesting idea has been proposed that the lack of neurotrophic factors in the
brain may contribute to the development of degenerative diseases, such as Alzheimer’s,
Parkinson's and amyotrophic lateral sclerosis (ALS; Appel, 1981). If so, then the
exogenous administration of trophic factors should be able to interrupt the degenerative
disease process. It has been hypothesized that a deficit in NGF may be involved in the

degeneration of forebrain cholinergic neurons observed in Alzheimer's disease and that
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administration of NGF or NGF-like compounds may be able to treat the disease (Hefti
and Weiner, 1986). Reports of protective effects of some trophic agents against neuronal
cell death in the mammalian CNS and their promotion of recovery after experimental
lesions, provide supporting evidence for these hypotheses and hépe for the eventual

therapeutic use of neurotrophic factors (see review by Hefti et al., 1989).

J. Conclusion

Many investigations are currently undergoing to search for factors which can
promote neuronal growth and survival in the CNS. The aim of this thesis was to study
factors which are trophic for the mesencephalic dopaminergic neurons, under normal and
toxic conditions. We found that the astrocytic glial cells play an essential role in the
trophic effects observed with EGF and bFGF, most likely through the production and
secretion of molecules into the culture medium. Further research is necessary to
determine the exact mechanisms by which glial cells can offer protection to the neurons
against neurotoxin-induced damage and stimulate recovery of surviving neurons, and to
identify the molecules responsible for these trophic effects. Identification of specific
dopaminergic growth factors in vitro can eventually become useful in clinical
applications to increase transplant survival and to interfere with the progression of
Parkinson's disease. By increasing the availability of specific growth factors to the aging
CNS, it may become possible to enhance the growth and long-term survival of neurons

and to prevent their degeneration following injury, while promoting recovery processes.
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