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Neurobiology of Disease

A Specific Survival Response in Dopamine Neurons at Most

Risk in Parkinson’s Disease

Sachiko Murase and Ronald D. McKay

Laboratory of Molecular Biology, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland 20892

The specific expression of fibroblast growth factor 20 (FGF-20) in the adult substantia nigra and the association between FGF-20 muta-
tions and Parkinson’s disease provoked exploration of the function of this growth factor. We show by gain- and loss-of-function in vitro
experiments that FGF-20 promotes survival and stimulates dopamine (DA) release in a calbindin-negative subset of cells that are
preferentially lost in Parkinson’s disease. FGF-20 selectively activates tyrosine hydroxylase in calbindin-negative neurons. In the adult
substantia nigra, calbindin-negative neurons specifically express high levels of FGFR1 (FGF receptor 1). These data show that FGF signals
to elevate DA levels and protect the specific midbrain neuron type at most risk in Parkinson’s patients.
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Introduction
Parkinson’s disease (PD), a common age-related degenerative
disease, is associated with loss of DA neurons in the substantia
nigra pars compacta (SNpc) that play a critical role in voluntary
movement (Dauer and Przedborski, 2003). The ability to over-
come oxidative stress is essential for neuronal survival, and a
decline in this function is a major cause of age-related neurode-
generative diseases (Prolla and Mattson, 2001). Because DA gen-
erates reactive oxygen species (ROS), DA neurons encounter
higher levels of ROS than other neurons (Adams et al., 2001;
Jenner, 2003). Oxidative stress induced by mitochondrial inhibi-
tion promotes cell death specific to DA neurons accompanied by
Lewy body formation (Betarbet et al., 2000; Sherer et al., 2002).
Genes linked to PD reduce dopamine transmission and oxidative
stress. For example, a-synuclein (Abeliovich et al., 2000) and
DJ-1 (PAPK7) (Goldberg et al., 2005) downregulate DA release
and uptake, respectively. Mutations in DJ-1 and PINK1 (PTEN-
induced kinase 1) compromise mitochondrial functions that se-
cure the neurons from oxidative stress (Shen and Cookson,
2004). Environmental agents linked to increase PD risk also ele-
vate oxidative stress (Betarbet et al., 2000). The identification of
extracellular signals that reduce oxidative stress would be a valu-
able contribution to the emerging model of the sensitivity of
midbrain DA neurons (Fahn and Sulzer, 2004).

Neurotrophic factors have a protective effect in animal mod-
els of Huntington’s disease (HD) (Martinez-Serrano and Bjork-
lund, 1996), Alzheimer’s disease (AD) (Tuszynski et al., 1990;
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Backman et al., 1996), and amyotrophic lateral sclerosis (Acsadi
et al., 2002; Mitchell et al., 2002; Wang et al., 2002). Disrupted
neurotrophic factor function may also cause neurodegenerative
disease. In Huntington’s disease, the huntingtin protein regulates
the transcription of BDNF in the cerebral cortex and disrupts the
delivery of this factor to the striatum the proximal site of neuron
degeneration (Zuccato et al., 2001; Baquet et al., 2004). Muta-
tions in the amyloid precursor protein (APP) cause AD, and APP
has been implicated in the anterograde axonal transport of the
TrkA receptor for nerve growth factor (NGF) and the preferential
loss of cholinergic neurons in the basal forebrain in this disease
(Goldstein, 2003). These findings indicate that the impairment of
neurotrophic factor signaling is a common feature of neurode-
generative disease. Elevated BDNF clearly delays disease progres-
sion in models of HD and clinical intervention using neurotro-
phic factors is underway in AD (Tuszynski et al., 2005).

In experimental models of PD, brain-derived neurotrophic
factor (BDNF) and glia cell-derived neurotrophic factor (GDNF)
have been shown to play a role in the survival of DA neurons in
the midbrain (Hyman et al., 1991; Lin et al., 1993). In animals,
GDNEF delivery to the striatum rescues midbrain DA neurons
from cytotoxic stress (Choi-Lundberg et al., 1997, 1998; Connor
et al., 1999). Although GDNF and the related protein neurturin
are still the focus of gene delivery programs, a multicenter trial
with GDNF was prematurely terminated because of the risk of
adverse effects in other brain regions (Gill et al., 2003; Slevin et al.,
2005). Fibroblast growth factor 2 (FGF-2) is also known to play a
protective role for DA neurons in animal models of PD (Otto and
Unsicker, 1990; Shults et al., 2000). However, in vitro studies
suggest that the protective effect of FGF-2 depends on astrocytes
(Knusel etal., 1990; Engele and Bohn, 1991; Suter-Crazzolara and
Unsicker, 1996; Krieglstein et al., 1998a,b). These results show the
need to more precisely define the protective action of growth
factors on dopaminergic neurons.

FGF-20 is currently the only example of a neurotrophic factor
in which genetic data support an involvement in PD (van der
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Walt et al., 2004). On the basis of genetic data alone, it is often
hard to establish a causal link between mutation and the mecha-
nism of disease. FGF-20 was originally cloned from an adult rat
brain cDNA library and was shown to be preferentially expressed
in adult SNpc neurons (Ohmachi et al., 2000). FGF-20 can acti-
vate its receptor, FGFRIc [a splice variant of FGF receptor 1
(FGFR1)], to initiate signaling in midbrain cultured cells (Ohma-
chi et al., 2003). Human FGF-20 has also been cloned, and its
gene has been localized to the chromosome 8p22.3-p23 region
(Kirikoshi et al., 2000). Polymorphisms in the FGF-20 gene are
associated with PD (van der Walt et al., 2004). FGF-20 promotes
both survival and DA release in calbindin-negative dopamine
neurons because they specifically express FGFR1c. Calbindin-
negative neurons are preferentially lost in PD (Fearnley and Lees,
1990; Yamada et al., 1990; Damier et al., 1999). Human genetic
data suggest that compromised function of FGF-20 contributes
to disease progression. This study identifies the protective re-
sponse to FGFR1c in a subset of DA neurons as the basis of this
effect.

Materials and Methods

Human recombinant FGF-20 was purchased from PeproTech (Rocky
Hill, NJ). Human recombinant FGFR1b-Fc, FGFR1c-Fc, and aR-Fc were
purchased from R & D Systems (Minneapolis, MN). PD98059 and
LY294002 were from Calbiochem (La Jolla, CA). 2-Deoxy-5-fluoro-
uridine (FUDR), 6-OHDA, a-methyl-p-tyrosine (AMPT), reserpine,
nomifensine, quinpirole, sulpiride, NSD-1015 (3-hydroxybenzyl hydr-
azine), tetrodotoxin (TTX), D-2-amino-5-phosphonopentanoic acid
(APV), 6-cyano-7-nitroquinoxaline-2,3-dione  (CNQX), bicuculin,
4-aminopyridine (4-AP), anisomycin, dopamine (DA), and DAPI (4',6-
diamidino-2-phenyindole) were from Sigma-Aldrich (St. Louis, MO).
5-(and-6)-Carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA) was from Invitrogen (Eugene, OR). EZ-Link NHS-SS-Biotin
[succinimidyl ~ 2-(biotinamido)-ethyl-1,3'-dithiopropionate],  protein
A-Sepharose, and immobilized avidin were from Pierce (Rockford, IL).
Rhodamine-conjugated streptavidin was from Jackson ImmunoResearch
(West Grove, PA). Protease inhibitor mixture was purchased from Roche
(Welwyn Garden City, UK).

Antibodies. Antibodies were used at the following dilutions: monoclo-
nal mouse anti-calbindin antibody, anti-tyrosine hydroxylase (TH) an-
tibody, anti-a-tubulin antibody, and polyclonal rabbit anti-FGFR1 anti-
body (Sigma-Aldrich), 1:200, 1:500, 1:10,000, and 1:500, respectively;
polyclonal rabbit and sheep anti-TH antibodies, polyclonal rabbit vesicle
monoamine transporter-2 (VMAT2; Pel-Freez Biologicals, Rogers, AR),
1:500; polyclonal rabbit anti-phosphorylated (phospho) Ser-19, Ser-31,
Ser-40 TH antibodies (Zymed, San Francisco, CA), 1:100, 1:500, and
1:100, respectively; monoclonal rat anti-dopamine transporter (DAT;
Biogenesis, Kingston, NH), 1:200; monoclonal mouse anti-Hu (Invitro-
gen), 1:100; polyclonal rabbit anti-phospho p40/p42 mitogen-activated
protein kinase (MAPK) antibody, 1:500; anti-phospho Ser-473 Akt anti-
body, 1:500; anti-cleaved caspase-3 antibody, 1:200; anti-phosho Ser-166
mouse double minute 2 (MDM?2) antibody, 1:200; anti-phospho stress-
activated protein kinase/Jun N-terminal kinase (SAPK/JNK), 1:200; anti-
phospho p38, 1:500 (Cell Signaling, Danvers, MA); polyclonal rabbit
anti-phospho Ser-136 Bad, 1:200; polyclonal rabbit anti-Bax antibody,
1:200; anti-p53 antibody, 1:200 (Santa Cruz Biotechnology, Santa Cruz,
CA); monoclonal mouse anti-cytochrome ¢ antibody, 1:200 (BD Bio-
sciences PharMingen, San Diego, CA); Alexa Fluor488 (568, or 647)-
conjugated goat anti-mouse (rabbit or sheep) IgG antibodies (Invitro-
gen), 1:200; HRP-conjugated goat anti-mouse, rabbit, and rat IgG
antibodies (Invitrogen), 1:2000; biotinylated rabbit anti-rat IgG anti-
body (Vector Laboratories, Burlingame, CA), 1:200.

Dissociated cultured neurons. Astrocyte beds were prepared from em-
bryonic day 18 (E18) rat ventral midbrain. The cells were treated with
papain (Worthington Biochemicals, Freehold, NJ), dissociated with a
flame polished Pasteur pipette, then plated at a density of 3 X 10* cells/
cm? on coverslips coated with Vitrogen (Cohesion, Palo Alto, CA) and

J. Neurosci., September 20, 2006 - 26(38):9750-9760 « 9751

poly-p-lysine (Sigma-Aldrich) and cultured in modified MEM (82—0234
DJ; Invitrogen) with 10% fetal bovine serum (FBS) for 14 d in 10% CO,
at 37°C.

Neurons were prepared from E14 rat ventral midbrain and dissociated
as described above, then plated at a density of 8 X 10* cells/cm? on the
astrocyte bed. The primary neuron cultures were grown in modified
MEM with 5% horse serum and 1% FBS in 10% CO, at 37°C. For glia-
free cultures, cells were plated at a density of 1.6 X 10° cells/cm? on
coverslips described above, and cultured in Neurobasal and B27 (Invitro-
gen) with 5% FBS and FUDR for 12 d in 10% CO, at 37°C. All of the
experiments were done in Neurobasal and B27 except that glia-free cul-
tures were incubated overnight in Neurobasal (without B27). Numbers
of TH" and Hu " (neuron-specific protein) neurons were unaffected by
overnight incubation without B27.

Organotypic slice culture. Coronal sections of rat postnatal day 1 mid-
brain (400 wm thickness) were placed on Millicell culture plate insert
(Millipore, Bedford, MA), and cultured for 10 d with slice culture me-
dium (25% MEM, 2 mm Glutamax, 0.0435% sodium bicarbonate, 25%
HBSS, 25% horse serum, pH 7.2) in 5% CO, at 37°C. Slices were then
incubated with Neurobasal and B27 overnight before the experiments.

Immunostaining and image analysis. Cells were fixed with 4% sucrose
and 4% paraformaldehyde (PFA) in PBS on ice for 20 min, followed by
methanol on ice for 10 min. Blocking was performed in 4% normal goat
serum (NGS) and 0.1% Triton X-100 in PBS at room temperature for 30
min. Incubation with the primary and secondary antibodies was in the
blocking solution for 2 h at room temperature.

Fluorescent images were obtained with a Zeiss (Oberkochen, Ger-
many) fluorescent microscope (Axiovert 100) equipped with a 10X lens.
For cell survival experiments, both imaging and analysis were done blind.
Eight to 10 images were taken from each coverslip. More than three
coverslips from more than two preparations were used for each experi-
mental group. Activated DA neurons were visualized by phospho-Ser-31
TH (Witkovsky et al., 2004). For analyses of cleaved-caspase-3, phospho-
Ser-31 TH and phospho-extracellular signal-regulated kinase ¥z (Erk1/2)
numbers per coverslip (10 images taken with 10X lens were combined)
were compared. More than two coverslips from two different prepara-
tions were used. For phospho-Ser-31 TH, 21 cells per coverslip on aver-
age were found in the control; for phospho-Erk1/2, 14 DA neurons per
coverslip were found in the control.

For adult midbrain slice staining, the brains fixed with 4% PFA over-
night were incubated in 20% sucrose for 2 d. Coronal sections were made
using a cryostat at 40 um thickness. The slices were then blocked with 4%
NGS, 0.1% Triton X-100 in PBS for 30 min. Incubation with primary and
secondary antibodies was done in the blocking solution. For organotypic
slices, 4% PFA was used for fixation (30 min at room temperature).
Blocking solution containing 1% BSA and 0.1% Triton X-100 in PBS was
used. Slices were washed with PBS three times after the incubation with
the antibodies.

Fluorescent images of slices were obtained with a Zeiss confocal mi-
croscope (LSM-510) equipped with a 10X or a 25X lens. Z-stacked
images from eight sections (1 wm interval) were used for the analysis. For
organotypic slice experiments, >2 slices per conditions were used for one
experiment. The experiments were repeated using three independent
preparations.

Student’s ¢ test was used for statistical comparisons. The mean = SEM
was plotted.

HPLC analysis of catecholamines. For measurement of DA release, neu-
rons were incubated in 0.5 ml/one 24-well of modified Krebs’” HEPES
buffer (MKB) [containing the following (in mwm): 127 NaCl, 5 KCl, 1.3
NaH,PO,, 1.2 MgSO,, 2.5 CaCl,, 10 glucose, 15 HEPES, pH 7.4] for 15
min in 10% CO, at 37°C. For high K™ stimulation, 50 mm KCl buffer
containing 82 mm NaCl instead of 127 mm was used. The buffer was
collected and kept with the stabilizing solution (88 ul of 85% orthophos-
phoric acid and 4.4 mg of metabisulfide) at —80°C. Catecholamines were
extracted from the medium by a sample clean up column (Chromsys-
tem). For measurements of DA and L.-DOPA contents, the samples were
harvested in 300 ul per one 24-well of stabilizing solution (0.1 M perchlo-
ric acid, 0.02% EDTA, 1% ethanol), and sonicated on ice. The superna-
tant collected after centrifugation at 14,000 rpm for 10 min at 4°C was
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applied to high-pressure liquid chromatography (HPLC). The samples
were analyzed with a Hewlett Packard (Palo Alto, CA) Series 1050 HPLC
system equipped with a reverse-phase C18 column (3 wm particle size,
80 X 4.6 mm dimension; ESA, Chelmsford, MA) in an MD-TM mobile
phase (ESA). The oxidative potential of the analytical cell (Mod 5011;
ESA) was set at +325 mV. HP Chemistation was calibrated using stan-
dards before measuring peak area to quantify catecholamines. Data rep-
resent the amounts of catecholamines per one 24 well of the cultures.
Student’s ¢ test was used for statistical comparisons. The mean * SEM
was plotted.

Western blotting. Neurons were incubated in 0.5 ml per one 24 well of
Neurobasal and B27 overnight. Ten microliters of Neurobasal containing
FGF-20 were added to each well (final concentration, 10 ng/ml). After
incubation at 37°C for 10 min (or the indicated time), the samples were
collected with 60 ul per one 24 well of SDS loading buffer, and boiled for
5 min, then applied to a 4—15% gradient SDS gel (Bio-Rad, Hercules,
CA). The proteins were transferred to a nitrocelluose membrane. The
blocking was performed with 4% skim milk in PBS for 30 min. The
primary and secondary antibodies were diluted in the blocking solution.
After overnight incubation with primary antibody at 4°C, the membrane
was washed three times with Tris-buffered saline with Tween 20, and
incubated with secondary antibody for 2 h at room temperature. The
proteins were visualized with SuperSignal West Pico Chemiluminescent
Substrate (Pierce), and detected with a BioChemi System (UVP Biolm-
aging Systems, Upland, CA). The mean * SEM was plotted.

Cell surface biotinylation. Cells were treated with 10 ng/ml FGF-20 for
1 h before surface labeling. Cells were washed two times with PBS, fol-
lowed by incubation with 1 mm EZ-Link NHS-SS-Biotin on ice for 30
min. Biotinylating reagents were removed by washing three times with
PBS before they were lysed on ice for 15 min with 60 ul of lysis buffer (50
mw Tris-HCl, pH 7.4, 150 mm NaCl, 1% NP-40, and protease inhibitor
mixture) per well. The lysates were centrifuged at 14,000 X g for 5 min at
4°C, then incubated with 10% (v/v) of prewashed protein A-Sepharose or
immobilized avidin for 2 h at 4°C. The beads were washed three times
with lysis buffer before the absorbed proteins were eluted by boiling for 5
min with SDS loading buffer.

Detection of H,O, production. To detect H,O,, cells were incubated in
HBS containing 10 um carboxy-H,DCFDA for 30 min. Cells were then,
fixed with PFA and briefly incubated with 0.1% Triton X-100 in PBS.
Blocking and immunostaining with TH were performed with PBS con-
taining 4% NGS without Triton X-100.

Results

Maturation of DA neurons in vitro

Neuron-astrocyte cocultures have been used to analyze the cyto-
toxic effects of oxidative stress in DA neurons (Fon et al., 1997;
Larsen et al., 2002). In this study, dissociated primary neurons
from ventral midbrain E14 were cultured with ventral midbrain
E18 astrocytes and the number of surviving neurons measured
over 3 weeks of growth. The number of neurons in culture with
and without fetal calf serum was measured to determine whether
there was a transient period of cell death. The total number of
neurons, including DA neurons, declined during the first 10 d
and then became stable (Fig. 1a). During this period, DA neurons
progressively acquired complex morphologies and by 20 d in
vitro (DIV20), the processes of TH-expressing DA neurons
showed distributions of both presynaptic and postsynaptic
marker proteins (synaptophysin and PSD95, respectively) sug-
gesting the formation of synapses (Fig. 1b,¢).

DA function is regulated by synaptic proteins controlling ve-
sicular localization and reuptake. Pharmacological probes were
used to determine the stage when the cells in culture show mature
synaptic properties. At DIV7, extracellular DA was increased by
reserpine, an inhibitor of VMAT?2 and reduced by nomifensine,
an inhibitor of the DAT (Fig. 1d). A mixture of drugs that inhibit
neuronal activity (TTX, APV, CNQX, and bicuculline) did not
affect extracellular DA. Quinpirole and sulpiride, an agonist and
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Figure 1. Development of DA neurons in dissociated ventral midbrain culture. a, Neurons

including DA neurons go through natural cell death. Shown are numbers of cells/image from the
cultures without serum (SRF; Neurobasal and B27) (Hu *, black square; TH ™, gray square),
from the cultures with serum (SR; modified MEM) (Hu ™, black triangle; TH ™, gray triangle),
and the cultures switched from SR to SRFat DIV12 (Hu *, black circle; TH *, gray circle; n = 40).
All of the experiments were done after DIV19 except for the long incubation with FGFR-Fc
(DIV16). b, Extension of processes. DA neurons are stained with anti-TH antibody. Top, DIV4;
bottom, DIV15. Scale bar, 20 um. ¢, Formation of synaptic structure. By DIV20, processes of DA
neurons (TH, red) are well colocalized with both pre- [synaptophysin (SP), green, left] and post-
(PSD95, green, right) synaptic markers. Scale bars, 50 m. Insets are magnified images (scale
bars, 5 um). d, DA release from young (top) and mature (bottom) DA neurons. cnt, Control; res,
1.5 M reserpine; quin, 5 um quinpirole; IC, inhibitor cocktail (1 m TTX, 100 um APV, 50 m
CNQX, 30 um bicuculin); nomi, 5 um nomifensine; sulp, 5 um sulpiride. n = 4. Error bars
indicate SE.

an antagonist for the D, subtype of DA receptor, did not change
extracellular DA. These data suggest that at this stage of matura-
tion, DA neurons express functional VMAT?2 and DAT, but neu-
ronal activity has a small role in extracellular DA.

At DIV20, DA release was three times higher than DIV7 and
was reduced by the neuronal activity inhibitor mixture, indicat-
ing that neuronal activity-regulated synaptic release is the major
source of DA release (Fig. 1d). Reserpine reduced and nomi-
fensine increased DA levels. Quinpirole inhibits the D, autore-
ceptor (Kuzhikandathil et al., 1998) and, by DIV20, inhibits DA
levels. The effects of nomifensine were enhanced by reserpine and
by sulpiride, an antagonist for D, receptor. These results show
that at DIV20, cultured neurons release and reuptake DA using
physiologically relevant mechanisms. This system, where DA
neurons in culture differentiate to a stage where DA metabolism
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Figure2.  6-OHDA lesion rescued by FGF-20. a, Inmunostaining with TH (red) and Hu (green). 6-OHDA treatment causes DA

neuron-specific loss, which is rescued by FGF-20. Thirty millimolars 6-OHDA in PBS was freshly prepared and filtered immediately
before application. Neurons were incubated with 30 um 6-OHDA (and 10 ng/ml FGF-20) overnight. Scale bar, 100 em. b, 6-OHDA
induces stress response. Cells were incubated with 30 pum 6-OHDA for 6 h. ¢, Cleaved-caspase-3 immunostaining (left) when
incubated for 9 h with 6-OHDA (and FGF-20). Scale bar, 50 wum. Shown are numbers of cleaved-caspase-3 * cells afterincubating
with 30 m6-OHDA (and 10 ng/ml FGF-20) for the indicated time (right) (n = 10). *p << 0.05. d, Effect of FGF-20 and contribution
of MAPK and PI3 kinase. Neurons were incubated with 50 wum PD98059 or 25 pum LY294002 (n = 30). *p << 0.05. e, FGF-20
activates both MAPK and PI3K pathways in ventral midbrain culture, and protects mitochondria. ce-Tubulin was blotted as a
loading control. To minimize the contribution of astrocytes, the glia-free cultures were used. Error bars indicate SE.
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proteins were preincubated with FGF-20 at 37°C for 2 h before applied to cultured neurons. Final concentrations of FGF-20 and
Fc-chimeric protein were 10 ng/ml and 200 ng/ml, respectively. b, Cell death of DA neurons induced by FGFR1¢-Fc. Neurons were
incubated for 4 d with 100 ng/ml FGFRTc-Fc in the presence or absence of 500 M AMPT. Half of the medium was changed
everyday. Immunostaining with TH (red) and Hu (green) is shown. Scale bar, 100 wm. ¢, Effect of Fc-chimeric proteins. Incubation
with 100 ng/ml Fc-chimeric proteins with or without 500 wum AMPT for 4 d (n = 40). *p << 0.05. Error bars indicate SE.
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is mature and the number of neurons is
stable, was used to analyze the effects of
oxidative stress and neurotrophic mecha-
nisms on neuronal loss and survival.

FGF-20 rescues mature DA neurons
from the toxicity of 6-OHDA

6-OHDA is efficiently taken up by the
DAT and causes oxidative stress, and
6-OHDA is widely used to lesion DA neu-
rons in vitro and in vivo (Ungerstedt, 1971;
Ding et al., 2004). In cultured midbrain
neurons, 6 h of exposure to 6-OHDA acti-
vated the SAPK/JNK, and the proapop-
totic protein Bax (Fig. 2b). A wave of
caspase-3 positive cells with a peak at 9 h
was observed after the toxin was applied,
indicating that apoptosis was induced
(Fig. 2c). Coapplication of 10 ng/ml
FGF-20 blocked the effect of 6-OHDA
(Fig. 2¢). A lower concentration of FGF-20
(50 pg/ml) did not rescue the cells (n = 15;
p = 0.545). Double immunostaining with
antibodies against TH and Hu, a neuron
specific protein, showed that DA neurons
are specifically sensitive to 6-OHDA (Fig.
2a,d).

FGF ligands signal through tyrosine ki-
nase receptors that activate a downstream
phosphorylation cascade including Akt
and Erk (Kouhara et al., 1997; Ong et al.,
2001). FGF-20 induced Akt and Erk acti-
vation and induced phosphorylation of
the proapoptotic protein Bad at Ser-136
(Fig. 2e). FGF treatment phosphorylates
MDM2 at Ser-166, which is known to pro-
mote proteasomal degradation of p53
(Grossman et al., 1998). Decreased levels
of intact p53 were observed 2 h after FGF
application (Fig. 2e). The ability of FGF-20
to rescue DA neurons from 6-OHDA tox-
icity was blocked by drugs that inhibit
phosphatidylinositol 3 kinase (PI3K) and
MAP kinase, and inhibition of PI3K
blocked FGF-20-induced Erk activation,
vice versa (Fig. 2d). Kinase inhibition
alone did not affect the survival of neu-
rons. These data show that FGF-20 acting
through known second messengers sup-
ports DA neuron survival in response to an
external toxin.

An endogenous FGF signal supports
neurons from a DA-dependent stress
The role of endogenous FGF in neuronal
survival was investigated using a chimeric
protein composed of the extracellular do-
mains of FGFR1c fused with the immuno-
globulin constant region (FGFR1c-Fc). To
confirm that this synthetic protein had the
ability to inhibit the binding of FGF-20,
the activation of MAPK by FGF-20 was in-
hibited by FGFR1c-Fc (Fig. 3a). Preincu-
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bation with another splice variant
FGFR1b-Fc that contains a different III
domain critical for ligand recognition
(Isacchi et al., 1990; Yeh et al., 2003) did
not inhibit MAPK activation (Fig. 3a).

A loss of DA neurons was observed
when midbrain neurons were incubated
with FGFR1c-Fc for 4 d (Fig. 3b,c). The
incubation with FGFR1b-Fc¢ did not
change the numbers of DA neurons (Fig.
3¢). A receptor-immunoglobulin protein
for the GDNF receptor (aR-Fc) also
caused a loss of DA neurons but no addi-
tional loss was observed when both the
chimeric proteins were applied together
(Fig. 3¢). None of these manipulations af-
fected the total number of neurons (data
not shown). These data indicate that en-
dogenous FGF is required to maintain the
survival of the subset of DA neurons.

A competitive inhibitor of TH, AMPT,
was used to determine whether DA levels
contribute to the neuron death induced by
growth factor competition. A 2 h incuba-
tion with AMPT decreased extracellular
DA levels to 21.2 * 2.4% (n = 4) of the
control. When AMPT was coapplied with
FGFRI1c-Fc there was no cytotoxic effect,
while the effect of aR-Fc was unchanged
(Fig. 3¢). Treatment with AMPT alone did
not change the numbers of either DA or
total neurons (103.7 * 12.0 and 111.5 *=
9.7% of the control, respectively; n = 40).
Although only a small amount was de-
tected, AMPT was reported to be con-
verted to a-methyl-p-tyramine (Dougan
et al,, 1983). Because tyramine undergoes
turnover through monoamine oxidase
and produces ROS (Juorio and Boulton,
1982; Hauptmann et al., 1996), we tested
whether the cells were under stress when
treated with AMPT. Neither SAPK/JNK
nor p38, kinases known to be activated by
stress (Ichijo, 1999), were activated by AMPT (Fig. 4e). This re-
sult indicates that an endogenous FGF signal supports survival
from stress influenced by DA levels.

reserpine |*
+nomifensine
e

(a]

H2DCFDA

TH

Figure 4.

FGF-20 rescues neurons from stress induced by cytosolic DA
DA localization is controlled by two transporters: DAT is a
plasma membrane that recovers extracellular DA into the cyto-
plasm, and VMAT?2 generates high concentrations of DA in syn-
aptic vesicles (Henry et al., 1994; Wang et al., 1997; Mortensen
and Amara, 2003). Inhibitors of DAT and VMAT?2 regulate DA
levels appropriately in neurons at DIV20 (Fig. 1d). Here, we
use pharmacological manipulations to explore the toxicity of
endogenous DA.

When young neurons (DIV7) were incubated overnight with
the VMAT?2 inhibitor reserpine (1.5 uM), neuron numbers were
not affected. In contrast, a significant loss of DA neurons was
observed when the mature cultures (DIV20) were incubated with
reserpine (Fig. 4a,b). No loss was observed by the inhibition of
DAT with nomifensine (Fig. 4b). Coapplication of nomifensine
blocked the effect of reserpine (Fig. 4a,b). When DA synthesis was
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DA-induced toxicity rescued by FGF-20. a, Inhibition of VMAT2 caused loss of DA neurons in mature but not young
cultures. Neurons were incubated overnight with 1.5 wum reserpine (and 10 ng/ml FGF-20). Shown are representative images
stained with TH (red) and Hu (green) of control, 1.5 umreserpine, 1.5 mreserpine plus 5 um nomifensine, and 1.5 m reserpine
plus 10 ng/ml FGF-20 overnight-treated neurons. Scale bar, 100 um. b, Neurons were incubated overnight with 1.5 um reserpine,
5 umnomifensine, 500 v AMPT (preincubated with AMPT alone for 10 h), inhibitor cocktail (IC; T um TTX, 100 m APV, 50 pum
CNQX, 30 pum bicuculin), 200 g vitamin Cand 10 ng/ml FGF-20. For DA treatments, cells were exposed to 2 mm dopamine (and
10 ng/ml FGF-20) for 30 min, then incubated overnight with neuron medium (and 10 ng/ml FGF-20; n = 30). *p << 0.05. ¢,
Reserpine induces H,0, production in DA neurons. Cells were incubated with 1.5 um reserpine for 6 h before carboxy-H,DCFDA
staining. Scale bar, 20 wm. d, Reserpine changes cytochrome c distribution in DA neurons. Cells were incubated with 1.5 um
reserpine for 10 h. Scale bar, 20 r.m. e, Reserpine induces stress response in ventral midbrain culture. Cells were incubated with
1.5 pm reserpine or 500 pm AMPT for 10 h. £, Surface labeling of DAT. Cells were treated with 10 ng/ml FGF-20 for 1 h before
biotinylation. Error bars indicate SE.

inhibited by AMPT, reserpine showed no toxicity (Fig. 4b).
Blockade of neuronal activity also blocked the loss of DA neu-
rons. Ascorbic acid (vitamin C) blocked the effect of reserpine,
indicating the toxicity is caused by oxidation (Fig. 4b). None of
these manipulations affected total number of neurons (data not
shown). These data suggest that VMAT?2 function is required to
protect neurons from DA that is released by activity and taken
back into the cell by DAT.

When cytosolic DA is higher than extracellular DA, the DAT
can actin a reverse manner allowing DA to leave the cell (Sulzer et
al., 2005). However, there are mechanisms that buffer DA levels.
Direct measurements of cytosolic DA in chromaffin cells demon-
strate that catecholamine levels were only transiently elevated by
L-DOPA treatment and returned to the basal level within 10 min
(Mosharov et al., 2003). To define DA levels directly, the DA
content in neurons was measured in the presence of reserpine.
DA content was decreased by 15 min of incubation with reserpine
(32% of control; n = 4). Nomifensine did not influence the effect
of reserpine on DA content (30% of control; p = 0.34; n = 4).
These results show that reserpine reduces total DA and that the
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total number of DA neurons in the control (n = 30). Error bars indicate SE.

DAT inhibitor does not cause a chronic elevation of DA. A tran-
sient increase in extracellular DA applied exogenously also
caused neuron loss (Fig. 4b). These data suggest that DA entering
the cells through DAT is the source of toxicity and show that
FGF-20 rescued DA neurons from reserpine treatment and DA
toxicity (Fig. 4b).

Previous studies suggest that the protective effect of FGF-2 on
DA neurons was mediated by astrocytes (Knusel et al., 1990; En-
gele and Bohn, 1991). DA neurons in glia-free culture were also
susceptible to 6-OHDA and DA treatments, but not to reserpine
treatment (data not shown). In the absence of glia, neurons do
not survive >2 weeks and may not mature adequately to show the
toxicity of reserpine.

To test whether reserpine indeed causes oxidative stress in
mature DA neurons, H,0, production was detected using
carboxy-H,DCFDA. After 6 h incubation with reserpine, the sig-
nal was notably increased in some of the DA neurons (Fig. 4¢). In
10 h, some of the DA neurons changed distribution of cytochrome
¢ from a strongly punctated pattern as seen in the control to a scat-
tered pattern (Fig. 4d). Activation of SAPK/JNK and p38 was ob-
served (Fig. 4e). These results suggest that DA neurons die from
oxidative stress and subsequent mitochondrial damage by reserpine
treatment.

Reduction of DAT function would be a possible mechanism
for FGF-20 protection. To test this idea, we analyzed DAT by cell
surface biotinylation both in FGF-20 treated and nontreated cul-
ture. When blotted with anti-DAT antibody, two bands were
detected from the lysates at 55 and 110 kDa (Fig. 4f). When the
surface proteins were labeled by biotinylation, both the bands
were enriched in the proteins bound to avidin, but not to protein
A-Sepharose beads (Fig. 4f). FGF-20 treatment increased the
amount of surface DAT (Fig. 4f). MAPK and PI3K are known to
upregulate the surface expression of DAT and enhance DA uptake
(Carvelli et al., 2002; Moron et al., 2003). FGF-20 activates both of
these kinases (Fig. 2¢) and the surface labeling data suggest that
FGF-20 elevates rather than reduces the surface expression of DAT.
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This result suggests that FGF-20 blocks the
oxidative damage caused by cytosolic DA
taken up by DAT.
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Short-term treatment with reserpine and FGFR1c-Fc causes loss of DA neurons. a, Effect of reserpine on DA release.
The cultured neurons were incubated with 1.5 um reserpine for 4 h (bar). DA release decreased rapidly after the application of 1.5
pmreserpine, and recovered after the removal of reserpine (n = 4). b, DA release is stimulated by high K ™ after 4 h of incubation
with reserpine (n = 4; p = 0.026). ¢, FGFR1c-Fc but not FGFR1b-Fc promotes DA neuron cell death induced by cytosolic DA in a
dose-dependent manner. Neurons were incubated for 4 h with 1.5 wum reserpine and the indicated concentrations of FGFR1c-Fc,
then incubated with the medium overnight (n = 30). *p << 0.05. d, Immunostaining of TH (red) and calbindin (green) is shown.
Number of calbindin — DA neurons is decreased by 4 h treatment with1.5 pum reserpine and 100 ng/ml FGFR1c-Fc (right), as
compared with control (left). Scale bar, 100 .um. Arrowheads, Calbindin — DA neurons. e, Calbindin ~ DA neurons are sensitive to
the treatment with reserpine and FGFR1c-Fc. No effect was observed with 100 ng/ml FGFR1b-Fc. Data were normalized with the

rapidly for the first 2 h when cells were
exposed to reserpine and then remained
stable for an additional 2 h of treatment.
The level of extracellular DA recovered al-
most completely after the drug was washed
out (Fig. 5a). In cells treated with reserpine
for 4 h, DA release was stimulated by high
K™, indicating that the vesicular pool of
DA was present (Fig. 5b). This short expo-
sure to reserpine had no effect on cell
number, but treatment with reserpine and
FGFR1c-Fc resulted in DA neuron death
(Fig. 5¢). The death of DA neurons was
dependent on the dose of FGFRIlc-Fc
showing that endogenous FGF signals pro-
mote survival from toxicity induced by
impaired VMAT function (Fig. 5¢).

The toxic effect of FGFR1c-Fc satu-
rated at ~50% loss, raising the question of
whether there are qualitatively different
subtypes of DA neurons in the culture. Previous in vitro and in
vivo studies in animal models show that calbindin-expressing DA
neurons are more resistant to toxic DA analogues [6-OHDA
(Gerfen et al., 1985) and MPTP (German et al., 1992)]. Calbi-
ndin~ neurons are also present in the human SNpc and these
cells are differentially lost in PD (Fearnley and Lees, 1990;
Yamada et al., 1990; Damier et al., 1999). Double staining with
TH and calbindin antibodies was used to determine whether the
calbindin ~ neurons show increased sensitivity to a short-term
treatment with 1.5 uM reserpine and 100 ng/ml FGFR1c-Fc. Cal-
bindin ~ neurons were preferentially lost with increasing doses of
the FGFR blocking reagent (Fig. 5d,¢). These data show that it is
the calbindin ~ neurons that are most dependent on FGF survival
signals when function of the vesicular transporter is
compromised.

FGF-20 increases DA levels through activation of TH

A simple strategy to counter DA toxicity would be to reduce DA
levels. To examine whether FGF-20 reduces DA levels, DA con-
tent was measured with and without FGF-20 treatment. There
was a significant increase in DA content 45 min after the applica-
tion of FGF-20. This increase was blocked by the coapplication of
PD98059, indicating that MAPK activation was required (Fig.
6a). The enzyme aromatic amino acid decarboxylase (AADC)
converts the product of TH, L-DOPA, into DA. When AADC is
inhibited, the level of L-DOPA directly measures TH activity. In
cells treated with FGF-20 and the AADC inhibitor NSD-1015,
there was a clear increase in L-DOPA that was blocked by
PD98059 (Fig. 6b). These results suggest that FGF-20 treatment
increases DA synthesis by activating TH.

Tyrosine hydroxylase activity is regulated by post-
translational modification. Three phosphorylation sites augment
TH activity (Ser-19, Ser-31, and Ser-40) (Lindgren et al., 2000,
2002). Phosphorylation levels of all three Ser residues increased
shortly after the application of FGF-20 (5 min) (Fig. 6¢) and
among those, the phospho-Ser-31 level was sustained up to 30
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min, whereas the levels of phospho-Ser-19
and Ser-40 declined after 15 min (Fig. 6¢).
The sustained elevation of phospho-
Ser-31 was blocked by PD98059. These re-
sults suggest that FGF-20 stimulates en-
dogenous DA levels by elevating TH
activity through MAPK-mediated Ser
phosphorylation.

We next explored the kinetics of the ef-
fect of FGF-20 on DA levels. A brief (5
min) exposure to FGF-20 did not increase
DA levels, but after 45 min of incubation,
extracellular DA levels increased 1.7 times
(n = 4; *p = 0.0032) (Fig. 6d). The in-
crease was blocked by PD98059 (81.5 *
4.6% of the control, n = 4), indicating that
MAPK activation is responsible. The total
DA and the released DA both increased
with the same time course and to the same
extent after FGF-20 treatment (Fig. 6d).
FGF-20-induced DA release was observed
in the presence of anisomycin, an inhibitor
for translation, indicating that post-
translational modification is responsible
for the increase (Fig. 6d). FGF-1, -2, -4,
and -9 are known to stimulate TH expres-
sion via MAPK activation (Du and Iaco-
vitti, 1995; Guo et al., 1998). Therefore, it
is possible that FGF-20 further increases
DA release at later time points because of
stimulated TH expression. The applica-
tion of quinpirole, a D, autoreceptor ago-
nist, inhibited DA release to the same level
as in control (Fig. 6e), suggesting that the
DA synthesized in response to FGF is
packaged for vesicular release.

GDNF is known to acutely stimulate
DA release by activating MAPK and inhib-
iting A-type potassium channels (Yang et
al., 2001). To examine whether FGF-20 in-
duced DA release by depolarizing cells in
this way, we used high K* to evoke release
in cells treated with FGF-20 and 4-AP to
block voltage-dependent potassium chan-
nels. If K-channel inhibition was the only
effect of FGF-20, 4-AP treatment should
mimic treatment with the growth factor.
High K™ stimulation of FGF-20-treated
cells increased DA levels 1.6-fold (Fig. 6f).
This increase was blocked by PD98059
(94.2 = 9.1% of the control; n = 4). When
Kv channels were inhibited by 4-AP, DA
release was also increased (Fig. 6f), but
FGF-20 resulted in increased release above
the levels seen with 4-AP (Fig. 6f). A 1 min
pre-exposure to high K™ was enough to re-
duce the evoked DA release to 16% of the
control (Fig. 6g). The effect of FGF-20 on
evoked DA release was completely blocked
by AMPT, indicating the increased release of
DA is dependent on increased DA synthesis
(Fig. 6h). GDNF, acting through MAPK ac-
tivation, acutely stimulates neuroactivity by
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Figure6.  FGF-20increases DA level. a, Total DA level is increased by FGF-20. Neurons were incubated with 10 ng/ml of FGF-20

and 50 pum PD98059 for 45 min (n = 4). *p << 0.05. b, -DOPA accumulation induced by FGF-20 in the presence of 100 pm
NSD-1015 (n = 4). *p << 0.05. ¢, Phosphorylation of Ser residues in TH by FGF-20. Shown are Western blot probed with
anti-phospho Ser-19, Ser-31, and Ser-40 antibodies, and band intensities of phospho-Ser-19, Ser-31, and Ser-40. n = 3.d, DA
release (left) and total DA content (right) are both increased by FGF-20. Neurons were incubated with or without 10 ng/ml of
FGF-20 for the indicated time before DA release measurements. To inhibit protein synthesis, cells were preincubated with 10 um
anisomycin for 30 min before FGF-20 application. Note that the increase was not acute (5 min; n = 4). *p << 0.05. e, Effect of D,
autoreceptor agonist, quinpirole. Preincubation with 10 ng/ml FGF-20 for 45 min resulted in a significant increase in DA release,
but no difference when release is measured in 5 m quinpirole (n = 4), *p << 0.05. f, Evoked DA release by 50 mm KCl was also
increased by FGF-20. Samples were incubated with 10 ng/ml FGF-20 for 45 min before the DA release measurements. 10 mm 4-AP
was applied (n = 11, 6,7, 5,3, 3, and 3, respectively). g, Effect of pre-exposure to high K on DA release. DA release was
compared in 50 mm KCI-MKB. Only T min of pre-exposure to 50 mm KCl was enough to decrease DA release to 16% (n = 3). h, Effect
of THinhibition on the increased high K ™ stimulated DA release by FGF-20. The culture was incubated with 500 wum AMPT for 20
min before the application of 10 ng/ml of FGF-20. DA release was compared in 50 mum KCI-MKB, 45 min after the application of
FGF-20 (control, AMPT, AMPT plus FGF-20; n = 5, 8, and 9, respectively). Error bars indicate SE.
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The phosphorylation of Ser-31 of TH
was used to ask whether cabindin ~ neu-
rons show preferential TH activation in re-
sponse to FGF treatment. In controls, few
neurons were labeled with PSer31-TH anti-
bodies. BDNF induced TH phosphory-
lation in both calbindin* and calbindin ~
neurons (Fig. 7a). In contrast, FGF-20 in-
duced phosphorylation of Ser-31 in calbi-
ndin " neurons (Fig. 7a).

The analysis with PSer-TH immuno-
staining was also performed in organo-
typic slice cultures. Activation of TH by
FGF-20 was preferentially observed in cal-
bindin~ neurons, whereas both calbi-
ndin * and calbindin ~ neurons were acti-
vated by BDNF (Fig. 7b). Our results
indicate that calbindin ~ neurons prefer-
entially respond to FGF-20 both in disso-
ciated and organotypic-slice cultures.

A simple explanation for the specific
response of calbindin~ neurons to
FGEF-20 is the specific expression of the re-

-~ T ceptor in those neurons. Immunostaining
M calbindin+ B calbindin+ B calbindin+ £ adul idbrai . ith .
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Figure7. FGF-20actson calbindin ~ DA neurons. a, Dissociated cultured neurons were stimulated by neurotrophins (= 30).  neurons to FGF-20. Because DA transmis-

Left, Inmunostaining with TH (red), phospho-Erk1/2 (green), and calbindin (blue). Right, Inmunostaining with phospho-Ser-31
TH (red) and calbindin (green). Samples were incubated with 10 ng/ml FGF-20 (or BDNF) for 10 min. *Calbindin *; arrowheads,
calbindin . b, Organotypic midbrain slices were stimulated by neurotrophins (n = 10). Inmunostaining with phospho-Ser31TH
(red) and calbindin (green) is shown. Samples were incubated with 10 ng/ml FGF-20 (or BDNF) for 45 min. Scale bars, 50 pm.
Insets, magnified images. Scale bars, 10 .um. Relative numbers of neurons are shown at the bottom. Calbindin — DA neurons were

selectively activated by FGF-20. Error bars indicate SE.

inhibiting an A-type potassium channel (Yang et al., 2001). FGF-20
treatment elevates DA release but only after a delay, consistent with
increased synthesis of the transmitter and an increase in the levels of
DA poised for vesticular release.

Calbindin ~ DA neurons preferentially respond to FGF-20
and express FGFR1

In all the cell death assays discussed here, only a subset of DA
neurons are lost. Our observations suggest that calbindin ~ DA
neurons are preferentially sensitive to reserpine stress combined
with FGF receptor blockade. To further explore this partial loss,
neurons responding to growth factors were identified by phos-
phorylation of Erk1/2. The expression of TH and «cal-
bindin allowed identification of the neurons responding to
growth factor stimulation. Triple immunostaining with TH, cal-
bindin, and phospho-Erk1/2 showed that BDNF induced Erk
phosphorylation in almost all of the TH™ neurons including
calbindin * and calbindin ~ (Fig. 7a). In contrast, FGF-20 treat-
ment favored Erk activation in calbindin ~ DA neurons.

sion and reuptake play a central role in DA
neuron survival, we set criteria for neuronal
maturation: (1) developmental cell death,
(2) morphological complexity, (3) forma-
tion of synaptic structure, and (4) functional
regulation of DA release, and confirmed that
DA neurons in tissue culture can fulfill these
criteria. Using this culture system, we found two subtypes of DA
neurons that are sensitive or insensitive to endogenous FGF (see
supplemental material, available at www.jneurosci.org). The FGF-
sensitive neurons lack expression of calbindin, and FGF signaling
was only important for survival when DA was present. FGF-20 rap-
idly activates the cytoplasmic kinases, PI3K and MAPK, and anti-
apoptotic events including phosphorylation of Bad and downregu-
lation of Bax, which may explain the protective action. PI3K is
known to induce phosphorylation of Bad (Datta et al., 1997). Bax
expression can be activated by p53 (Miyashita and Reed, 1995). The
decreased level of Bax in FGF-treated cells might be attributable to
the induction of p53 degradation. FGF-20 activation occurred pref-
erentially in calbindin ~ neurons in both dissociated and organo-
typic-slice cultures. Concomitantly, FGFR1 is selectively expressed
in calbindin ~ neurons in adult SNpc. Therefore, it is likely that the
properties of two types of neurons are conserved in vivo. FGFR sig-
naling not only protects calbindin ~ neurons, but also activates TH,
resulting in increased levels of DA release. These results show that
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FGF triggers signaling events known to reduce oxidative stress and
promotes DA functions in a subset of DA neurons.

In this study, survival of midbrain DA neurons was assessed in
relation to functions of VMAT?2 and DAT transporters. We dem-
onstrate that in young neurons, low levels of DA are released from
DAT but not through activity-triggered vesicle release. As a con-
sequence, inhibition of VMAT?2 did not show toxicity. In mature
neurons, vesicle release of DA via neural activity and its efficient
reuptake, and inhibition of release by D, autoreceptor were all
present. Under these conditions, a specific group of neurons are
sensitive to FGF blockade and this vulnerability depends on DA
levels. The VMAT?2 blocker reserpine also puts these neurons at
risk. When FGF signals are reduced, even a short-term exposure
to reserpine is enough to cause loss of these neurons.

VMAT?2 is not the only target of reserpine (Beck et al., 1988),
but because cell death was blocked by inhibition of DA synthesis,
neural activity, and DAT, it is clear that DA transmission and
reuptake is a critical feature of survival in these cells and it is likely
that the reserpine-induced toxicity is caused by VMAT?2 inhibi-
tion rather than by some other mechanism. Treatment with re-
serpine decreases total DA content and nomifensine does not
influence this effect, suggesting that the basal cytosolic DA levels
are well maintained as shown previously (Mosharov et al., 2003).
These results suggest that the toxicity of reserpine is not attribut-
able to the chronic accumulation of cytosolic DA, but rather a
local and transient exposure to DA. The high concentrations of
DA achieved by DAT action after release would provide this type
of stress. Short-term exposure to exogenous DA indeed caused
loss of DA neurons. Our observations suggest that the contribu-
tion of DA recycling dynamics to oxidative stress can be studied
in vitro.

In our work, calbindin ~ DA neurons specifically require FGF
signaling to protect against an ongoing DA-dependent stress.
Calbindin ~ DA neurons are enriched in the ventral tier of SNpc
(or A9) and project to striatal patches. These neurons are at par-
ticular risk in PD, whereas DA neurons in ventral tegmental area

(or A10) are predominantly calbindin ™ (Gerfen et al., 1987). In
both rodent and primate adult midbrain, the levels of DAT
mRNA (Sanghera et al., 1994; Haber et al.,, 1995) and DAT pro-
tein (Gonzalez-Hernandez et al., 2004) are higher in calbindin ~
than in calbindin * DA neurons. In vivo studies both in rodents
and primates show that the neurons of the rostromedial region of
substantia nigra, the majority of which are calbindin *, express
higher level of VMAT?2 than the caudoventral regions of substan-
tia nigra, the majority of which are calbindin~ (Gonzalez-
Hernandez et al., 2004). Liang et al. (2004) have shown in PD
patients, that the levels of VMAT?2 are lower in neurons that
express high levels of neuromelanin pigment, located in regions
where calbindin immunoreactivity is poor (Damier et al., 1999).
Calbindin © DA neurons in our culture also showed higher
VMAT2 and lower DAT than calbindin ~ DA neurons (data not
shown). Combination of high DAT and low VMAT?2 levels would
result in higher oxidative stress in calbindin ~ DA neurons.

The central goal of our experiments was to determine whether
FGF-20 played a neurotrophic role in DA neurons as suggested by
genetic data in PD patients (van der Walt et al., 2004). The func-
tion of FGF-20 reported here supports the genetic data associat-
ing mutations in this gene with PD. These data also suggest that
elevated presynaptic function and improved survival can be si-
multaneously achieved in the class of midbrain DA neuron at
most risk in PD.
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