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INTRODUCTION

The main hypothesis being tested in this research project is that neuregulins, primarly focusing
on glial growth factor-2 (GGF2), is neuroprotective and/or neurorestorative for the damaged
dopaminergic nigrostriatal system. Other hypotheses to be tested are that GGF2 augments
functional indices of the dopaminergic nigrostriatal system and that one of the intracellular
signaling mechanisms mediating the protective effects of neuregulins for dopamine neurons
involves the PI3-kinase pathway. These studies are being conducted in normal rats, in a 6-
OHDA rat model of Parkinson’s disease, in primary neuronal cultures of midbrain dopamine
cells, and in a dopaminergic cell line. Overall, results from these studies may form the basis for
the therapeutic application of neuregulins to the treatment of neurotoxin-induced
neurodegenerative disorders such as Parkinson’s disease.

BODY

Experiment #1a,b,c: These experiments were designed to determine if infusion of neuregulin
augments nigrostriatal dopamine function in the rat. In vivo microdialysis was used to examine
the acute effects of neuregulin on basal dopamine release in the nigrostriatal system. Our studies
show that unilateral infusion of the neuregulin heregulin-p1 (HRG-B1; 10 ug) and GGF2 (3 ug)
just above the substantia nigra resulted in a rapid increase in dopamine overflow in the ipsilateral
striatum. Thus, acute administration of neuregulins can modulate the activity of mesostriatal
dopaminergic neurons by enhancing at least one important index of nigrostriatal function. These
findings have been published; see Appendix (Yurek et al., Brain Research 1028: 116-119).

A logical interpretation of these findings is that the neuregulins ligands injected supranigrally are
acting via binding to neuregulin receptors expressed by midbrain dopaminergic neurons to elicit
their effects. However, GABAergic neurons are also present in the ventral midbrain and could
also contain neuregulin receptors, potentially confounding our interpretation. Therefore, to
address this issue, we processed rat brains using double-labeling in situ hybridization for the
neuregulin receptor ErbB4 and GAD mRNAs (Seroogy et al., 2004, 2005 abstracts). In the
ventral mesencephalon, only rare examples of GAD mRNA/ErbB4 mRNA coexistence could be
detected in GABAergic neurons of the substantia nigra and ventral tegmental area. In contrast, in
the hippocampal formation and cerebral cortex, the vast majority of all GAD mRNA-expressing
interneurons also contained ErbB4 mRNA. In the striatum, all of the large, scattered GAD
MRNA-positive interneurons were also labeled for ErbB4 mRNA. These results indicate that
midbrain GABAergic neurons do not directly bind neuregulin ligands, at least via the ErbB4
receptor, supporting our above hypothesis that only the midbrain dopamine neurons, which are
known to express ErbB4, are mediating the actions of the infused neuregulin ligands. In
contrast, numerous cortical, hippocampal and striatal GABAergic interneurons, due to their
expression of ErbB4, have the capacity to respond to neuregulin family members. These data
raise the possibility for neuregulin modulation of forebrain GABAergic interneuron mechanisms.
These results are being extended and will be written up for publication in the near future.



Experiment #2a,b: This neuroprotection/neurorestoration study was designed to test if
supranigral administration of GGF2 prior to or after neurotoxic (6-hydroxydopamine; 6-OHDA)
lesion of the nigrostriatal system protects the nigral dopamine neurons from the neurotoxic
damage, as determined both morphologically and functionally. For the neuroprotection study,
adult male Sprague Dawley rats received two unilateral injections of 6-OHDA (10 pg each in 2
pl saline + 0.2% ascorbic acid) or 6-OHDA vehicle (saline + ascorbic acid) stereotaxically
placed into the right striatum to create the partial lesion model. As described in a previous
progress report, we chose the intrastriatal 6-OHDA partial lesion model because the degeneration
of dopaminergic neurons in the substantia nigra occurs progressively and a certain percentage of
dopamine neurons are spared from the injury. Therefore the tested neuregulin can theoretically
exert its bioactivity on both intact and injured dopaminergic neurons in this lesion model.
Immediately after 6-OHDA lesioning (i.e. during the same surgery), the animals received
continuous supranigral infusion of GGF2 (6 pg/day) or PBS (vehicle). Osmotic minipumps were
used for continuous infusion of the neuregulin ligand or vehicle for 1 week. The cannula tip
attached to the osmotic pump was stereotaxically placed approximately 1 mm above the right
substantia nigra. At 2 weeks and 4 weeks post-lesioning, the rats were tested behaviorally using
asymmetrical forelimb use behavior (cylinder test); attenuation of asymmetrical forelimb use
was used as a measure of neuregulin-mediated functional recovery. At the end of the 5™ post-
lesion week, the animals were euthanatized and the brains removed for immunohistochemical
analysis of the dopamine cell marker tyrosine hydroxylase (TH) in the substantia nigra. Our
results demonstrate that supranigral infusion of GGF2 significantly protects nigral dopamine
neurons against 6-OHDA-induced degeneration and significantly improves behavioral functional
recovery in this rat model of Parkinson’s disease (see Figs. 1-3 in Appendix I). These intriguing
findings are currently being written up for publication (Zhang et al., in preparation).

For the neurorestoration study, we also evaluated post-treatment of the substantia nigra
dopaminergic neurons with GGF2 after neurotoxic lesion of the nigrostriatal pathway to
determine if the dopaminergic neurons and associated behavioral indices are rescued or restored
after degeneration has commenced. The procedure was the same as described above for the
neuroprotection experiment, except the minipump implantation was delayed until 2 weeks post-
6-OHDA lesion.  Following this neuregulin post-treatment paradigm, our subsequent
morphological and behavioral analyses did not reveal significant improvement in nigral
dopamine cell survival or functional recovery. Although we were disappointed by these results,
several explanations are conceivable. First, of course, is that GGF2 may not be effective in
dopamine neuronal repair after an insult has already occurred. However, other factors that need
to be further evaluated include increasing the dose of GGF2 infused as well as the duration of the
infusion period. Also, an alternative infusion site to consider for the neuregulins is the striatum.
The fact that a different batch of recombinant human GGF2 was used for this neurorestoration
study (prepared by Acorda Therapeutics, Inc.), as opposed to the above neuroprotection study
(prepared by CeNeS Pharmaceuticals; firm now defunct), may offer another explanation. In any
event, we feel strongly that further studies on the neuroprotective as well as neurorestorative
potential of neuregulins for treatment of the injured nigrostriatal system are warranted.



Experiment #3a,b,c: These experiments were designed to determine the protective and trophic
capabilities and potential mechanisms of neuregulin treatment against neurodegenerative insults
in dopamine cell cultures. Our in vitro studies in fetal rat mesencephalic cell cultures have been
completed. We found that GGF2 exerts neurotrophic and neuroprotective effects upon normal
and injured dopaminergic neurons developing in the serum-free cultures. Specifically, GGF2
significantly promoted dopaminergic neuronal survival, enhanced neurite outgrowth (in terms of
both fiber length and number of branches), and increased dopamine uptake. GGF2 also
protected the dopamine cells against 6-OHDA-induced degeneration. We demonstrated that
ErbB4 mRNA is expressed in rat embryonic day 14 ventral mesencephalic flexure (from which
the cultures are derived) in an overlapping pattern with TH mRNA. We showed that three
neuregulin receptors (ErbB2, ErbB3, ErbB4) are expressed in the primary midbrain cultures and
that the number of astrocytes is minimal. Together, these data strongly suggest that GGF2 is a
novel trophic/protective factor for mesencephalic dopaminergic neurons. These comprehensive
findings have been published; see Appendix (Zhang et al., J. Neurochem. 91:1358-1368, 2004).

To determine the potential mechanism(s) of neuregulin protection of dopaminergic cells against
neurodegenerative insults, we collaborated with Drs. Mark Mattson and Wenzhen Duan
(Laboratory of Neurosciences, National Insitute of Aging). First, the neuroprotective effects of
neuregulin (heregulin-1p in this case) in the human neuroblastoma cell line SK-N-MC have been
examined. These cells express tyrosine hydroxylase, produce dopamine, and are vulnerable to
degeneration induced by iron or the complex I inhibitor rotenone. Because this homogeneous
population is more easily amenable to mechanistic investigations than the fetal midbrain cultures
(which contain only ~10-20% dopamine cells), we performed the experiments in this cell line.
We first demonstrated the presence of the protein tyrosine kinase neuregulin receptor ErbB4 in
the cells (Fig. 4). Neuregulin pretreatment protected the SK-N-MC cells from both oxidative and
metabolic insults in both cell survival and mitochondrial dysfunction assays (Figs. 5,6).
Inhibition of the PI3 kinase/Akt pathway, one of the 2" messenger systems known to be
activated downstream of ErbB4, completely abrogated the neuroprotection afforded by
neuregulin (Figs. 5,6). Moreover, phosphorylated-Akt rapidly increased in the presence of
neuregulin in the cultures, an effect that was severely attenuated by administration of the PI3
kinase inhibitor wortmannin (Fig. 7). Thus, these results indicate that neuregulin protects these
dopaminergic cells from insults relevant to Parkinson’s disease via the PI3K/Akt signaling
pathway. These findings are currently being written up for publication (Seroogy, Duan, Yurek et
al., in preparation).

KEY RESEARCH ACCOMPLISHMENTS

* Neuregulin administration enhances basal release of dopamine in the rat nigrostriatal system in
Vivo.

» GGF2 infusion promotes the behavioral functional recovery of the injured nigrostriatal system.

» GGF2 infusion protects midbrain dopaminergic neurons against neurotoxin-induced
degeneration in vivo.



» GGF2 promotes dopaminergic neuronal survival, enhanced neurite outgrowth, and increased
dopamine uptake in primary midbrain neuronal cultures.

» GGF2 protects cultured dopamine cells against neurotoxin-induced degeneration.

 Neuregulin protects dopaminergic cells from insults relevant to Parkinson’s disease via the
PI3K/AKkt intracellular signaling pathway.

 Taken together, these results indicate that neuregulins are neurotrophic and neuroprotective
factors for nigrostriatal dopaminergic neurons, both in vitro and in vivo.

REPORTABLE OUTCOMES
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CONCLUSIONS

Results from studies supported by the present grant provide good evidence that neuregulins can
function as neurotrophic and neuroprotective factors for nigrostriatal dopaminergic neurons.
Studies in vivo demonstrated that administration of neuregulins to the normal nigrostriatal
system enhances striatal dopamine release. This is important because compounds that can
stimulate the secretion or release of dopamine in the nigrostriatal system have the potential for
overcoming the lack of dopamine neuronal function in Parkinson’s disease patients. Results from
in vitro experiments show that the neuregulin GGF2 protects cultured midbrain neurons against
injury, most notably neurotoxin-induced degeneration. In addition, treatment of the cultures with
GGF2 promotes the survival, neurite outgrowth and dopamine uptake of the developing
dopamine cells. Thus, GGF2 exhibits neurotrophic and neuroprotective actions for
mesencephalic dopamine neurons. Finally, our additional in vivo studies show that infusion of
GGF2 significantly protects nigral dopamine neurons against neurotoxin-induced degeneration
and significantly improves behavioral functional recovery. Taken together, data from these
studies indicate that neuregulins are dopamine-specific neurotrophic factors that may have
therapeutic potential for the treatment of Parkinson’s disease.
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APPENDIX I

Fig. 1
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Fig. 1. Supranigral infusion of GGF2 protects midbrain dopaminergic neurons against
neurotoxin-induced degeneration. Immunostaining for TH in rat midbrain sections. At 5 weeks
post-lesion, the rats were perfused with 4% paraformaldehyde and immunocytochemistry was
performed to detect the dopaminergic neurons (TH+) in the ventral mesencephalon. More TH+
cells are observed in the substantia nigra on the side of the lesion (right) in the animal receiving
GGF2 treatment when compared to PBS treatment. Arrows indicate cannula tracts.



Fig. 2
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Flg. 2. Supranigral infusion of GGF2 protects midbrain dopaminergic neurons against neurotoxin-
induced degeneration: Quantification. The number of TH+ neurons within the substantia nigra (pars
compacta and pars lateralis) was counted bilaterally by unbiased stereological analysis using the
optical fractionator method. Every sixth 30-um-thick coronal tissue section through the substantia
nigra was sampled for evaluation using a Bioquant image analysis %/stem. This analysis revealed
significantly more TH+ cells present in the lesioned nigra of the GGF2 treatment group when
compared to the PBS control group. *p<0.05 vs. PBS.



Fig 3.
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Fig. 3. Supranigral infusion of GGF2 promotes functional recovery after neurotoxin

lesions of the nigrostriatal system. Forelimb asymmetry (cylinder) tests were recorded at 2

and 4 weeks post-lesion. Scores were analyzed using two-way ANOVA and presented as

the percent imb usage for the impaired limb only. Compared to PBS-treated animals,

GGF2-treated animals showed a significantly greater usage of the impaired forelimb at 4

\géesks elost-lelzlon. The dotted line Indicates level of normal limb function. *p< 0.05 vs.
at 4 weeks.



Fig. 4.
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Fig. 4. Western blot analysis of ErbB4 receptor protein in human SK-N-MC cells.
ErbB4 (appropriate size band at 185 kD) is readily detected in the SK-N-MC cells,
but is absent in PC12 cells, which normally do not express the neuregulin receptor.
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Fig. 5. Inhibition of PI13-kinase attenuates the protective effect of neuregulin
against mitochondrial dysfunction in SK-N-MC cells. Cells were pretreated for
24 h with 100 ng/ml of the neuregulin HRG-B1 followed by oxidative (FeSO,, 10
M) and metabolic (rotenone, 1 uM) injury and a 24h survival period. Note that
neuregulin pretreatment (column 6) significantly protected the cells against
against the iron-induced decrease in mitochondrial membrane integrity (column
5). Pretreatment with the P13-kinase inhibitor wortmannin completely abrogated
this protective effect (column 7). Similar results were obtained for the rotenone
experiments (columns 8-10). **p = 0.05 vs control; #p = 0.05 vs rotenone and
W+N+R); ##p = 0.05 vs FeSO, and W+N+Fe).
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Fig. 6. Neuroprotective effects of neuregulin on survival of dopaminergic SK-N-MC
cells after oxidative and metabolic insults: prevention by inhibition of PI13-kinase.
Cells were pretreated for 24 h with 100 ng/ml of the neuregulin HRG-B1 followed
by oxidative (FeSO,, 10 pM) and metabolic (rotenone, 1 uM) injury and a 24h
survival period. Note that neuregulin pretreatment (column 6) significantly
protected the cells against against the iron-induced decrease in cell survival (column
5). Pretreatment with the PI3-kinase inhibitor wortmannin completely abrogated
this protective effect (column 7). Similar results were obtained for the rotenone
experiments (columns 8-10).
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Fig. 7. The PI3-kinase/AKT pathway is a potential mediator of
neuregulin neuroprotection in SK-N-MC cells. Addition of neuregulin to
the cultures for 30 min or 1h increased levels of phosphorylated-AKT
(but not total AKT) compared to controls (right 3 columns).
Pretreatment of the cells with the PI3-kinase inhibitor wortmannin
attenuated this neuregulin-induced increase (left 3 columns).
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Abstract

Glial growth factor-2 (GGF2) and other neuregulin (NRG)
isoforms have been shown to play important roles in survival,
migration, and differentiation of certain neural and non-neural
cells. Because midbrain dopamine (DA) cells express the
NRG receptor, ErbB4, the present study examined the
potential neurotrophic and/or neuroprotective effects of GGF2
on cultured primary dopaminergic neurons. Embryonic day 14
rat mesencephalic cell cultures were maintained in serum-free
medium and treated with GGF2 or vehicle. The number of
tyrosine hydroxylase-positive (TH+) neurons and high-affinity
[®H]DA uptake were assessed at day in vitro (DIV) 9. Separate
midbrain cultures were treated with 100 ng/mL GGF2 on
DIV 0 and exposed to the catecholamine-specific neurotoxin
6-hydroxydopamine (6-OHDA) on DIV 4. GGF2 treatment

significantly increased DA uptake, the number of TH+ neu-
rons, and neurite outgrowth when compared to the controls in
both the serum-free and the 6-OHDA-challenged cultures.
Furthermore, three NRG receptors were detected in the mid-
brain cultures by western blot analysis. Immunostaining for
glial fibrillary acidic protein revealed that GGF2 also weakly
promoted mesencephalic glial proliferation in the midbrain
cultures. These results indicate that GGF2 is neurotrophic and
neuroprotective for developing dopaminergic neurons and
suggest a role for NRGs in repair of the damaged nigrostriatal
system that occurs in Parkinson’s disease.

Keywords: dopamine, glial growth factor, glial growth factor-2,
neuroprotection, neurotrophic factor, Parkinson’s disease.

J. Neurochem. (2004) 91, 1358—1368.

Parkinson’s disease (PD) is a major neurodegenerative
disorder involving the progressive degeneration of dopam-
inergic neurons in the nigrostriatal pathway (Grunblatt et al.
2000; Obeso et al. 2000; Blum et al. 2001). The loss of
dopaminergic neurons in the substantia nigra results in a
depletion of dopamine (DA) within the target nuclei of the
basal ganglia, particularly the putamen. One promising
therapeutic approach for treatment of the disease is the use
of neurotrophic factors to promote the survival and growth of
dopaminergic neurons. The ultimate goal is to slow or halt
neuronal degeneration at an early stage in order to preserve
existing DA neurons and possibly to stimulate compensatory
growth in these same cells (Lindsay et al. 1993; Moller et al.
1996; Collier and Sortwell 1999).

Neuregulins (NRGs) are a family of structurally related
polypeptide growth and differentiation factors produced by

four genes termed NRG 1-4. They have been shown to play
roles in cell survival, migration, and differentiation in both
neural and non-neural cells (reviewed in Burden and Yarden
1997; Gassmann and Lemke 1997; Yarden and Sliwkowski
2001; Falls 2003). NRGs and their ErbB family of protein
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tyrosine kinase receptors are broadly expressed in multiple
regions of developing and adult rat brains, and both neuronal
and glial cells have been identified as NRG-producing cells
(Meyer and Birchmeier 1994; Pinkas-Kramarski et al. 1994,
Bermingham-McDonogh et al. 1996, 1997; Steiner et al.
1999). The most well-known NRG-associated functions
within the nervous system include roles in glial cell
proliferation, maturation and survival, neuromuscular acet-
ylcholine receptor induction, and early neuronal migration
and survival (Dong et al. 1995; Canoll et al. 1996; Rio et al.
1997; Raabe et al. 1998; Marchionni et al. 1999; Adlkofer
and Lai 2000). NRGs have also been found to regulate the
proliferation of neuroepithelia and the differentiation of
retinal ganglion cells (Zhao and Lemke 1998), and are
modulated in response to traumatic brain injury and stroke
(Tokita et al. 2001; Parker et al. 2002). In addition to playing
essential roles in nervous, heart and other organ system
development, NRGs are also implicated in the pathogenesis
of several human diseases, including schizophrenia, multiple
sclerosis and breast cancer (Krane and Leder 1996; Cannella
et al. 1999; Stefansson et al. 2002). In vitro studies have
shown that NRG stimulates neurite outgrowth in PC12 cells
and cerebellar granule cells, and rescues PC12-ErbB4 cells
from apoptotic cell death induced by H,O, (Rieff et al. 1999;
Villegas et al. 2000; Goldshmit er al. 2001). However,
despite the expanding roles of NRG in the CNS described
above, little is known of the functions of NRGs in the
developing and mature midbrain.

Recent studies have demonstrated that the functional NRG
receptor, ErbB4, is expressed within a substantial population
of cells within the substantia nigra and ventral tegmental area
of rodents (Steiner et al. 1999; Gerecke et al. 2001; Yurek
and Seroogy 2001). These findings raise the possibility that
ventral mesencephalic DA neurons may be responsive to the
trophic effects of NRGs. In the present study, we investigated
the neurotrophic effects of NRG on dopaminergic neurons
using primary rat mesencephalic cell cultures. Various doses
of glial growth factor-2 (GGF2), a potent and well-charac-
terized isoform of the NRG-1 gene, were tested for
neurotrophic/neuroprotective actions in the midbrain cultures
under both serum-free and neurotoxic conditions. The
identity of NRG receptor subtypes, as well as the effects of
GGF-2 treatment upon glial cell proliferation, within the
midbrain cultures was also analyzed.

Materials and methods

Culture medium and chemicals

Serum-free medium consisted of equal volumes of Dulbecco’s
modified Eagle’s medium and Ham’s F-12 nutrient mixture
supplemented with 1 X N2 supplement, 2.5 pg/mL fungizone, and
2 pL/mL Gentamicin (all from Gibco, Grand Island, NY, USA).
Fetal bovine serum, fetal calf serum, and trypsin were also obtained
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from Gibco. DNase was purchased from Worthington (Biochemical
Corporation, Lakewood, NJ, USA). All other chemicals used were
purchased from Sigma (St. Louis, MO, USA), unless otherwise
indicated. Antibodies used in this study: primary antisera to tyrosine
hydroxylase (TH), glial fibrillary acidic protein (GFAP) and neuron-
specific enolase (NSE) were purchased from Chemicon (Temecula,
CA, USA); antisera to ErbB2, ErbB3 and ErbB4 were from
NeoMarkers (Labvision Corporation, Fremont, CA, USA); all the
secondary antibodies were from Chemicon.

Mesencephalic cell cultures

Timed-pregnant Sprague Dawley rats were purchased from Harlan
(Indianapolis, IN, USA) and midbrain cell cultures were established
from mesencephalic tissue dissected from embryonic day 14 (E14)
fetuses using the protocols described by Takeshima et al. (1996) and
Sortwell et al. (2000), with minor modifications. This procedure
generates a highly neuron-enriched culture with 10-15% DA cells at
the time of plating. Briefly, using sterile techniques, ventral
mesencephalic tissue was dissected from rat embryos and pooled
in an oxygenated, cold, sterile calcium- and magnesium-free buffer.
Cell suspensions of embryonic mesencephalic tissue were prepared
through a series of calcium- and magnesium-free buffer rinses,
incubated in 0.125% trypsin, rinsed in calcium- and magnesium-free
buffer again, and triturated in 0.004% DNase to disperse the cells
into solution. The cells were pelleted at 164 g for 10 min and then
re-suspended in 1 mL of growth medium. Trypan blue was added to
a sample of the cell suspension and viewed in a hemocytometer to
determine cell viability and cell numbers. Twenty-four-well culture
plates were pre-coated with poly—b-lysine (5 mg/50 mL) and cells
were plated at a concentration of 4000 cells/pL and 25 pL per well
using the microisland method (Takeshima et al. 1996). Two hours
after plating, 1 mL of Dulbecco’s modified Eagle’s medium/F12
medium was added to each well. In separate cultures, for the
6-hydroxydopamine (6-OHDA) study, Dulbecco’s modified Eagle’s
medium/F12 with 5% fetal bovine serum was added to each well.
The entire medium was changed after the first 24 h and every
second day thereafter. All cell cultures were kept in a water-jacketed
tissue culture incubator at 37°C with 5% CO,/95% air mixture.

Treatments of cultures

Recombinant human glial growth factor-2 (thGGF2; provided by
CeNeS Pharmaceuticals Inc.) was diluted to a stock concentration of
100 pg/mL in distilled water. At day in vitro (DIV) 0, GGF2 (10,
50, or 100 ng/mL) was added to each treatment well and maintained
throughout the experiments. The same amount of distilled water
without the growth factor was added to the medium in control wells.
In the experiments involving 6-OHDA challenge, GGF2 (100 ng)
was added to treatment wells at DIV 0. At DIV 4, some cells were
exposed to freshly prepared 6-OHDA (50 pum) for 45 min at 37°C.
At the end of the 6-OHDA treatment, cultures were washed with
Dulbecco’s modified Eagle’s medium three times and re-fed with
fresh Dulbecco’s modified Eagle’s medium/F12 medium, and then
GGF?2 treatment was resumed until the final day of culture.

In situ hybridization

Fresh-frozen, cryostat-cut, slide-mounted sections through the E14
rat mesencephalon were processed for the detection of ErbB4 and
TH mRNAs by using in situ hybridization with >*S-labeled cRNA
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probes, as described previously (Numan and Seroogy 1997;
Kornblum et al. 2000; Zhang et al. 2000). The cDNA template
used to produce the ErbB4 cRNA was kindly supplied by
H. Kornblum (UCLA; Kornblum et al. 2000). After post-hybridiza-
tion ribonuclease treatment and washes, the sections were exposed to
B-Max Hyperfilm (Amersham, Little Chalfont Buckinghamshire,
UK) for 3-6 days to generate film autoradiograms, and then coated
with NTB2 nuclear track emulsion (Kodak, Rochester, NY; 1 : 1 in
H,0) for 3—4 weeks to generate emulsion autoradiograms.

Immunocytochemistry

Culture medium was removed and the cells were rinsed in Tris
buffer (pH = 7.3), fixed in 4% paraformaldehyde for 20 min, and
rinsed again in Tris. Non-specific staining was blocked with 10%
goat serum for 1 h. Cells were incubated in primary antisera to TH
(1 : 4000), GFAP (1 : 800), or NSE (1 : 200) overnight at 4°C.
After several Tris rinses, cells were incubated in the following
biotin-conjugated secondary antibodies for 1 h: goat anti-mouse IgG
(1 : 800) for TH or goat anti-rabbit IgG (1 : 400) for GFAP and
NSE. Sections were taken through a series of rinses and then
incubated in ABC-peroxidase reagent (Vector, Burlingame, CA,
USA) for 1 h. Following rinses, antisera labeling was visualized by
exposure to 0.5 mg/mL 3,3’-diaminobenzidine and 0.03% H,0, in
Tris buffer.

High-affinity dopamine uptake

The DA uptake assay followed the protocol described by Kramer
et al. (1999), with some modifications (Apparsundaram et al. 1998).
Cultures were rinsed with Krebs—Ringer’s—Henseleit buffer
(125 mm NaCl, 5mm KCI, 1.5 mm MgSO,4, 1.25 mm CaCl,,
1.5 mm KH,POy4, 10 mMm p-glucose, 25 mm HEPES, 0.1 mm EDTA,
0.1 mm pargyline, and 0.1 mm ascorbic acid and saturated with 95%
0,/5% CO,, pH 7.4) and incubated with the same buffer containing
[PHJDA (0.5 pCi/mL; specific activity 40 Ci/mmol; NEN Life
Sciences Products Inc, Boston, MA, USA) for 10 min at 37°C. The
cultures were then rinsed twice and the accumulated [*H]DA was
released by incubation with 0.5 mL 95% ethanol. The solution was
added to 5 mL Ecoscint A and counted in a scintillation spectro-
photometer. Nonspecific labeling of [PH]JDA was measured by
adding 10 pM nomifensine to the incubation medium.

Western blots

Western blots were performed on dissociated mesencephalic
cultures. Cells were gently rinsed with cold phosphate-buffered
saline, harvested using a cell scraper, and lysed in buffer containing
25 mm Hepes, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), and 10 mm dithiothreitol on ice for
30 min. Lysates were centrifuged at 160 000 g at 4°C for 20 min,
and the supernatant was stored at —80°C. Protein concentration was
measured using the BCA Protein Assay Kit (Pierce, Rockford, IL,
USA). The protein was denatured by boiling at 100°C for 10 min.
An aliquot (50 pg as protein) of the supernatant with 10 pL loading
buffer (Bio-Rad, Hercules, CA, USA) was loaded on a sodium
dodecyl sulfate—polyacrylamide gel. After electrophoresis, proteins
were transferred to a polyvinylidene difluoride membrane (Bio-
Rad). The membrane was blocked in 5% skim milk in Tris-buffered
saline plus Tween (150 mm NaCl, 10 mm Tris-HCI, 0.05% Tween-
20; pH 8.8) for 1 h at room temperature, then incubated with

primary antibody [anti-ErbB2 (1 : 200), anti-ErbB3 (1 : 200),
anti-ErbB4 (1 : 200), anti-GFAP (1 : 1000)] overnight at 4°C. After
washing, the membrane was incubated with horseradish peroxidase-
conjugated secondary antibodies (1 : 10 000). Subsequently, mem-
brane-bound horseradish peroxidase-labeled antibodies were detec-
ted by an enhanced chemiluminescence detection system (ECL-
Plus; Amersham) and exposed to Hyperfilm ECL (Amersham).

Cell counts and morphological analyses

The number of dopaminergic neurons or astroglial cells in cultures
was determined by counting the cells immunostained for TH or
GFAP. The cells were counted manually by an observer, blinded to
treatment condition, in nine adjacent fields located in the center of
the microisland at a 20 X magnification; this area accounts for
approximately 25% of the island and approximately 40% of the cell
population (Sortwell et al. 2000). For analysis of neurite morphol-
ogy, 90 TH+ neurons from each treatment group were randomly
selected and the length of the longest neurite of each neuron was
measured by its intersection with a grid (the length of one grid unit
is 50 pm), and the number of fibers per TH+ cell was also counted
under 40 x magnification.

Statistical analysis

All experiments were performed at least in triplicate with a
minimum sample size per run of three wells per group. Data were
analyzed by one-way aNova, followed by Tukey’s post hoc test. The
computer program SigmaStat Version 2.0 was used for statistical
analysis.

Results

Cell viability for all cultures was 95% or greater and
approximately 10-15% of the total number of plated cells
were TH+ at 12 h after plating. Under serum-free conditions,
GFAP+ cells were not observed until DIV 9.

Glial growth factor-2 promotes dopamine cell survival
under serum-free conditions

Cultures maintained in serum-free Dulbecco’s modified
Eagle’s medium/F12 medium were fixed with 4% parafor-
maldehyde and immunostained for TH at DIV 1, 4 or 9. In
parallel cultures, high-affinity [*H]DA uptake was performed
at DIV 9. Figure 1 illustrates the time course of the effect of
GGF2 on the number of surviving TH+ cells. Under serum-
free and growth factor-free conditions, the number of DA
cells decreased dramatically from DIV 4 (~25 TH+ cells/
field) to DIV 9 (~3 TH+ cells/field). Although the number
of TH+ cells declined from DIV 1 until DIV 9 in the GGF2-
treated cells, the number of TH+ cells at DIV 9 for this group
was significantly greater (threefold higher) than counts for
TH+ cells in control cultures at DIV 9. This effect was dose-
dependent; as Fig. 2 shows, the number of TH+ cells
increased proportionally with the dose of GGF2. Further-
more, high-affinity DA uptake confirmed the immunocyto-
chemical results. Compared to control cultures, the value of
DA uptake was increased 1.5-fold by GGF2 treatment. These
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Fig. 1 Cultures maintained in serum-free medium were treated with
either 100 ng glial growth factor-2 (GGF2) or vehicle and fixed with 4%
paraformaldehyde on days invitro (DIV) 1, 4 and 9. Tyrosine
hydroxylase-positive (TH+) cells were counted at the three time points.
GGF2 significantly attenuated TH+ cell death on DIV 9 in comparison
with control cultures; *p < 0.05 vs. control.
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Fig. 2 Midbrain cultures maintained in serum-free medium were
treated with various doses of glial growth factor-2 (GGF2) or vehicle
(control). On day in vitro (DIV) 9, the cells were fixed and tyrosine
hydroxylase (TH) immunostaining was performed. The number of
surviving TH+ cells in the cultures was increased in proportion to the
dose of GGF2; *p < 0.05 vs. control.

data are consistent with the TH+ cell counts and also show a
dose-dependent relationship with GGF2 treatment (Fig. 3).

Glial growth factor-2 enhances neuritic outgrowth of
dopaminergic neurons

We observed that the DA cells in GGF2-treated cultures not
only were present at a higher density, but that neuritic
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Fig. 3 Parallel midbrain cultures to those shown in Figs 1 and 2 were
used for this study. On day in vitro (DIV) 9, cultures were analyzed for
dopamine uptake. As the figure shows, 100 ng glial growth factor-2
(GGF2) treatment significantly increases dopamine uptake when
compared to control cultures; *p < 0.05 vs. control.
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Fig. 4 Tyrosine hydroxylase (TH) immunostaining of midbrain cul-
tures at day in vitro (DIV) 9. Serum-free medium midbrain cultures
were treated with vehicle (a), 10 ng glial growth factor-2 (GGF2) (b),
50 ng GGF2 (c), or 100 ng GGF2 (d) at DIV 0. Compared to the
control cultures, TH+ cells in GGF2-treated cultures exhibited longer
and more numerous neurites. This effect is more obvious at the higher
doses of GGF2. Scale bar = 50 pm.

outgrowth appeared more robust than in control cultures.
Figure 4 illustrates morphological differences of TH+ cells in
each treatment group. Dopamine cells treated with 50 or
100 ng GGF2 exhibited robust neuritic outgrowth, had more
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fiber branches, and extended longer neurites when compared
to control or 10 ng GGF2-treated cultures. These morpho-
logical observations were confirmed by measurements of the
longest neurite and number of fibers per TH+ cell from
randomly selected TH+ cells in each treatment group at
DIV 9 (Figs 5a and b). The average length of the longest
neurite per TH+ cell was 146.5 um in 100 ng GGF2-treated
cultures, but only 60.1 pm in control cultures. The majority
of TH+ cells (90%) treated with GGF2 had 2-5 neuritic
branches, whereas 80% of TH+ cells in control cultures had
only 1-2 neuritic branches (p < 0.001; n = 90). Thus, these
data suggest TH+ cells treated with GGF2 have longer
neuritic processes and more branches. This trophic effect of
GGF2 on DA cells occurred at the lowest dose of GGF2
tested (10 ng) and became more pronounced at the higher
doses.

(a) Distribution of TH+ cells
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Fig. 5 (a) The longest fiber of each tyrosine hydroxylase-positive
(TH+) cell was measured at day in vitro (DIV) 9 in serum-free mid-
brain cell cultures. Most untreated TH+ cells extended fibers that
crossed 1.0-2.5 grid units. In contrast, in glial growth factor-2 (GGF2)-
treated cultures, most TH+ cells extended fibers that crossed 2.5-6
grid units. One grid unit = 50 um. (b) The number of fibers per TH+
cells in control vs. GGF2-treated cultures. The majority of untreated
TH+ cells exhibited 0-2.5 fibers, whereas the GGF2 (50, 100 ng)-
treated TH+ cells extended 1.5-5.5 fibers. *p < 0.05 for 100 ng GGF2
vs. control.

Glial growth factor-2 protects dopaminergic neurons
from 6-hydroxydopamine-induced cell death

The possible neuroprotective effect of GGF2 on dopamin-
ergic cells also was examined in this study. Midbrain cell
cultures prepared from E14 rats as described above were
maintained in Dulbecco’s modified Eagle’s medium/N2
medium supplemented with 5% fetal bovine serum during
the first 24 h, and then switched to serum-free Dulbecco’s
modified Eagle’s medium/N2 medium. The cultures were
exposed to 50 pm 6-OHDA for 45 min on DIV 4 and DA
uptake or immunohistochemical analysis was performed after
48 h and 72 h, respectively. As Fig. 6 shows qualitatively,
TH+ cells treated with GGF2 exhibited enhanced neuritic
outgrowth with a ‘healthier’ appearance, compared to the
cultures treated with 6-OHDA only. Both the number of
surviving TH+ cells and the value of DA uptake were
significantly increased by GGF2 treatment in comparison
with control cultures exposed to 6-OHDA (Figs 7a and b).
The number of TH+ cells was reduced to 50% of control
levels after 6-OHDA treatment; however, 100 ng GGF2
treatment prevented this cell death and maintained TH+ cell
numbers at control levels (Fig. 7a). Similarly, DA-uptake
analysis also showed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>