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INTRODUCTION

The main hypothesis being tested in this research project is that the neuregulin 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 invloves the PI3-kinase
pathway. These studies are being conducted in normal rats, in a 6-OHDA rat model of
Parkinson’s disease, and in primary neuronal cultures of midbrain dopamine cells. Based on our
preliminary findings in vivo, we expect that GGF2 will enhance several measures of dopamine
neurochemistry in the intact nigrostriatal system, and protect midbrain dopamine neurons from
neurotoxin-induced degeneration. Based on initial in vitro experiments, we expect GGF2 to
serve as neuroprotective and differentiation factors for nigral dopamine cells. 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 #la: This experiment is the first in a series to determine if infusion of GGF2
augments nigrostriatal dopamine function in the rat. In vivo microdialysis was used to examine
the acute effects of GGF2 on basal dopamine release in the nigrostriatal system. Our preliminary
studies had indicated that unilateral infusion of the neuregulin heregulin-1 (HRG-B1; 10 pg) just
above the substantia nigra resulted in a rapid increase in dopamine overflow in the ipsilateral
striatum. In the present experiment, we tested the effects of the more potent neuregulin GGF2 at
a lower dose (3 pg) and, as expected, found that a single unilateral supranigral injection of GGF2
induced a rapid increase in dopamine overflow in the ipsilateral striatum. Preliminary analysis
of the data (at least 6 experimental and control (vehicle-injected) animals each have been
processed thus far) indicates that the GGF2-induced release of striatal dopamine is rapid (with an
increase as early as 25 minutes after GGF2 injection) and substantial (at least a 200% peak
increase in striatal dopamine overflow compared to baseline levels at 50 minutes after injection).
By 100 minutes post-injection, the striatal dopamine concentration had returned to baseline
levels. Thus, acute administration of GGF2 can enhance at least one important index of
nigrostriatal function. After processing a few more rats for these basal dopamine release studies,
in Year 2 we will extend these experiments to encompass the acute effects of GGF2 on evoked
release of dopamine in the nigrostriatal system using d-amphetamine (voltage-independent
overflow) or high K* (voltage-dependent overflow).




Experiment #2a: This neuroprotection study is designed to test if supranigral administration of
GGF2 prior to neurotoxic (6-hydroxydopamine; 6-OHDA) lesion of the nigrostriatal system
protects the nigral dopamine neurons (and their associated behavioral and neurochemical
indices) from the neurotoxic damage. Despite successful pilot studies, we obtained inconsistent
results upon processing larger groups of animals. We have now determined that the 6-OHDA
lesions, themselves, targeted to the ascending medial forebrain bundle (MFB), resulted in
inconsistent lesions of the nigrostriatal system as evidenced particularly by variable rotational
behavior and dopamine neurochemical measures. We have since tested several alternative
injections sites and doses for the 6-OHDA (e.g. supranigral, striatal, different sites in MFB) and
‘have recently determined that the “2-site preterminal lesions” of Bjorklund and colleagues (Kirik
et al., 1998) are optimal in our hands for producing robust lesions as determined by rotational
behavior measures, and almost complete (“partial”) lesions of the nigral dopaminergic cells, as
determined by in situ hybridization and immunocytochemistry for tyrosine hydroxylase (TH).
We feel these “partial” lesions, which would better mimic the situation in Parkinson’s disease,
are best for this and especially the subsequent neural repair study, in which the GGF2 is
administered after the neurotoxin lesion. Thus, we have recently processed a large group of rats
(n=32) for the pretreatment neuroprotection study using the new 6-OHDA injection site
coordinates and dose; rotational behavior analyses will soon begin and continue weekly for an
additional 4 weeks, after which the rats will be sacrificed and processed for either TH
immunocytochemistry, TH mRNA in situ hybridization or dopamine neurochemical analysis. In
the meantime, the neural repair experiments planned for Year 2, which involve post-treatment of

the nigral dopamine neurons with GGF2 after the 6-OHDA-induced nigrostriatal lesions, will
commence.

Experiment #3a: Probably the most successful and fruitful studies to date for this research project
involve these in vitro experiments, which involve testing the effects of neuregulins on dopamine
neurons in primary mesencephalic cultures upon treatment with neurodegenerative agents.
Although we originally proposed to employ three different neurotoxic agents (6-OHDA,
rotenone and Fe*), because of the grant reviewers’ comments that “The tissue culture studies are
somewhat unfocussed” and “...the justification for analyzing protective mechanisms against Fe
and rotenone in vitro are not clear” we decided to focus our efforts on 6-OHDA. Our results
indicate that treatment with GGF2 significantly protects TH* neurons (dopaminergic neurons) in
the cultures against 6-OHDA-induced degeneration (see Figs 1 and 2). In addition, GGF2 also
protected the dopamine cells against serum withdrawal, a somewhat milder insult and standard
assay in similar cultures (see Fig. 3). To extend and complement these findings, the effects of
GGF?2 on the differentiation of the TH" cells in these same experiments are being analyzed using

dopamine uptake assays and by measuring process outgrowth in contol vs. GGF2-treated
cultures.




Although originally slated for Year 2, we found it more feasible to conduct some the survival
studies in Year 1. Our data indicate that GGF2 is not a short-term survival factor for dopamine
neurons in these developing cultures (see Fig. 4). However, interestingly, GGF2 does appear to

promote the long-term survival of the developing dopamine cells (in cultures are taken out to 21
days) (Zhang et al. 2002; see abstract in Appendix, panel 4).

In accordance with the grant reviewers’ suggestion “It seems also worthwhile to assess erbB
expression by embryonic neurons in culture...”, we have shown that ErbB4 mRNA is expressed
in rat embryonic day 14 ventral mesencephalic flexure (from which thew cultures are derived) in
an overlapping pattern with TH mRNA (see panel 1 in Zhang et al. abstract). Moreover, we
determined that ErbB2, ErbB3 and ErbB4 receptor proteins are all expressed in the cultures (see

panel 2 in Zhang et al. abstract) and are upregulated by GGF2 treatment (panel 3 in Zhang et al.
abstract).

To begin to address the possible mechanism of action of GGF2 in the midbrain cultures, we have
initially assessed the role of glia in the cultures. We found that GGF2 promotes astrocytic
proliferation in the developing midbrain cultures, as determined by immunocytochemistry for
glial fibrillary acidic protein (GFAP), and that GFAP protein levels (as determined by Western
blots) are increased in GGF2-treated compared to control cultures (see panels 5 and 6 in Zhang et
al. abstract). These data raise the possibility that some of the long-term survival and

neuroprotective effects of GGF2 on dopaminergic neurons in the midbrain cultures may be
mediated via glia.

KEY RESEARCH ACCOMPLISHMENTS

* The neuregulin GGF2 enhances basal release of dopamine in the rat nigrostriatal system in
vivo.

* GGF2 protects cultured primary dopaminergic neurons against serum deprivation and
6-OHDA-induced degeneration.

* GGF2 promotes the long-term (but not short-term) survival of dopaminergic neurons in
rat primary midbrain cultures.

* The neuregulin receptors ErbB2-4 are expressed in rat primary midbrain cultures and
are upregulated by GGF2 treatment.

* GGF2 promotes the proliferation of glia in primary midbrain cultures.




REPORTABLE OUTCOMES

Abstract:
Zhang, L., Fletcher-Turner, A., Lundgren, K.H., Cheng, L., Marchionni, M.A., Yurek, D.M. and

Seroogy, K.B. (2002) The long-term survival of cultured dopaminergic neurons is promoted by
the neuregulin GGF2. Soc. Neurosci. Abstr. 28: #427.6.

Presentation:
“Neuroprotection of Dopamine Cells by Neuregulins in Models of Parkinson’s Disease”
(Invited Seminar presentation to Dept. of Neurology, University of Cincinnati, April 15, 2002)

CONCLUSIONS

Results from experiments performed during Year 1 of the present grant provide good evidence
that the neuregulin GGF2 can function as a neurotrophic factor for nigrostriatal dopaminergic
neurons. Studies in vivo demonstrated that administration of GGF2 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. In other in
vivo studies, changes have been made in the site and dose of 6-OHDA lesioning to better address
the GGF2 neuroprotection experiments. Rersults from in vitro experiments show that GGF2
protects cultured midbrain neurons against injury, most notably neurotoxin-induced
degeneration. In addition, treatment of the cultures with GGF2 promotes the long-term survival
of the developing dopamine cells. Thus, GGF2 exhibits trophic actions for mesencephalic
dopamine neurons, which may be mediated in part via glial mechanisms.
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Fig. 2

GGF2 Prevents 6-OHDA-Induced Degeneration
of Cultured Midbrain TH Cells
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6-OHDA-induced degeneration: Cultures were maintained in
DMEM/F12/N2 medium, and treated with GGF2 (100 ng/ml) at 1 hour
after plating. On DIV 4, cultures were exposed to 6-OHDA (50uM for
90 min). On DIV 9, the cultures were fixed and the number of
dopamine neurons was analyzed using TH immunocytochemistry. As
the graph shows above, GGF2 treatment significantly protected the
TH+ neurons from 6-OHDA-induced degeneration.




Fig. 3

Effect of GGF2 on Serum Withdrawal
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Serum deprivation: As show above, GGF2 significantly
increased the number of TH+ neurons compared to the
control cultures. Cultures were maintained in hormone-
supplemented serum-free (HSSF) medium, which is a well-
defined serum-free medium, and were treated with GGF2
(100 ng) at 1 hour after plating. Parallel cultures were treated
with vehicle as control. After DIV 7, cells were fixed with 4%
paraformaldehyde and processed for TH immunostaining.




Effect of GGF2 on Normal TH Cell Survival
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Survival: The short-term effect of GGF2 treatment on normal
developing dopaminergic neurons was examined in mesencephalic
cultures maintained in Dulbecco’s Modified Eagle Medium and
Ham’s F12 nutrient mixture, supplemented with N2 (DMEM/F12/N2)
medium. Cultures were treated with GGF2 (100 ng/ml) at 1 hour
after plating. In control cultures, cells were treated with vehicle. On
DIV 7, the TH-positive neurons were analyzed by immunostaining for '
TH. As shown above, no significant difference in TH+ cell numbers
was found between treatment and control cultures.




16

Neurotrophic Factor Protection
of Dopaminergic Neurons

David M.Yurek and Kim B. Seroogy

INTRODUCTION

While the focus of this chapter will be the protection of dopaminergic neurons by neu-
rotrophins, we would be remiss if we did not mention how other neurotrophic factors pro-
vide support for dopaminergic neurons. Many studies have reported that individual factors
provide neurotrophic support for cultured dopaminergic neurons, however, neurotrophic
activity iz vivo may require the concerted action of several or even a multitude of neu-
rotrophic factors. Therefore, this chapter will also review recent developments for neu-
rotrophic factors outside of the neurotrophin family that are also known to provide neu-
rotrophic support to dopaminergic neurons both iz vitro and n vive. The important role that
neurotrophic factors play in sculpting the development of the peripheral nervous system
(PNS) has been well documented and it is generally accepted that these same factors play a
similar role in the development of the central nervous system (CNS). Damage to nervous tis-
sue in both the PNS and CNS typically elicit a concomitant increase in neurotrophic activi-
ty, and this suggests that neurotrophic factors are important components in the repair process
of damaged neural structures (123). Likewise, these same neurotrophic factors may play a
therapeutic role in terms of restoring or sustaining neural function in chronic neurodegener-
ative diseases (.4, Parkinsoris disease), acute nervous system injury, or other age-related neu-
rodegenerative disorders. Neurotrophic factors and their receptors are dynamically expressed
in central dopaminergic neurons as well as within the nigrostriatal system during develop-
ment and throughout adulthood. In this chapter, we will review past and recent developments
in neurotrophic factor research that is related to the ability of these molecules to promote the

survival, maintenance, and protection of dopaminergic neurons.

2. NEUROTROPHINS

The neurotrophins belong to a family of related neurotrophic factors that include nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 {(NT-3),
and neurotrophin-4/5 (NT-4/5). BDNF is a 13.5 kDa basic protein with a completely con-
served amino acid sequence among mammals (12,749). All neurotrophins bind with similar
affinity to the low affinity NGF receptor, p75. BDNF and NT-4/5 bind with high affinity to

From: Neurobiology of the Neurotrophins Edited by I. Mocchetti
FP Graham Publishing Co., Johnson City, TN
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Fig. 1. Expression of trkB mRNA is increased in rat caudate-putamen (CP) (arrow) ipsilateral to a
6-OHDA lesion of the nigrostriatal pathway (right side).

the tyrosine kinase receptor, trkB. NT-3 binds with high affinity to another related tyrosine
kinase receptor, trkC, and with low affinity to trkB (171). Of the four neurotrophins men-
tioned above, only NGF has been shown to have minimal or no neurotrophic effect on

dopaminergic neurons (41,89).

2.1. Developmental Expression of Neurotrophins
and Neurotrophin Receptors in the Nigrostriatal Pathway

The developmental expression of neurotrophic factors and their receptors may provide
important clues for understanding the mechanisms by which neurotrophic factors are able to
influence the survival, growth, and maintenance of neurons, and ultimately how these factors
can be used therapeutically to halt the progression of neurodegencration. Therefore, this part
of the chapter is devoted to a short review of developmental expression of neurotrophin and
neurotrophin receptors.

During normal development BDNF mRNA expression in the rat ventral mesencephalon
peaks by approximately 2 weeks after birth and then declines to lower levels in the adult
(58,129,132). Similarly, NT-3 mRNA exhibits a developmental decline in the ventral mid-
brain, with high levels of expression present neonatally and lower levels in the adult (Fig. 3)
(129,132). Most, but not all, of the BDNF mRNA-and NT-3 mRNA-containing cells of the
ventral midbrain are dopaminergic (160,161). The neurotrophin receptors trkB and trkC are
also expressed in numerous cells of the ventral mesencephalon neonatally, but no develop-

mental changes in their mRNA expression are detected (129,132). Virtually all mesencephal- -
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Fig. 2. Prints of film autoradiograms showing the localization of the neuregulin receptor erbB4
mRNA to the ventral mesencephalon in {A) normal and (B} 6-OHDA lesioned adult rats. {A) Note
prominent expression of etbB4 mRNA within dopamine-containing nuclei, including the substantia
nigra pars compacta {SNcj and ventral tegmental area (VTA). (B) Expression of ertbB4 mRNA is sub-

stantially reduced in the ventral mesencephalon (arrow) ipsilateral to a 6-OHDA lesion of the nigros-
triatal pathway (right side).

ic dopaminergic neurons synthesize the trkB and ttkC neurotrophin receptors (731). The
prominent expression of both the neurotrophins and their functional receptors in the mid-
brain in neonatal periods suggests autocrine or paracrine mechanisms of trophic support for
dopaminergic cells in early postnatal developmental events, including differentiation, matu-
ration and target innervation. The sustained expression of BDNF and NT-3, although at
lower levels, in the adult ventral midbrain suggests a role for these neurotrophins in the main-
tenance or repair of the mature nigrostriatal system.

Both BDNF and NT-3 mRNAs are not normally present in the adult striatum, although
mRNA expression can be induced in some striatal cells following seizures (155). BDNF pro-
tein, on the other hand, shows a steady increase within the striatum during the first postna-
tal month and is highly correlated with an increase in striatal dopamine (210). Throughout

the brain the trkB receptor exists in two forms: a full-length form and a truncated form, in
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which the catalytic domain is absent (722). In the striatum, full-length trkB mRNA increas-
es from embryonic day 18 (E18) and reaches adult levels by birth, whereas truncated trkB
mRNA is not detectable until postnatal days 10-15 (P10-15) and reaches adult levels by P30
(60). During development trkB mRNA expression in the rat striatum shows a decline from
postnatal days 0 to 7, which then stabilizes and remains fairly constant throughout adulthood
(116). Protein levels of full-length trkB in the striatum reach adult levels by E20, whereas pro-
tein levels of truncated trkB show gradual increases throughout early and late postnatal devel-
opment (60).

2.2. Neurotrophins: In vitro Studies

The neurotrophic and neuroprotective effects of the neurotrophins on dopaminergic neu-
rons #n vitro will be reviewed in this section. For culture studies, a general ranking of the neu-
rotrophins in the order of their efficacy to promote the survival and growth of dopaminergic
neurons is as follows: NT-4/5>BDNF>NT-3>NGFE. The effects of individual neurotrophins

on cultured dopaminergic neurons are discussed below.

2.2.1. BDNF

Addition of BDNF to dissociated mesencephalic cell cultures increases the survival of
dopamine neurons, dopamine uptake, and dopamine content (78,79, 90,218). BDNF added
to cultures of human fetal ventral mesencephalon increased the survival, cell body size, and
neuritic length of dopaminergic neurons (172,180,218), and can be used to extend the stor-
age time of free-floating roller tube cultures of fetal rat nigral tissue (73). BDNF completely
blocks the neurotoxic effects of 6-hydroxyDOPA on cultured dopamine neurons (170).
Conditioned media obtained from fibroblasts genetically modified to express BDNF improve
the survival of tyrosine hydroxylase immunoreactive cells in ventral mesencephalic cultures
(85). Blschl and Sirrenberg demonstrated that the addition of BDNF or NT-3, but not NGE
to mesencephalic neuronal cultures enhanced Kt-evoked and basal dopamine release that
could be blocked by the tyrosine kinase inhibitors K252a or K252b (20). BDNF binds with
high affinity to the tyrosine kinase receptor, trkB, and these data suggest that BDNF stimu-
lates dopamine release by binding to the trkB receptor. Binding of BDNF to trkB results in
receptor dimerization, tyrosine phosphorylation, and the induction of tyrosine kinase activi-
ty. Intracellular signaling may involve the phospholipase C-y1 and/or the c-ras pathways.
However, the complete transduction sequence by which the binding of BDNF to trkB signals
the release of dopamine has yet to be determined (150). NGF has been shown to stimulate
dopamine release from cultured dopamine neurons, but only at very high doses and its affect

on dopamine release appears to be mediated by the activation of the p75 receptor because it
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Fig. 3. Pseudocolor images of film autoradiograms showing the developmental decrement in expres-
sion of NT-3 mRNA in rat ventral tegmental area (VTA) and substantia nigra pars compacta (SNc)
from postnatal day (PN) 8 to 14. Similar results were obtained for BDNF mRNA expression in adja-
cent sections. {From collaborative studies of K. Sercogy and C. Gall.)

Fig. 4. Pseudocolor densitometric
image showing the decreased expres-
sion of TGF-ot mRNA in adule rar
striatum {caudare-putamen, CP) ipsi-
lateral to a G-OHDA lesion of the
nigrostriatal pathway (right side).

Fig. 5. Intrastriatal transplants of embryonic dopaminergic tissue treated with GDNF. Brain sec-
tions were immunocytochemically stained for tyrosine hydroxylase (TH) (brown), a marker for
dopaminergic neurons. Transplants were implanted into denervated striatum and infused with GDNF
or vehicle alone (control). GDNF-treated transplants typically contained 3-4 times as many TH-stained
neurons than transplants that did not receive GDNF treatment {control). Scale bar = 500 pm. This fig-
ure is reproduced with permission from Academic Press.
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can be blocked by the p75 antibody, MC192, but not by tyrosine kinase inhibitors (20). In
addition to its effects on dopaminergic neurons, BDNF can also be used to induce cortical
neurons to express a dopaminergic phenotype. For example, adding BDNF plus dopamine
[or dopamine agonists] to cultures of fetal cortical neurons induces neurons to express a

dopaminergic phenotype in cultures of rat or human fetal cortical neurons (220,221).

2.2.2. NT-4/5

NT-4/5 is a potent survival factor for dopaminergic neurons, and of all the neurotrophins
stimulates the greatest neurite outgrowth of cultured dopaminergic neurons. NT-4/5 increas-
es cell body size, length and number of stem neurites on cultured dopamine neurons
(80,179). Hyman and colleagues compared the effects of BDNF, NT-3, and NT-4/5 on cul
tured dopamine neurons and found that of the three, NT-4/5 elicited the greatest increase in
the number of surviving dopamine neurons, increased dopamine content 2.6-fold, but had
no effect on dopamine uptake. NT-4/5 also protects cultured dopaminergic neurons against
the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium ion (MPP*) (79). Similar
to BDNF, the addition of NT-4/5 plus dopamine [or dopamine agonists] to cultures of rat

fetal cortical neurons induces neurons to express a dopaminergic phenotype (220).

223 NT-3

NT-3 increases the number of surviving dopamine neurons and increases dopamine uptake
and content in cultures of dopamine neurons (79). Similar to BDNF and NT-4/5, the addi-
tion of NT-3 plus dopamine [or dopamine agonists] to cultures of fetal cortical neurons

induces a dopaminergic phenotype within a subset of cells (220).

2.3. Neurotrophins: In vivo Studies

Of all the neurotrophins, BDNF has been the most extensively studied in terms of its
effects on #n vivo function and protection of dopaminergic neurons. This may simply reflect
the fact that many studies have clearly identified BDNF as a component of nigrostriaral
dopaminergic neurons that is present during development and persists throughout adult life,
and, as mentioned above, it is one of the more potent neurotrophins for supporting and pro-
tecting dopaminergic neurons 77 vitro. While NT-4/5 may rank as a potent neurotrophic fac-
tor for dopamine neurons #n vitro, it does not appear to have as ubiquitous a presence in the
mesostriatal dopaminergic system as does BDNE The efficacy of the neurotrophins in terms
of stimulating dopaminergic function or protecting against injury 7 vivo can be ranked as fol-
lows: BDNF>NT-4/55>NT-3>NGE The in vivo expression of individual neurotrophins or
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neurotrophin receptors as well as the their function and protective effects are discussed below.

2.3.1. BDNF

Neurons expressing BDNF mRNA are located throughout the ventral mesencephalon in

an overlapping distribution with the dopaminergic cell groups in rat and monkey (61,160).

‘Both 6-OHDA lesioning and double-labeling 77 sitw hybridization studies show that a sub-
stantial subpopulation of midbrain dopaminergic neurons, themselves, express BDNF
mRNA (160,161,191). In turn, the vast majority of the midbrain BDNF mRNA-containing
cells are dopaminergic. The greatest proportion of BDNF/dopamine cells tend to be situated
in the medial substantia nigra (SN) pars compacta (SNc) and ventral tegmental area (VTA).
BDNF immunoreactivity has also been demonstrated within the somata and proximal den-
drites of rat midbrain neurons (8,39,205). These data suggest that locally produced BDNF
could influence dopaminergic neurons viz autocrine or paracrine mechanisms.

As stated earlier, BDNF mRNA is normally undetectable in the striatum. BDNF protein,
however, is found in the striatum and appears to be transported anterogradely to the striatum
via several afferent pathways: corticostriatal, nigrostriatal, amygdalostriatal, thalamostriatal
(8,39). Nigral neurons also exhibit specific retrograde axonal transport of BDNF and NT-3,
but not NGF, from the striatum (9,724). BDNF protein levels in the striatum of young adult
rats are approximately 5-7 ng/g tissue as measured by ELISA (126,212,219),

As noted previously, markers for neurotrophins and neurotrophin receptors are higher in
the medial than in the lateral part of the SNc in both rat (131,160,161) and human (128)
brain. This may be one reason why dopaminergic neurons in the lateral SN are more suscep-
tible to neurodegeneration (e.g., Parkinsor's disease), than those in the medial part of the SN.

There is evidence that BDNF injected into the striatum is taken up by dopaminergic ter-
minals and transported retrogradely to the SN (724). Therefore BDNF taken up by dopamin-
ergic neurons just prior to a neurotoxic insult may elicit neuroprotective mechanisms. This is
supported by a study performed by Levivier ef 4/. in which fibroblasts genetically modified to
produce BDNF were implanted into the striatum prior to an intrastriatal administration of
6-hydroxydopamine (6-OHDA), and prevented the lesion-induced loss of dopaminergic cell
bodies in the SN (703). The protection of dopaminergic neurons against MPP* or 6-OHDA
neurotoxicity by BDNF was previously demonstrated in culture studies (15,78 106,173).
Local application of BDNF to dopaminergic cell bodies also provides protection against neu-
rotoxic insult. For example, fibroblasts genetically modified to produce BDNF, and implant-

ed above the intact or lesioned SN, induced sprouting of both tyrosine hydroxylase- and neu-

rofilament- immunoreactive fibers (109); or protected nigral dopaminergic neurons against
MPP* neurotoxicity (59).
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Intracerebral infusion of BDNF also alters behavioral and neurochemical markers that are
associated with increased dopaminergic activity. Chronic or acute infusions of BDNF into a
supranigral site induce a low rate of contralateral rotational behavior following the adminis-
tration of amphetamine (3,115,167). Chronic supranigral infusions of BDNF elevate
dopamine turnover [ratio of dihydroxyphenylacetic acid to dopamine: DOPAC/DA],
dopamine release [ratio of 3-methoxytyramine to DA: 3-MT/DA] within the ipsilateral stria-
tum (6), decrease dopamine turnover in the ipsilateral SN (115), and increase the sponta-
neous electrophysiological activity of dopaminergic neurons (7166). Amphetamine-induced
locomotor activity is decreased after a chronic supranigral infusion of BDNF (115).

Infusion of BDNF into the SN immediately after transection of the ipsilateral nigrostriatal
pathway promotes survival of dopamine neurons but inhibits the expression of TH in those
neurons (67). Moreover, infusion of BDNF into the SN before or during chronic intrastriatal
infusion of 6-OHDA does not prevent the loss of dopaminergic terminals in the striatum and
does not protect against a partial loss of nigral dopamine neurons, but does reverse rotation-
al behavior and augments dopamine metabolism (7). Delivery of BDNF, intracerebroventric-
ularly or directly into brain tissue, shows relatively poor tissue penetration and diffusion when
compared to other neurotrophins (e.g., NT-3 or NGF) (9), due in large part to the ubiqui-

tous presence of both catalytic and non-catalytic kB receprors throughout the brain.

2.3.2. NT-3

Expression of NT-3 mRNA is prominent within dopaminergic cell groups of the ventral
midbrain, where extensive coexistence with dopamine is observed mainly within neurons of
the VTA and medial SNc (61,160,161). These findings indicate that NT-3, like BDNF, may
provide local trophic support to midbrain dopamine cells. Neither NT-3 mRNA nor protein
have been described in the striatum. NT-3 binding, however, occurs in both the striatum and
SN of adult rats (4).

Supranigral infusions of NT-3 decrease dopamine turnover in the SN but not in the stria-
tum (715). NT-3 decreases body weight during chronic infusion periods, increases the fre-
quency of amphetamine-induced contraversive rotational behavior, and attenuates ampheta-
mine-induced locomotor activity (115). Infusion of NT-3 into the SN before and during a
chronic intrastriatal infusion of 6-OHDA does not prevent the loss of dopaminergic termi-
nals in the striatum and does not protect against a partial loss of nigral dopamine neurons,
but does reverse rotational behavior and augments dopamine metabolism (7). Notably, infu-
sion of NT-3 into the SN immediately after transection of the ipsilateral nigrostriatal path-
way is less potent at promoting the survival of dopamine neurons than BDNF, but completely

preserves TH expression (67).
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233 NT-4/5

Although expression of NT-4/5 mRNA has been detected in the basal ganglia by Northern
Blot analysis (783), its cellular distribution has not yet been elucidated. Chronic, supranigral
infusion of NT-4/5 increases dopamine turnover in the striatum (5). Infusion of NT-4/5 into
the SN immediately after transection of the ipsilateral nigrostriatal pathway is better at pro-
moting the survival of dopamine neurons than BDNF or NT-3, but is similar to BDNF in
that it inhibits the expression of TH phenotype (67). Chronic supranigral infusion of NT4/5
following transection of the medial forebrain bundle reverses the loss of calbindin-containing

nigral neurons bur not cair&tin%n—can{ainiﬂg nigral neurons (2).

2.3.4. Trk B and TrkC

Both trkB and ttkC mRNAs are widely distributed throughout the rat ventral mesen-
cephalon, including all subdivisions of the SN, VTA, and retrorubral field (6,107,119,131 .
Double-labeling studies demonstrate that essentially all mesencephalic dopamine neurons
express both of the neurotrophin receptor mRNAs (731). Additional non-dopaminergic
perikarya in the midbrain also express the trk receptor mRNAs, and these are most likely
GABAergic neurons. Immunocytochemical studies have reported labeling for the trkB recep-
tor in cell bodies, dendrites and axons of the ventral mesencephalon (60,204). Expression of
trkB mRNA or immunoreactivity has also been described in human SN (79,128), in similar
patterns to those found in the rat. The comprehensive expression of both trkB and trkC by
dopaminergic nigrostriatal neurons presents strong evidence that dopaminergic neurons have
the capability to directly respond to BDNF and N'T-3 iz vivo. Given the local synthesis of the
neurotrophin ligands by the dopamine cells, these neurotrophin receptor data reinforce the
notion of an autocrine/paracrine mode of neurotrophin support for the dopaminergic mid-
brain.

Both tkB and trkC mRNAs are broadly distributed at moderate levels within numer-
ous striatal neurons (6,9,119,130). Immunoreactivity for trkB is also observed in the stria-
tum, as well as in other regions of adult rat brain (204). Two weeks following a 6-OHDA
lesion of the nigrostriatal pathway, trkB mRNA expression of the catalytic form of the recep-
tor is up-regulated in denervated striatum, when compared to expression in intact striatum
(Fig. 1) (130). Similarly, trkB protein levels within the striatum are increased 2-4 weeks fol-
lowing a transection of the ipsilateral medial forebrain bundle (45). This up-regulation of
trkB following dopamine denervation may indicate that dopamine negatively controls striatal
urkB expression. Alternatively, it may be a compensatory response to loss of endogenous
BDNEF ligand, either anterogradely or retrogradely derived from the midbrain. The truncat-
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ed, but not full-length, form of the trkB receptor is up-regulated during the first month fol-
lowing physical injury to the striatum (202).

3. TGF-B/GDNF/NEURTURIN FAMILY
OF NEUROTROPHIC FACTORS

Glial cell line-derived neurotrophic factor (GDNF) and neurturin (NTN) are structurally
related, and both activate a two-component receptor complex that consists of a ligand bind-
ing GDNF family receptor (e.g., GDNFRa-1 or GDNFR0-2) and the receptor protein
kinase ret (46,83). GDNF mRNA is expressed in rat striatum from E20 through P7
(154,177) and in adult striatum of rat and human brain (174). The receptor for GDNF and
neurturin, GDNFRa, is localized within the SNc as well as other brain structures (64,200,
207). GDNF is a glycosylated, disulfide-bonded homodimer that promotes the survival and
differentiation of embryonic dopaminergic neurons, increases high-affinity dopamine uptake,
and is a member of the TGF-B family (105). Conditioned media obtained from fibroblasts
genetically modified to express GDNF improve survival of tyrosine hydroxylase immunore-
active cells in ventral mesencephalic cultures (85). When infused into 7 oculo transplants of
fetal ventral mesencephalic tissue, GDNF stimulates growth of transplanted dopaminergic
neurons (177). GDNF rescues surviving dopaminergic neurons following 6-OHDA or axo-
tomy-induced lesions. However, protection is not permanent if GDNF treatment is termi-
nated (108). Infusion of GDNF into the SN up-regulates dopaminergic function in both
young and aged animals. For example, intranigral injections of GDNF increase locomotor
activity, basal dopamine levels in the striatum, and both K*- and amphetamine-induced over-
flow of dopamine in the striatum of aged rats (22,70,98). In young adult rats, intranigral
injections of GDNF induce sprouting of nigral dopaminergic neurons and elicit an increase
in nigral and striatal dopamine turnover that persists for at least 3 weeks following the injec-
tion (77). Injections of GDNF into the SN not only alter dopamine neurochemistry but also
protect dopaminergic neurons against neurotoxic and traumatic injury to the nigrostriatal sys-
tem. For example, intranigral injections of GDNF protect dopaminergic neurons against 6-
OHDA toxicity (87,88,181), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxici-
ty (62,184), methampheramine toxicity (31), and axotomy-induced neurodegeneration of
dopaminergic neurons (18). Continuous release of low levels of GDNF into a perinigral
region protects nigral dopaminergic neurons against axotomy-induced lesion and improves
pharmacological rotational behavior by non-dopaminergic mechanisms (188). Intermittent
injections of GDNF into a perinigral region prevents 6-OHDA induced degeneration of

nigral dopamine neurons (152). Delivery of GDNF to perinigral regions using viral vectors
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has been shown to halt 6-OHDA induced degeneration of dopamine neurons (34,111).

The more recently discovered neurturin (NTN) has been shown to promote the survival of
dopaminergic neurons and protect dopaminergic neurons against 6-OHDA neurotoxicity
(75) and axotomy of the medial forebrain bundle (189). The NTN receptor, GDNFRg, is
expressed in and around nigral dopaminergic neurons (75). Although GDNF and NTN bind
to the same receptor complex, NTN shows a lower efficacy than GDNF for protecting
dopaminergic neurons against 6-OHDA neurotoxicity after infusing either one intrastriatal-
ly or intracerebroventricularly, and this may be related to NTN’s poor solubility and diffusion
properties at a physiologic pH (7147).

Transforming growth factor-f (TGE-B) is structurally related to GDNF and NTN. Both
TGF-B2 and TGF-B3 are expressed in the vicinity of dopaminergic neurons during embry-
onic development, and the addition of these two factors to cultured dopaminergic neurons
prevents neuronal death (744). The TGF- protein family activates a class of serine/threonine
kinase receptors (157) and these receptors are found in the caudate nucleus, putamen, ventral

pallidum, and nucleus accumbens during development and in adult rat brain (790).

4. EPIDERMAL GROWTH FACTOR (EGF)/
TRANSFORMING GROWTH FACTOR (TGF-x)

EGF and TGF-0t are two members of a structurally related family of polypeptide growth
factors that also includes heparin-binding EGF-like growth factor (HB-EGF), amphiregulin,
betacellulin and epiregulin (100,742). All of these molecules exert their biological effects via
interaction with the EGF receptor, a transmembrane protein tyrosine kinase (742). Several
lines of evidence suggest that both EGF and TGF-0t can provide trophic support for mesen-
cephalic dopaminergic neurons.

EGF promotes the survival of cultured fetal dopaminergic neurons (29,55,89) and protects
cultured dopaminergic neurons against glutamate toxicity (30). EGF also protects cultured
midbrain dopaminergic neurons against MPP* neurotoxicity and promotes the recovery of
MPP*-damaged neurons (138,156). Since glial cell proliferation is required for some of these
effects, it is thought that the actions of EGF on midbrain dopamine cells may be mediated
indirectly via glia. Jn vivo, EGF mRNA and EGF-like immunoreactivity are expressed in
rodent basal ganglia (50,99), although at very low levels. EGF receptor mRNA is also present
within the basal ganglia, including neurons of the SNc, VTA, and striatum of rat (96,97,162).
Interestingly, we have shown that the EGF recepror is expressed by subpopulations of
dopaminergic neurons in the medial nigra and VTA (97,162) and by GABAergic interneu-
rons in the striatum (96). Thus, in contrast to findings 7 vitro, it appears that dopaminergic

(and GABAergic) neurons iz vivo could respond directly to EGF receptor ligands. In lesion
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studies iz vivo, intracerebroventricular infusion of EGF increases the survival of dopamine
neurons following a unilateral transection of the nigrostriatal pathway (140,192) or in
MPTP-treated mice (65), suggesting a neuroprotective or neurorestorative role for the growth
factor in animal models of Parkinson’s disease.

Studies of TGF-0t in the mesostriatal system have led to the speculation that this EGF
receptor ligand may provide local or target-derived trophic support to midbrain dopamine
neurons. Similar to EGF, TGF-at increases the number and neurite outgrowth of cultured
embryonic dopaminergic neurons, perhaps indirectly via glia (1). In contrast to EGE, TGF-
o mRNA is expressed at particularly high levels in the rodent striatum, including both the
caudate-putamen and nucleus accumbens (95,99,158,159,201), where the cellular localiza-
tion of its mRNA or protein has been described in both neurons and astrocytes
(51,159,199,201). Striatal TGF-ot is developmentally regulated, with higher levels of expres-
sion present perinatally vs. adulthood (95,97,159). These high levels of TGF-0 expression,
coupled with the low levels of EGF, suggest that TGF-0. is the major endogenous ligand for
the EGF receptor in the mesostriatal system. Although TGF-at mRNA is not present in the
adult ventral mesencephalon, it is expressed in midbrain regions prenatally (97). Given the
presence of the EGF receptor both prenatally and postnatally in a subset of the dopaminer-
gic neurons (97,162), as well as the above noted trophic effects of TGF-0. on dopamine cells
in vitro, an autocrine or paracrine role for TGF-t in the survival or differentiation of devel-
oping dopamine neurons is a distinct possibility. Retrogradely derived TGF-ot from the stria-
tum would be another likely source of trophic support for midbrain dopaminergic neurons.
In any event, the importance of TGF-tt in the survival and/or differentiation of dopamine
cells is underscored by the recent finding that approximately 50% of nigral dopamine neu-
rons are absent in TGF-0-deficient mice (21).

Our recent work on the regulation of TGF-0t and EGF receptor expression in the nigros-
triatal system reveals that TGF-0. mRNA is decreased in the striatum ipsilateral to a 6-OHDA
lesion of the nigrostriatal pathway (Fig. 4). Expression of striatal EGF receptor mRNA, how-
ever, remained unchanged. These data indicate that striatal TGF-o is not upregulated as a
compensatory response to nigral dopamine neuron injury and that dopaminergic afferents
may normally promote striatal TGF-at expression. Consonant with the above findings, no
increase of EGF binding is detectable in the striatum of monkeys following MPTP treatment
(194). However, in brains from Parkinson’s disease patients, EGF binding is elevated at ante-
rior levels of the dorsal striatum (794), but remains unaffected in the mesencephalon (7193).
The latter finding raises the possibility that human midbrain EGF receptor-expressing cells,
which may characterize a subset of dopaminergic neurons in rat, may be spared in Parkinson’s

disease.
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Finally, it should be noted that two other EGF receptor ligands have recently been detect-
ed in rodent basal ganglia. Amphiregulin mRNA is found within a small subpopulation of
striatal cells that exhibits a patchy hybridization pattern (163). Expression of HB-EGF
mRNA, although not normally present in the striatum, is slightly induced in the dorsal cau-
date-putamen following excitotoxic seizures (134). The possible functional roles of these

growth factors in the dopaminergic mesostriatal system remain to be determined.

5. FIBROBLAST GROWTH FACTOR (FGF)

Acidic FGF (aFGF or FGF-1) and basic FGF (bFGF or FGF-2) are members of a family
of nine known fibroblast growth facrors [FGF-1 through FGF-9] (47). Four FGF receptors
(FGFR) have been identified and both aFGF and bFGF bind with high affinity to FGFR-1.
FGFR-1 is expressed primarily by neurons (796) while FGFR-2 and FGFR-3 are expressed
mainly by glia (717). FGFR mRNA is moderately expressed in the SN and VTA in rat brain
(196). Basic FGF is localized to the SN of rat, monkey, and human brain (73,35,185). While
bFGF is expressed in the rat ventral mesencephalon from E16 onward, aFGF is not observ-
able until P20 and later (74). Injection of 125I-bFGF into the striatum labels the ipsilateral
SN, suggesting that bFGF binds to FGF receptors in the striatum and is retrogradely trans-
ported to the SN (53). Both bFGF and aFGF mRNAs are increased in the striatum of mice
following treatment with MPTP (102). Postmortem analysis of bEGF immunoreactivity in
the SN of normal aged brain and brains from Parkinson’s patients are significantly different.
In the normal aging human brain, 82% of nigral dopaminergic neurons are bFGE-
immunoreactive while only 12% of the remaining nigral dopaminergic neurons are bFGF-
immunoreactive in brains of patients diagnosed with Parkinson’s discase (786,187). In con-
trast, postmortem analysis of the bFGF receptor, FGFR-1, in normal and Parkinsonian brain
show that most residual dopaminergic neurons also express FGFR-1 immunoreactivity (195).
Thus, in Parkinson’s disease dopaminergic neurons may lose the neurotrophic support of
bFGF, however, the surviving neurons maintain expression of its receptor.

The identification and localization of FGF and FGF receptors within the basal ganglia
prompted researchers to test whether or not they are important factors for growth and sur-
vival of dopaminergic neurons. It was initially determined that bFGF promoted the survival
and growth of cultured dopaminergic neurons (52,54, 89,117). The neurotrophic mechanism
of the fibroblast growth factors remains unknown, however, several studies suggest that their
neurotrophic action is mediated by glia (48,138). Subsequent studies showed that bEGF
enhanced dopaminergic neuron survival indirectly through glial cells (49,89,117,214) and
that the glial-mediated effect of bFGF on dopaminergic neurons does not involve the secre-

tion of GDNF from glia (76). Similar to other neurotrophic factors, bFGF not only possess-
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es neurotrophic support for dopaminergic neurons 7n vitro, but also neuroprotects dopamin-
ergic neurons in vitro and in vivo. For example, bFGF protects dopaminergic neurons against
glutamate toxicity (30) and against MPP* neurotoxicity in vitro (138) and in vive (32,43);
glial cell proliferation was required for iz vitro protection against MPP* (138). Basic FGF
enhances survival and sprouting of fetal dopaminergic neurons implanted into the denervat-
ed striacum (718,175,182). Acidic and basic FGF protect dopaminergic neurons against
MPTP toxicity in young but not aged mice (42,136). In addition to aFGF and bFGF, anoth-
er member of the FGF gene family, FGF-8, has been found to play a key role in intercellular
signaling at various developmental time points. FGF-8 is required in combination with sonic
hedgehog (see below) for the induction of dopaminergic neurons in the ventral midbrain dur-

ing embryonic development (206).

6. SONIC HEDGEHOG (Shh)

Sonic hedgehog is synthesized as a 45 kDa precursor protein that undergoes proteolytic
cleavage to yield a 20 kDa amino-terminal cleavage product (Shh-N), which remains mostly
cell-associated, and a carboxy-terminal cleavage product (Shh-C), which diffuses more freely.
Only the amino-terminal cleavage product (Shh-N) has been implicated in mediating signal-
ing activity (143). Because Shh-N is cell-associated, direct cell-cell contact is thought to be an
important component in mediating Shh signaling activity. Ye ez a/. provided evidence that
Shh and FGF-8 are required for the induction of midbrain dopaminergic neurons during nor-
mal development, and that the combination of Shh and FGF-8, but neither one alone, can
induce neurons with a dopaminergic phenotype in ectopic regions along the anterior neural
tube (206). Shh is capable of inducing dopaminergic neuron phenotype in chick mesen-
cephalic explants (197), rat explants (81), and promotes the survival as well as protects cul-
tured dopaminergic neurons against MPP* neurotoxicity (121). Biochemical evidence sug-
gests that patched (pzc) is the receptor for Shh (114,176) and it would be interesting to deter-
mine whether or not the prc receptor is localized to dopaminergic neurons in the ventral mid-

brain.

7. PLATELET-DERIVED GROWTH FACTOR (PDGF)

Platelet-derived growth factor (PDGF) promotes survival of culrured dopaminergic neu-
rons. The isoform PDGF-BB, and not isoform PDGF-AA, provides trophic support for cul-
tured human ventral mesencephalic tissue (127), and protects cultured dopaminergic neurons
against 6-OHDA toxicity (141). In cultures of rat and human dopaminergic neurons, PDGF
beta-receptors are found on approximately 70% of tyrosine hydroxylase positive neurons

(135).
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8. NEUREGULINS AND NEUREGULIN RECEPTORS

Neuregulins comprise a large group of structurally homologous polypeptide growth factors
that are related to members of the EGF family (23,26,101,112,113, 217). Described inde-
pendently as acetylcholine receptor inducing activity (ARIA), glial growth factors (GGF),
heregulins, or neu differentiation factor (NDF), it is now known that all of these factors and
other isoforms arise from alternative splicing of a single gene. The EGF-like domain shared
by the members is thought to be responsible for receptor binding and subsequent biological
activities. Neuregulins interact directly or indirectly with the etbB family of homologous,
transmembrane protein tyrosine kinase receptors (erbB2, erbB3 and erbB4), which also
includes the EGF receptor (also known as erbB1, although neuregulins cannot directly bind
the EGF receptor). Upon ligand binding, erbB receptors can form homodimers or het-
erodimers with each other, leading to activation and subsequent intracellular signaling
(23,25). However, neuregulins can directly bind to only the erbB3 (kinase-defective) and
erbB4 receptors, which can then heterodimerize with erbB2 and erbB1 to activate and/or
potentiate subsequent signaling activity. Recently, additional neuregulin-like genes have been
cloned, now termed neuregulin-2 (24,27,33,71) and neuregulin-3 (276), that can bind and
activate the erbB3 and erbB4 receprors.

In addition to trophic effects of neuregulins reported in various non-neuronal cell types
and organs (particularly in heart development), the most well-known functions associated
with the nervous system include roles in glial cell proliferation, differentiation and survival,
neuromuscular acetylcholine receptor induction, and neuronal migration and survival. The
functions of neuregulins in the mature brain, however, and particularly in the basal ganglia,
are unresolved. With respect to the dopaminergic mesotelencephalic system, “weak” neureg-
ulin expression was reported in the postnatal caudate-putamen (40), and neuregulin-3
mRNA has been detected in the caudate-putamen and SN by Northern blot analysis (216).

To begin to investigate the role of neuregulins and their erbB receptor family in the
dopaminergic mesostriatal system, we have recently examined the expression of erbB4 mRNA
within the normal and lesioned ventral midbrain. We find that erbB4 mRNA is expressed
within a substantial population of cells within the SN and VTA of both rodent (Fig. 2) and
monkey, exhibiting a striking spatial overlap with the mesencephalic dopaminergic cell groups
{164).

Expression of erbB3 mRNA, in contrast, is primarily restricted to presumed glia mainly in
the cerebral peduncles in the ventral mesencephalon (164). Both neurotoxin lesioning and
double-labeling iz situ hybridization studies demonstrate a high degree of erbB4/dopamine
coexistence in ventral mesencephalic neurons of both rat and monkey (7164,165). These

results raise the possibility that the dopaminergic neurons could be responsive to the trophic
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effects of neuregulins. Indeed, our preliminary findings using in vive microdialysis indicate
that a single supranigral injection (10 pg) of the neuregulin heregulin-B1 induces a substan-
tial increase in dopamine overflow in the ipsilateral striatum (164). This is among the first in
vivo demonstrations of neuregulin action in the brain and provides the first evidence that
neuregulins can affect dopaminergic nigrostriatal function. We also find that neuregulin treat-
ment protects the human neuroblastoma dopaminergic cell line SK-N-MC from both oxida-
tive and metabolic insults (765). Taken together, these findings raise fundamental questions
as to the role of neuregulins in development and maintenance of the dopaminergic mesote-
lencephalic system, and suggest that neuregulins may have trophic capabilities for dopamin-
ergic neurons. Functional studies of neuregulin actions in normal nigrostriatal system as well

as in animal models of Parkinson’s disease are currently in progress in our laboratories.

9. OTHER DOPAMINERGIC TROPHIC FACTORS

Engele e al. demonstrated that conditioned media from mesencephalic glial cells possess-
es factors that promote the survival and differentiation of cultured dopaminergic neurons
(49). Dong et al. (44) showed that human fetal mesencephalic dopaminergic cells survived
better when co-cultured with striatal glial cells [target-derived glia] than with mesencephalic
glial cells [non-target derived]. This suggests that target-derived glia may provide better
trophic support for dopaminergic neurons than non-target glia. Thus, factors that induce a
proliferation of glial cells may indirectly affect the survival and differentiation of dopaminer-
gic neurons by increasing the pool of glial-derived neurotrophic factors. Both EGF and the
FGFs are examples of glial mitogens that enhance the survival of cultured or transplanted
dopaminergic neurons through neurotrophic mechanisms mediated by glial cells.
Interestingly, interleukin-1P has been shown to induce axonal sprouting of dopaminergic
neurons in lesioned animals, however, this event may be mediated by an induction of bFGF
within astrocytes (72). Insulin-like growth factor-1 (IGF-1) promotes the survival of cultured
dopaminergic neurons (16,17,89,91) and IGF receptors have been localized within the basal
ganglia (56). Ciliary neurotrophic factor (CNTF) has been shown to prevent the loss of nigral
dopaminergic neurons following a lesion of the nigrostriatal pathway (66) and the CNTF-o
receptor has been localized to neurons in the SN of monkey brain (94) and rat brain (107).
Nicotine induces the expression of BDNF and bFGF, as determined by RNase protection
assay, in rat striatum, and nicotine treatment in mice or rats prevents MPP+ or metham-
phetamine-induced neurotoxicity, respectively (110). Thus, it appears that in addition to
application of exogenous neurotrophic factors themselves, agents that induce or up-regulate
endogenous neurotrophic molecules in the nigrostriatal system may provide an alternative

means by which dopaminergic neurons could access trophic support.

"
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10. NEUROTROPHIN KNOCKOUTS
AND NEUROTROPHIN RECEPTOR KNOCKOUTS

The use of animals with targeted gene disruption for neurotrophins, neurotrophin recep-
tors, and other neurotrophic factors has demonstrated that survival and differentiation of
some peripheral and central neurons are highly dependent upon the expression of neu-
rotrophic factors during development. How does gene distuption [knockouts] of specific neu-
rotrophins or neurotrophin receptors affect the development of central dopaminergic neu-
rons? It is important to first consider that two neurotrophin receptors, trkB and trkC, are
known to be co-localized in dopaminergic neurons in the ventral mesencephalon
(6,119,131). This means that at least one neurotrophin that binds with high affinity to trkB
or trkC can remain active following a knockout of single gene encoding any one of the neu-
rotrophins or neurotrophin receptors. Several studies have demonstrated that disruption of a
gene encoding for any one of the neurotrophins or trk receprors did not have deleterious
effects on the development of central dopaminergic neurons (82,84). One argument for the
lack of an effect on dopaminergic neurons following a single gene knockout for one neu-
rotrophin or neurotrophin receptor is that the remaining active neurotrophins] may provide
compensatory neurotrophic support. However, mice with double knockouts of genes encod-
ing the catalytic domains of both trkB and trkC also show normal development of central
dopaminergic neurons although these animals typically do not live beyond the fifth postna-
tal day (768). The double trk receptor knockout provides a model in which the neurotrophins
are unable to affect dopaminergic neurons viz conventional receptor binding mechanisms.
With regard to the double trk receptor knockout study, it should be pointed out that deficits
produced by mutations of only the catalytic domain of the trk receptors may not be as severe
as those produced by a mutation that deletes all the proteins encoded by the trk gene (104).
At this time, however, there is no known signaling function for truncated trkB or trkC recep-
tors on dopaminergic neurons. Mice with a null mutation of the p75 receptor also show nor-
mal development of the SN and striatum (739). The results of the single and double knock-
out studies strongly imply that neurotrophins may not be essential for the survival, differen-
tiation, and growth of central dopaminergic neurons during embryonic and early postnatal
development. Indeed, we already mentioned that developing dopaminergic neurons are
responsive to a multitude of other endogenous neurotrophic factors that are important for the
differentiation, survival, and maturation of dopaminergic neurons.

While mutations of genes encoding neurotrophins or neurotrophin receptors do not have
an apparent effect on the development of central dopaminergic neurons, the development of
central dopaminergic neurons iz vivo can be adversely affected in mice deficient for other neu-

rotrophic factors. For example, mice with a mutation that reduces, but does not eliminae,
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FGF-8 levels generate a population of midbrain dopaminergic neurons that are severely
reduced in numbers when compared to normal littermates (120,206). Another study, as
described previously, using mice with a null mutation for the gene encoding TGF-ot, a mem-
ber of the EGF family that activates the EGF receptor, demonstrated a 50% reduction of
dopaminergic neurons in the SN (21). The fact that 50% of dopaminergic neurons survived
after this mutation may be attributed to experimental evidence that not all dopaminergic neu-
rons express the EGF receptor (97,162), and, thus, presumably are not responsive to TGF-ot.
These findings may also illustrate the versatility of dopaminergic neurons in terms of their

dependency on heterologous lines of neurotrophic support during development.

11. AGING AND NEUROTROPHIC FACTOR EXPRESSON IN THE
NIGROSTRIATAL SYSTEM

Much of the evidence that supports a decline of neurotrophic activity in the aging nigros-
triatal system is derived from studies that have examined the in vitro development of embry-
onic dopaminergic neurons co-cultured with striatal extracts obtained from young and old
brain, or from neural transplantation studies. For example, Carvey and co-workers noted that
the compensatory increase in striatal trophic activity following a 6-OHDA lesion is lower in
aged than in young rats (28). Similarly, Kaseloo and colleagues (86) reported that striatal
extracts taken from the injured striatum of aged rats possessed a diminished capacity for
inducing neurite outgrowth in cultures containing the SH-SY5Y cell line [dopamine-produc-
ing neuroblastoma cell line]. In aged rats with long-term 6-OHDA lesions, transplants show
poor survival and function unless neurotrophic supplements (e.g., Schwann cells) are co-graft-
ed with transplants (36-38). In a recent study we observed that striatal BDNF protein levels
increase following a 6-OHDA lesion of the nigrostriatal pathway in both young and aged rats,
however, the increase is significantly greater in denervated striatum of young rats (212). We
also have preliminary data showing that NT-3 mRNA expression is reduced in the ventral
midbrain of aged rats (Fig. 6), suggesting that production of neurotrophins by mesencephal-
ic dopamine neurons themselves also diminishes with age.

The results of these studies indicate that compensatory neurotrophic mechanisms that
occur following a degenerative lesion may decline with age and, likewise, that the denervated
striatum of an aged animal may provide a poorer trophic environment for transplants than
the denervated striatum of a young animal. With regard to neural transplantation studies,
this is a significant statement because most of the basic scientific research has been performed
in young adult animals with experimental Parkinson’s disease while human transplant recipi-
ents are typically aged patients with advanced Parkinson's discase. Freed er 4/ recently report-

ed that younger Parkinson’s patients respond more favorably to human embryonic dopamine
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cell transplants than older patients in terms of their post-operative PET scan results and neu-
rological assessments (57). The age disparity between animal and human transplant recipients
may prove to be a crucial variable in terms of explaining why animal studies typically yield
more promising experimental results than clinical transplant studies. Similarly, in order to
develop effective strategies for preventing age-related neurodegenerative disorders, it will be
important to determine whether or not there is a general decline of neurotrophic factor activ-

ity or responsiveness to neurotrophic factors in the aging brain.

12. NEURAL TRANSPLANTS AND NEUROTROPHIC FACTORS

Transplantation of embryonic dopaminergic neurons into adult brain has been a valuable
neurobiological tool for studying basal ganglia function and the development of dopaminer-
gic neurons, as well as a potential therapeutic source of dopaminergic neuron replacement in
neurodegenerative disorders such as Parkinsors disease (38,208). As a therapy for Parkinsor's
disease, several problems have been encountered with transplants of human embyronic
dopaminergic tissue into the Parkinsonian brain, and those problems are related to the sur-
vival of transplanted neurons and the establishment of functional contacts between the trans-
planted neurons and the host brain. For example, transplants of embryonic dopaminergic
neurons alone into the brains of Parkinson’s patients typically show a low-to-moderare sur-
vival rate, sparse functional contacts with the host brain, and limited therapeutic value.
Research in this field has been redirected toward improving the survival of transplanted neu-
rons by supplementing embryonic transplants with neurotrophic substrates that have been
shown to increase the iz vitro survival of dopaminergic neurons. The following discussion
describes the neurotrophic environment of embryonic dopaminergic cells implanted into the
striatum of animals with experimental parkinsonism, and provides examples of studies that
have used combinations of neural transplants and neurotrophic factors as a strategy to
improve the survival of embryonic neurons transplanted into adult brain.

During the first month after embryonic dopaminergic neurons are implanted into adult
nervous tissue, neurotrophic markers change dynamically within the transplant and also with-
in the host tissue. During normal development the expression of BDNF mRNA in dopamin-
ergic neurons typically decreases during late embryonic and early postnatal periods. However,
BDNF mRNA expression in i oculo transplants of embryonic dopaminergic neurons does
not decrease but is maintained at constant levels for 6 weeks after transplantation (178). We
also observe a constant expression of BDNF mRNA in intrastriatal transplants of embryonic
dopaminergic neurons throughout the first month of transplant development as seen in fig-
ure 6 (213). Prominent expression of trkB mRNA is present immediately after transplanta-

tion and shows a progressive reduction during the first month {Fig. 7} (213) or month-and-
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a-half (178). On the other hand, immunostaining for the trkB receptor is reportedly not pre-
sent in fetal ventral mesencephalic transplants until two wecks after transplantation (153).
The results of these studies show a discordance between protein and mRNA expression: trkB
mRNA expression is evident weeks before trkB immunoreactivity is present in transplants. It
is interesting that trkB immunostaining is not detectable in transplants of embryonic
dopaminergic neurons until two weeks after transplantation because fiber outgrowth from
transplants can be optimally stimulated by exogenous BDNF by delaying its infusion until
two wecks after transplantation (210). The results of these studies provide evidence that
immature dopaminergic neurons may be more responsive to BDNF at a developmental time
point when trkB receptors are abundantly expressed on dopaminergic neurons.

Not only is there a dynamic change in markers for neurotrophic activity within the trans-
plant, but markers of neurotrophic activity within the host tissue surrounding the transplant
also appear to be influenced by the presence of a transplant. As stated earlier, following a
lesion of the nigrostriatal pathway markers for the trkB receptor in the denervated striatum
are up-regulated when compared to trkB markers in the intact striatum (45,130). Striatal trkB
mRNA remains elevated immediately after embryonic dopaminergic neurons are implanted
into the denervated striatum, however, by the 4™ week trkB mRNA is normalized in dener-
vated/transplanted striatum while animals without transplants maintain an up-regulation of
trkB mRNA expression in the denervated striatum (213).

One means of improving the survival and functional integration of transplanted dopamin-
ergic neurons is to administer a neurotrophic supplement with the transplant that is known
to promote the differentiation, survival, and growth of dopaminergic neurons. The following
discussion lists the results of studies that have added neurotrophic factors to transplanted
dopaminergic neurons.

Neurotrophic factors have been added as supplements to transplants of embryonic
dopaminergic neurons using several different techniques: 1) pre-incubation of embryonic
cells or tissue with the neurotrophic factor, 2) single or intermittent bolus injections of neu-
rotrophic factor into, or adjacent to, the transplant via syringe needle, 3) chronic intracere-
bral delivery using osmotic pumps, or 4) co-grafting embryonic dopaminergic neurons with
genetically modified cells that express and release neurotrophic factors. The neurotrophin
NT-4/5 injected intermittently into a site adjacent to the transplant promotes fiber outgrowth
and enhances functional efficacy of dissociated cell suspension transplants obtained from the
fetal ventral mesencephalon (68). Intermittent injections of BDNF directly into the trans-
plant enhances function rather than survival of fetal ventral mesencephalic transplants (141),
while continuous infusion for 4 weeks enhances both function and fiber outgrowth (209).

GDNTF enhances the survival and fiber outgrowth from fetal ventral mesencephalic trans-

“w




Neurotrophic Factor and Dopamine Neurons 375

Fig. 6. NT-3 mRNA expression in the ventral midbrain of young and old rat brain. Film autoradi-
ogram shows the in situ hybridization localization of NT-3 mRNA in the normal midbrain of young (4
month old, top) and old (24 month old, bottom) rats. White arrowheads point to the substantia nigra
fventral tegmental area; note lower density of NT-3 hybridization in this region of the old rat brain.

plants after pre-incubating the transplant with GDNF or infusing GDNF into the transplant
site intermittently or chronically (70,146,169,211). Figure 5 shows an example of how an
infusion of GDNF into an intrastriatal transplant of embyronic ventral mesencephalic tissue
dramatically improves the number of surviving transplanted dopaminergic neurons.
Another member of the GDNF family, neurturin (NTN), enhanced the survival of
dopaminergic neurons in intrastriatal transplants of embryonic ventral mesencephalon after
intermittent infusion of NTN into the transplant for a three week period (148). Wang and
colleagues used a combination of intranigrally placed fetal ventral mesencephalic grafts and
GDNEF to reconstruct dopaminergic nigrostriatal projections in rat brain (798). Acidic FGF
increased fiber outgrowth without increasing the number of surviving transplanted embry-
onic dopaminergic neurons, while bFGF increased both fiber outgrowth and the number of
transplanted embyronic dopaminergic neurons (63). Basic FGF enhances survival and sprout-

ing of embryonic dopaminergic neurons implanted into the denervated striatum using direct
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injections of bFGF or genetically modified fibroblasts that express bFGF (118,175,182).
Similar to the effects of bFGF on cultured dopaminergic neurons reported earlier, the
increased survival of transplanted embryonic dopaminergic neurons treated with bFGF is
associated with a concomitant increase in glial proliferation within the transplant (215).
Earlier in this chapter we provided examples of how neurotrophic factors are differentially
expressed during normal development with some neurotrophic factors highly expressed dur-
ing embryonic and early postnatal development; and other neurotrophic factors showing a
delayed postnatal expression. The time course of neurotrophic factor expression may be an
important component for propetly sculpting the growth of immature neurons so that they
may survive and grow to form functional contacts with their targets. For transplanted neu-
rons, this important sequence of neurotrophic activity is most likely lacking and therefore the
transplanted neurons do not receive the proper signals for successful growth and integration
into the neural circuitry of the host brain. We recently performed a study where the neu-
rotrophin BDNF was infused into transplants of embryonic dopaminergic neurons, but pur-
posely delayed the infusion until a developmental time point when BDNF is normally
expressed at high levels in the striatum, the natural target for developing nigral dopaminergic
neurons. While the delayed infusion did not enhance the survival of transplanted dopamin-
ergic neurons, it did improve the fiber outgrowth of the transplanted neurons (210). The
results of this study suggest that BDNF may act as a target-derived neurotrophic factor for
developing dopaminergic neurons, and that a postnatal development window may exist when
dopaminergic neurons are responsive to the effects of BDNF in terms of stimulating
dopaminergic fiber growth. Effective strategies for improving transplant survival and host
reinnervation will most likely utilize several neurotrophic factors in combination with one

another so that survival, growth, and reinnervation are optimized.

13. STRATEGIES FOR DOPAMINE NEURON PROTECTION
OR RESCUE

Many of the neurotrophic factors discussed above have been shown to be very potent sur-
vival and growth factors when administered directly to cultured dopaminergic neurons.
However, applying neurotrophic factors to neurons within the CNS of living organisms poses
a different set of problems. To date, most in vivo studies have reported beneficial effects of
neurotrophic factors after using invasive neurosurgical techniques as a means to apply neu-
rotrophic factors directly to CNS target sites. These invasive techniques are used because most
neurotrophic factors are large proteins incapable of crossing the blood-brain barrier, and this
limitation renders most common routes of drug administration (e.g., oral, subcutaneous, or

intravenous) as ineffective for delivery to damaged or degenerating CNS sites. Techniques for
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Fig. 7. Autoradiograms of adjacent sections showing robust expression of BDNF (A) and trkB (B)

mRNAs in a fetal mesencephalic graft (arrows) 2 weeks after implantation into dopamine-denervated
rat striatum. Similar levels of BDNF expression are maintained in the grafts during the entire first
month post-transplantation, whereas trkB mRNA levels in the grafts decline over time.

direct intracerebral delivery of neurotrophic factors include syringe needles for acute injec-
tions or injector cannulae attached to mechanical pumps, osmotic pumps, or refillable sub-
cutaneous pumps for chronic delivery; mechanical pumps and refillable subcutaneous pumps
have been used to test the clinical efficacy of NGF (69,92,133). Intracerebroventricular
administration of most neurotrophic factors is problematic because penetration into brain tis-
sue is typically poor and diffusion from the ventricles is limited to periventricular regions (9).
Another technique that is currently being tested as a means to introduce neurotrophic agents
into the CNS is the insertion of the gene[s] coding for neurotrophic factors into targeted
brain regions. This can be achieved by several methods. First, genetically modified cells [stem
cells, immortalized cell lines, or fibroblasts] that express neurotrophic factors can be implant-

ed into target CNS sites, and these modified cells can then synthesize and release specific neu-
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rotrophic factors or neurotransmitters directly into the surrounding brain tissue. Second, viral
vectors can be used to infect nervous tissue and insert into the genome of the infected tissue
a genetic code that promotes the expression of a neurotrophic factor (74,125,145). The lat-
ter technique was used in earlier mentioned studies that used viral vectors to insert a genetic
code into infected midbrain cells that promoted the synthesis of GDNF, which ultimately
protected dopaminergic neurons against a subsequent neurotoxic insult (34,111).

One noninvasive technique that is being developed in order to circumvent the problem of
crossing the blood-brain barrier is to attach a neurotrophic factor to a molecule that is active-
ly transported across the blood-brain barrier. Transferrin receptors are located on brain capil-
lary endothelium and are known to transport receptor-bound particles across the blood-brain
barrier by the process of transcytosis. Antibodies directed against the transferrin receptor are
transcytosed across the blood-brain barrier and accumulate in brain tissue (137). Therefore
these antibodies may be used as vectors to transport conjugated proteins across the blood-
brain barrier. For example, NGF conjugated to OX-26, an antibody directed against the
transferrin receptor, is capable of crossing the blood-brain barrier in a dose-dependent fash-
ion and protects striatal cholinergic neurons in an animal model of Huntington’s disease (93).
Similarly, pegylated BDNF conjugated to OX-26 and administered intravenously to rats
crosses the blood-brain barrier and protects hippocampal neurons after ischemia (203). In a
similar manner dopaminergic neurotrophic factors could be conjugated to antibodies direct-
ed against the transferrin receptor, or conjugated to ligands with high affinity for the trans-
ferrin receptor, and transported across the blood-brain barrier to affect forebrain or midbrain
target sites as a means to prevent or halt neurodegeneration associated with Parkinson’s dis-
ease.

As discussed above, dopaminergic neurons do not appear to be dependent upon any one
neurotrophic factor for survival or normal development. However, what remains to be deter-
mined is whether or not the chronic loss of any one neurotrophic factor affects the long-term
survival and function of dopaminergic neurons throughout the life of the organism. In vivo
neurotrophic support for dopaminergic neurons may require the activity of several different
neurotrophic factors operating independently or in conjunction with one another in order to
sustain normal function and activity of the neuron. Therefore, therapies to restore function
in degenerating dopaminergic neurons may require multiple neurotrophic factors or factors

that stimulate the expression of more than one neurotrophic factor.

ACKNOWLEDGMENTS
Supported by research grants NS35890 (DMY) and NS35164 (KBS). We also thank Anita

Fletcher-Turner for her assistance with editing this manuscript.

"




i -
;

Neurotrophic Factor and Dopamine Neurons 379

REFERENCES

1. Alexi T, and F Hefti (1993) Trophic actions of transforming growth factor a on mesen-
cephalic dopaminergic neurons developing in culture. Neuroscience 55, 903-918.

2. Alexi T and F Hefti (1996) Neurotrophin-4/5 selectively protects nigral calbindin-con-
taining neurons in rats with medial forebrain bundle transections. Newroscience 72.

= 911-921.

3. Altar CA, CB Boylan, C Jackson, S Hershenson, ] Miller, S] Wiegand, RM Lindsay and
C Hyman (1992) Brain-derived neurotrophic factor augments rotational behavior and
nigrostriatal dopamine turnover in vivo. Proc. Natl. Acad. Sci. USA 89, 11347-11351.

4. Altar CA, MR Criden, RM Lindsay and PS DiStefano (1993) Characterization and
topography of high-affinity 125]-Neurotrophin-3 binding to mammalian brain. /.
Neurosci. 13, 733-743.

5. Altar CA, CB Boylan, M Fritsche, C Jackson, C Hyman, and RM Lindsay (1994) The
neurotrophins NT-4/5 and BDNF augment serotonin, dopamine, and GABAergic sys-
tems during behaviorally effective infusions to the substantia nigra. Exp. Neurol. 130,
31-40.

6. Alrar CA, JA Siuciak, P Wright, NY Ip, RM Lindsay and S] Wicgand (1994) I situ
hybridization of #7kB and ##C receptor mRNA in rat forebrain and association with
high-affinity binding of [125]]NT-4/5 and [125I]NT-3. Eur. J. Neurosci. 6, 1389-1405.

7. Altar CA, CB Boylan, M Fritsche, BE Jones, C Jackson, S] Wiegand, RM Lindsay and
C Hyman (1994) Efficacy of brain-derived neurotrophic factor and neurotrophin-3 on
neurochemical and behavioral deficits associated with partial nigrostriatal dopamine
lesions. J. Neurochem. 63, 1621-1032.

8. Altar CA, N Cai, T Bliven, M Juhasz, JM Conner, AL Acheson, RM Lindsay, and §j
Wiegand (1997) Anterograde transport of brain-derived neurotrophic factor and its
role in the brain. Nature 389, 856-860.

9. Anderson KD, RF Alderson, CA Altar, PS DiStefano, TL Corcoran, RM Lindsay and
S] Wiegand (1995) Differential distribution of exogenous BDNF, NGF, and NT-3 in
the brain corresponds to the relative abundance and distribution of high-affinity and
low-affinity neurotrophin receptors. J. Comp. Neurol. 357, 296-317.

10.  Apostolides C, E Sanford, M Hong, and I Mendez (1998) Glial cell line-derived neu-
rotrophic factor improves intrastriatal graft survival of stored dopaminergic cells.
Neuroscience 83, 363-372.

11.  Asai T, A Wanaka, H Kato, Y Masana, M Seo, and M Tohyama (1993) Differential
expression of two members of FGF receptor gene family, FGFR-1 and FGFR-2 mRNA,




380

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Yurek and Seroogy

in the adult rat central nervous system. Mol. Brain Res. 17, 174-178.

Barde Y-A, D Edgar and H Thoenen (1982) Purification of a new neurotrophic factor
from mammalian brain. EMBO J. 5, 549-553.

Bean AJ, R Elde, Y Cao, C Oellig, C Tamminga, M Goldstein, RF Petterson, and T
Hokfelt (1991) Expression of acidic and basic fibroblast growth factors in the substan-
tia nigra of rat, monkey, and human. Proc. Natl. Acad. Sci. USA 88, 10237-10241.
Bean AJ, C Oellig, RF Patterson and T Hokfelt (1992) Differential expression of acidic
and basic FGF in the rat substantia nigra during development. Neuroreport 3, 993-996.
Beck KD, B Kniisel, JW Winslow, A Rosenthal, LE Burton, K Nicholics and F Hefti
(1992) Pretreatment of dopaminergic neurons in culture with brain-derived neu-
rotrophic factor attenuates toxicity of 1-methyl-4-phelylpyridinium. Neurodegeneration
1, 27-36.

Beck KD, B Kniisel and F Hefti (1993) The nature of trophic action of brain-derived
neurotrophic factor, des(1-3)-insulin-like growth factor-1, and basic fibroblast growth
factor on mesencephalic dopaminergic neurons developing in culture. Neuroscience 52,
855-8606.

Beck KD (1994) Functions of brain-derived neurotrophic factor, insulin-like growth
factor-1 and basic fibroblast growth factor in the development and maintenance of
dopaminergic neurons. Prog. Neurobiol. 44, 497-516.

Beck KD, ] Valverde, T Alexi, K Poulsen, B Moffat, RA Vandlen, A Rosenthal and F
Hefti (1995) Mesencephalic dopaminergic neurons protected by GDNF from axoto-
my-induced degeneration in adult brain. Nature 373, 339-341.

Benisty S, F Boissiere, B Faucheux, Y Agid, and EC Hirsch (1998) TrkB messenger
RNA expression in normal human brain and in the substantia nigra of Parkinsonian
patients: an 77 situ hybridization study. Neuroscience 86, 813-826.

Blschl A and C Sirrenberg (1996) Neurotrophins stimulate the release of dopamine
from rat mesencephalic neurons via Trk and p75Lov receptors. J. Biol. Chem. 271,
21100-21107.

Blum M (1998) A null mutation in TGF-a leads to a reduction in midbrain dopamin-
ergic neurons in the substantia nigra. Nature Neurosci. 1, 374-377.

Bowenkamp KE, PA Lapchak, B] Hoffer and PC Bickford (1996) Glial cell line-
derived neurotrophic factor reverses motor impairment in 16-17 month old rats.
Neurosci. Lerz. 211, 81-84.

Burden S and Y Yarden (1997) Neuregulins and their receptors: A versatile signaling
module in organogenesis and oncogenesis. Neuron 18, 847-855.

Busfield SJ, DA Michnick, TW Chickering, TL Revett, ] Ma, EA Woolf, CA Comrack,

te




*

Neurotrophic Factor and Dopamine Neurons 381

25.

26,

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

BJ Dussault, ] Woolf, ADJ Goodearl and DP Gearing (1997) Characterization of a
neuregulin-related gene, Don-1, that is highly expressed in restricted regions of the cere-
bellum and hippocampus. Mol. Cell. Biol 17, 4007-4014.

Carraway KL IIT and LC Cantley (1994) A neu acquaintance for erbB3 and erbB4: A
role for receptor heterodimerization in growth signaling. Cel/ 78, 5-8.

Carraway KL III and SJ Burden (1995) Neuregulins and their receptors. Curr, Opin.
Neurobiol. 5, 606-612.

Carraway KL I, JL Weber, MJ Unger, ] Ledesma, N Yu, M Gassmann and C Lai
(1997) Neuregulin-2, a new ligand of ErbB3/ErbB4-receptor tyrosine kinases. Nature
387, 512-516.

Carvey PM, TQ Vu, ZD Ling, JW Lipton, CE Sortwell and TJ Collier (1998) The
compensatory increase in striatal trophic activity is reduced in the aged rat brain. Exp.
Neurol. 135, 389.

Casper D, C Myrtilineou and M Blum (1991) EGF enhances the survival of dopamine
neurons in rat embryonic mesencephalon primary cell culture. J. Newrosci, Res. 30, 372-
381.

Casper D and M Blum (1995) Epidermal growth factor and basic fibroblast growth fac-
tor protect dopaminergic neurons from glutamate toxicity. J. Neurochem. 65, 1016-
1026.

Cass WA (1996) GDNF selectively protects dopamine neurons over serotonin neurons
against the neurotoxic effects of methamphetamine. J. Neurosci. 16, 8132-8139.
Chadi G, A Moller, L Rosen, AM Janson, LA Agnati, M Goldstein, SO Ogren, RF
Perterson and X Puxe (1993) Protective actions of human recombinant basic fibroblast
growth factor on MPTP-lesioned nigrostriatal dopamine neurons after intraventricular
infusion. Exp. Brain Res. 97, 145-158.

Chang H, DJ Riese II, W Gilbert, DF Stern and U] McMahan (1997) Ligands for
ErbB-family receptors encoded by a neuregulin-like gene. Nature 387, 509-512.
Choi-Lundberg DL, Q Lin, Y Chang, YL Chiang, CM Hay, H Mohajeri, BL Davidson
and MC Bohn (1997) Dopaminergic neurons protected from degeneration by GDNF
gene therapy. Science 275, 838-841.

Cintra A, Y Cao, C Oelling, B Tinner, F Bortolotti, M Goldstein, RF Petterson and K
Fuxe (1991) Basic FGF is present in dopaminergic neurones of the ventral midbrain of
the rat. Neuroreport 2, 597-600.

Collier TJ and K Steece-Collier {1996} 28 month old rats with a 16 month history of
unilateral nigrostriatal lesion: Drug-induced behavior and response to grafted

dopamine neurons and Schwann cells. Soc. Neurosci. (Abstr.) 22, 1209.




382

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Yurek and Seroogy

Collier TJ, CE Sortwell and BF Daley (1999) Diminished viability, growth and behav-
ioral efficacy of fetal dopamine neuron grafts in aging rats with long-term dopamine
depletion. An argument for neurotrophic supplementation. /. Neurosci. 19, 5563-5573.
Collier TJ and JH Kordower (1998) Neural transplantation for the treatment of
Parkinson’s disease: Present-day optimism and future challenges, in Parkinson’s Disease
and Movement Disorders, 37 edition. (J Jankovic and E Tolosa, Eds.), Williams &
Wilkins, Baltimore.

Conner JM, JC Lauterborn, Q Yan, CM Gall and S Varon (1997) Distribution of
brain-derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat
CNS: evidence for anterograde axonal transport. J. Neurosci. 17, 2295-2313.

Corfas G; KM Rosen, H Aratake, R Krauss and GD Fischbach (1995) Differential
expression of ARIA isoforms in the rat brain. Neuron 14, 103-115.

DalToso R, O Giorgi, C Soranzo, G Kirschner, G Ferrari, M Favaron, D Benvegnu, D
Presti, S Vicini, G Toffano, GF Azzone and A Leon (1988) Development and survival
of neurons in dissociated fetal mesencephalic serum-free cultures. I. Effects of cell den-
sity and of an adult mammalian striatal-derived neurontrophic factor (SDNF). J.
Neurosci. 8, 733-745.

Date I, M Notter, S Felten and D Felten (1990) MPTP-treated young mice but not
aging mice show partial recovery of the nigrostriatal dopaminergic system by stereotaxic
injection of acidic fibroblast growth factor (aFGF). Brain Res. 526, 156-160.

Date I, Y Yoshimoto, T Imaoka, Y Miyoshi, Y Gohda, T Furuta, S Asari and T Ohmoto
(1993) Enhanced recovery of the nigrostriatal dopaminergic system in MPTP-treated
mice following intrastriatal injection of basic fibroblast growth factor in relation to
aging. Brain Res. 621, 150-154.

Dong JF, A Detta, MH Bakker and ER Hitchcock (1993) Direct interaction with tar-
get-derived glia enhances survival but not differentiation of human fetal mesencephal-
ic dopaminergic neurons. Neuroscience 56, 53-60.

Dragunow MN, N Butterworth, H Waldvogel, RLM Faull and LFB Nicholson (1995}
Prolonged expression of Fos-related antigens, JunB and TrkB in dopamine-denervated
striatal neurons. Mol. Brain Res. 30, 393-396.

Drubec P, CV Marcos-Gutierrez, C Kilkenny, M Grigoriou, K Wartiowaara, P Suvanto,
D Smith, B Ponder, F Costantini, M Saarma, H Sariola and V Pachnis (1996) GDNF
signaling through the Ret receptor tyrosine kinase. Nature 381, 789-793.

Eckenstein FP (1994) Fibroblast growth factors in the nervous system. J. Neurobiol. 25,
1467-1480.

Engele ] and MC Bohn (1991) The neurotrophic effects of fibroblast growth factors on

‘e




*®

Neurotrophic Factor and Dopamine Neurons 383

dopaminergic neurons in vitro are mediated by mesencephalic glia. /. Newrosci. 11,
3070-3078.

49. Engele ], D Schubert and MC Bohn (1991) Conditioned media derived from glial cell
lines promote survival and differentiation of dopaminergic neurons iz vitro: Role of
mesencephalic glia. /. Neurosci. Res. 30, 359-371.

50. Fallon JH, KB Seroogy, SE Loughlin, RS Morrison, RA Bradshaw, DJ Knauer and DD

Cunningham (1984) Epidermal growth factor immunoreactive material in the central

4%

nervous system: location and development. Science 24, 1107-1109.

51. Fallon JH, CM Annis, LE Gentry, DR Twardzik and SE Loughlin (1990} Localization
of cells containing transforming growth factor a precursor immunoreactivity in the
basal ganglia of the adult rat brain. Growth Factors 2, 241-250.

52. Fawcett JW, RA Barker and SB Dunnett (1995) Dopaminergic neuronal survival and
the effects of bFGF in explant, three dimensional and monolayer cultures of embryon-
ic rat ventral mesencephalon. Exp. Brain Res. 106, 275-282.

53. Ferguson IA and EM Johnson (1991) Fibroblast growth factor receptor-bearing neu-
rons in the CNS: Identification by receptor-mediated retrograde transport. J. Comp.
Neurol. 313, 693-706.

54. Ferrari G, MC Minozzi, G Toffano, A Leon and SD Skaper {1989) Basic fibroblast
growth factor promotes the survival and development of mesencephalic neurones in
culture. Dev. Biol 133, 140-147.

55. Ferrari G, G Toffano and SD Skaper (1991) Epidermal growth factor exerts neuron-
trophic effects on dopaminergic and GABAergic CNS neurons: Comparison with basic
fibroblast growth factor. J. Neurosci. Res. 30, 493-497.

56. Folli F, L Bonfanti, E Renard, CR Kahn and A Merighi (1994) Insulin receptor sub-
strate-1 (IRS-1) distribution in the rat central nervous system. J. Newrosci. 14, 6412-
6422.

57. Freed CR, RE Breeze, PE Greene, W-Y Tiai, D Eidelberg, JO Trojanowski, JM
Rosenstein and S Fahn (1999) Double-blind controlled trial of human embryonic
dopamine cell transplants in advanced Parkinson’s disease. Am. Soc. Neural Transplant.
Repair (Abstract).

58. Friedman W, L Olson and H Persson (1991) Cells that express brain-derived neu-
rotrophic factor mRNA in the developing postnatal rat brain. Eur. J. Neurosci. 3, 688-
697. :

59. Frim DM, TA Uhler, WR Galpern, MF Beal, XO Breakfield and O Isaacson (1994)
Implanted fibroblasts genetically engineered to produce brain-derived neurotrophic fac-

tor prevent 1-methyl-4-phenylpyridinium toxicity to dopaminergic neurons in the rat.




384

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Yurek and Seroogy

Proc. Natl. Acad. Sci. USA 91, 5104-5108.

Fryer RH, DR Kaplan, SC Feinstein, MJ Radcke, DR Grayson, LF Kromer. (1996)
Development and mature expression of full-length and truncated trkB receptors in the
rat forebrain. J. Comp. Neurol. 374, 21-40.

Gall CM, S Gold, PJ Isackson and KM Seroogy (1992) Brain-derived neurotrophic fac-
tor and neurotrophin-3 mRNAs are expressed in ventral midbrain regions containing
dopaminergic neurons. Mol. Cell. Neurosci. 3, 53-63.

Gash DM, Z Zhang, A Ovadia, WA Cass, A Yi, L Simmerman, D Russell, D Martin,
PA Lapchak, F Collins, B] Hoffer and G Gerhardt (1996) Functional recovery in
parkinsonian monkeys treated with GDNF. Nasure 380, 252-255.

Giacobini MM], 1 Strémberg, S Almstrém, Y Cao and L Olson (1993) Fibroblast
growth factors enhance dopamine fiber formation from nigral grafts. Dev. Brain Res. 75,
65-73.

Glazner GW, X Mu and JE Springer (1998) Localization of glial cell line-derived neu-
rotrophic factor receptor alpha and c-ret mRNA in the rat central nervous system. /.
Comp. Neurol. 391, 42-49.

Hadjiconstantinou M, ]G Fitkin, A Dalia and NH Neff (1991) Epidermal growth fac-
tor enhances striatal dopaminergic parameters in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-treated mouse. J. Neurochem. 57, 479-482.

Hagg T and S Varon (1993) Ciliary neurotrophic factor prevents degeneration of adult
rat substantia nigra dopaminergic neurons iz vivo. Proc. Natl. Acad. Sci. USA90, 6315-
6319.

Hagg T (1998) Neurotrophins prevent death and differentially affect tyrosine hydrox-
ylase of adult rat nigrostriatal neurons in vive. Exp. Neurol. 149, 183-192.

Haque NSK, M-L Hlavin, JW Fawcett and SB Dunnett (1996) The neurotrophin
NT4/5, but not NT3, enhances the efficacy of nigral grafts in a rat model of Parkinson’s
disease. Brain Res. 712, 45-52.

Harbaugh RE, TM Reeder, HJ Senter, DS Knopman, DS Baskin, F Pirozzolo, HC
Chui, AG Shetter, RAE Bakay, R LeBlanc, RT Watson, ST DeKosky, FA Schmitt, SL
Read and JT Johnston (1989) Intracerebroventricular bethanechol chloride infusion in
Alzheimer’s disease. J. Neurosurg. 71, 481-486.

Hebert MA and GA Gerhardt (1997) Behavioral and neurochemical effects of intrani-
gral administration of glial cell line-derived neurotrophic factor on aged Fischer 344
rats. J. Pharmeol, Exp. Ther. 282, 760-7G8.

Higashiyama S, M Horikawa, K Yamada, N Ichino, N Nakano, T Nakagawa, ]
Miyagawa, N Matsushita, T Nagatsu, N Taniguchi and H Ishiguro (1997) A novel

w




Neurotrophic Factor and Dopamine Neurons 385

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

brain-derived member of the epidermal growth factor family that interacts with ErbB3
and ErbB4. J. Biochem. 122, 675-680.

Ho A and M Blum (1997) Regulation of astroglial-derived dopaminergic neurotroph-
ic factors by interleukin-1b in the striatum of young and middle-aged mice. Exp.
Neurol, 148, 348-359.

Haglinger GU, ] Sautter, M Meyer, C Spenger, RW Seiler, WH Oertel and HR
Widmer (1998) Rat fetal ventral mesencephalon grown as solid tissue cultures:
Influence of culture time and BDNF treatment on dopamine neuron survival and func-
tion. Brain Res. 813, 313-322.

Horellou P and J Mallet (1997) Gene therapy for Parkinsons disease. Mol. Neurobiol.
15, 241-256.

Horger BA, MC Nishimura, MP Armanini, L-C Wang, KT Poulsen, C Rosenblad, D
Kirik, B Moffat, L Simmons, E Johnson, ] Milbrandt, A Rosenthal, A Bjsrklund, RA
Vandlen, MA Hynes and HS Phillips (1998) Neurturin exerts potent actions on sur-
vival and function of midbrain dopaminergic neurons. /. Newrosci. 18, 4929-4937.
Hou JG and C Mytilineou (1996) Secretion of GDNF by glial cells does not account
for the neurotrophic effect of bBFGF on dopamine neurons in vitro. Brain Res. 724,
145-148.

Hudson J, A-C Granholm, GA Gerhardt, MA Henry, A Hoffman, P Biddle, NS Leela,
L Mackerlova, JD Lile, F Collins and B} Hoffer (1995) Glial cell line-derived neu-
rotrophic factor augments midbrain dopaminergic circuits iz vive. Brain Res. Bull 36,
425-432.

Hyman C, M Hofer, Y-A Barde, M Juhasz, GD Yancopoulos, SP Squinto and RM
Lindsay (1991) BDNF is a neurotrophic factor for dopaminergic neurens of the sub-
stantia nigra. Nature 350, 230-232.

Hyman C, M Juhasz, C Jackson, P Wright, NY Ip and RM Lindsay (1994)
Overlapping and distinct actions of the neurotrophins BDNF, NT-3, and NT-4/5 on
cultured dopaminergic and GABAergic neurons of the ventral mesencephalon. J.
Neurosci. 14, 335-347.

Hynes MA, K Poulsen, M Armanini, L Berkemeier, H Phillips and A Rosenthal (1994)
Neurotrophin-4/5 is a survival factor for embryonic midbrain dopaminergic neurons in
enriched cultures. /. Newurosci. Res. 37, 144-154.

Hynes M, JA Porter, C Chiang, D Chang, M Tessier-Lavigne, PA Beachy and A
Rosenthal (1995) Induction of midbrain dopaminergic neurons by sonic hedgehog.
Neuron 15, 35-44.

Ip NY and GD Yancopoulos (1996) The neurotrophins and CNTF: Two families of




386 Yurek and Seroogy

collaborative neurotrophic factors. Annu. Rev. Neurosci. 19, 491-515.

83. Jing S, D Wen, Y Yu, PL Holst, Y Luo, M Fang, R Tamir, L Antonio, Z Hu, R Cupples,
J-C Louis, S Hu, BW Altrock and GM Fox (1996) GDNF-induced activation of the
ret protein tyrosine kinase is mediated by GDNFR-a, a novel receptor for GDNF. Cell
85, 1113-1124.

84. Jones KR, I Farifias, C Backus and LF Reichardt (1994) Targeted disruption of the
BDNF gene perturbs brain and sensory neuron development but not motor neuron
development. Cell 76, 989-999.

85. Kaddis FG, WM Zawada, ] Schaack and CR Freed (1996) Conditioned medium from
aged monkey fibroblasts stably expressing GDNF and BDNF improves survival of
embryonic dopamine neurons in vitro. Cell Tissue Res. 286, 241-247.

86. Kaseloo PA, A Lis, H Asada, TA Barone and R] Plunkett (1996) Iz vitro assessment of
neurotrophic activity from the striatum of aging rats. Neurosci. Lert. 218, 157-160.

87. Kearns CM and DM Gash (1995) GDNF protects nigral dopamine neurons against 6-
hydroxydopamine in vivo. Brain Res. 672, 104-111.

88. Kearns CM, WA Cass, K Smoot, R Kryscio and DM Gash (1997) GDNF protection
against 6-OHDA: Time dependence and requirement for protein synthesis. /. Newurosci.
17,7111-7118.

89. Kaniisel B, PP Michel, S Schwaber and F Hefti (1990) Selective and nonselective stim-
ulation of central cholinergic and dopaminergic development iz vitro by NGF, bFGE,
EGF, insulin, and insulin-like growth factors I and I1. J. Newrosci. 10, 558-570.

90. Kniisel B, JW Winslow, A Rosenthal, LE Burton, DP Seid, K Nikolics and F Hefti
(1991) Promotion of central cholinergic and dopaminergic neuron differentiation by
brain-derived neurotrophic factor but not neurotrophin-3. Proc. Natl. Acad. Sci. USA
88, 961-965.

91. Kniisel B and F Hefti (1991) Trophic actions of IGF-I, IGF-II and insulin on cholin-
ergic and dopaminergic brain neurons. Adv. Exp. Med. Biol. 293, 351-360.

92. Koliatsos VE, RE Clatterbuck, HJW Nauta, B Kniisel, LE Burton, F Hefii, WC
Mobley and DL Price (1991) Human nerve growth factor prevents degeneration of
basal forebrain cholinergic neurons in primates. Ann. Neurol. 30, 831-840.

93. Kordower JH, V Chatles, R Bayer, RT Bartus, S Putney, LR Walus and PM Friden
(1994) Intravenous administration of a transferrin receptor antibody-nerve growth fac-
tor conjugate prevents the degeneration of cholinergic striatal neurons in a model of
Huntington disease. Proc. Natl. Acad. Sci. USA 91, 9077-9080.

94. Kordower ], H Yaping-Chu, and AJ Maclennan (1997) Ciliary neurotrophic factor

receptor alpha-immunoreactivity in the monkey central nervous system. J. Comp.




*

Neurotrophic Factor and Dopamine Neurons 387

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105,

106.

Neurol. 377, 365-380.

Kornblum HI, HT Chugani, K Tatsukawa and CM Gall (1994) Cerebral hemidecor-
tication alters expression of transfroming growth factor alpha mRNA in the neostria-
tum of developing rats. Mol. Brain Res. 21, 107-114.

Kornblum HI, CM Gall, KB Seroogy and JC Lauterborn (1995) A subpopulation of
striatal GABAergic neurons expresses the epidermal growth factor receptor. Neuroscience
69, 1625-1029.

Kornblum HI, RJ Hussain, JM Bronstein, CM Gall, DC Lee and KB Seroogy (1997)
Prenatal ontogeny of the epidermal growth factor receptor and its ligand, transforming
growth factor alpha, in rat brain. /. Comp. Neurol. 380, 243-261.

Lapchak PA, PJ Miller and $ Jiao (1997) Glial cell line-derived neurotrophic factor
induces the dopaminergic and cholinergic phenotype and increases locomotor activity
in aged Fischer 344 rats. Neuroscience 77, 745-752.

Lazar LM and M Blum (1992) Regional distribution and developmental expression of
epidermal growth factor and transforming growth factor 2 mRNA in mouse brain by
quantitative nuclease protection assay. /. Newrosci. 12, 1688-1697.

Lee DC, FE Fenton, EA Berkowitz and MA Hissong (1995) Transforming growth fac-
tor o: Expression, regulation, and biological activities. Pharmacol. Rev. 47, 51-85.
Lemke G (1996) Neuregulins in development. Mol Cell, Neurosci. 7, 247-262.
Leonard S, D Luthman, J Logel, J Luthman, C Antle, R Freedman and BJ] Hoffer
(1993) Acidic and basic fibroblast growth factor mRNAs are increased in the striatum
following MPTP-induced dopamine neurofiber lesion: Assay by quantitative PCR.
Moel. Brain Res. 18, 275-284.,

Levivier M, § Przedborski, C Bencsics and UJ Kang (1995) Intrastriatal implantation
of fibroblasts genetically enginecred to produce brain-derived neurotrophic factor pre-
vents degeneration of dopaminergic neurons in a rat model of Parkinson’s disease. /.
Neurosci. 15, 7810-7820.

Liebl DJ, L Tessarollo, ME Palko and LF Parada (1997) Absence of SENSOry neurcns
before target innervation in brain-derived neurotrophic factor-, neurotrophin 3-, and
trkC-deficient embryonic mice. J. Neurosci. 17, 9113-9121.

Lin L-FH, DH Doherty, JD Lile, S Bektesh and F Collins (1993) GDNE: a glial cell
line-derived neurotrophic factor for midbrain dopaminergic neurons. Science 260,
1130-1132. |

Lindsay RM, RF Alderson, B.Friedman, C Hyman, NY Ip, ME Furth, PC
Maisonpierre, SP Squito and GD Yancopoulos (1991) The neurotrophin family of
NGF-related neurotrophic factors. Restor. Neurol. Neurosci. 2, 211-220.




388

107.

108.

109.

110.

111

112.
113.

114.

115.

116.

117.

118.

119.

[

Yurek and Seroogy

Lindsay RM, CA Altar, JM Cedarbaum, C Hyman and S] Wiegand (1993) The ther-
apeutic potential of neurotrophic factors in the treatment of Parkinson’s disease. Exp.
Neurol. 124, 103-118.

Lu X and T Hagg (1997) Glia! cell line-derived neurotrophic factor prevents death, but
not reductions in tyrosine hydroxylase, of injured nigrostriatal neurons. J. Comp.
Neurol. 388, 484-494.

Lucidi-Phillipi CA, FH Gage, CW Shults, KR Jones, LF Reichardt and UJ Kang
(1995) Brain-derived neurotrophic factor-transduced fibroblasts: Production of BDNF
in adult rat brain. J. Comp. Neurol. 354, 361-376.

Maggio R, M Riva, F Vaglini, F Fornai, R Moteni, M Armogida, G Racagni and GU
Corsini (1998) Nicotine prevents experimental parkinsonism in rodents and induces
striatal increase of neurotrophic factors. J. Neurochem. 71, 2439-2446.

Mandel R], SK Spratt, RO Snyder and SE Leff (1997) Midbrain injection of recombi-
nant adeno-associated virus encoding rat glial cell line-derived neurotrophic factor pro-
tects nigral neurons in a progressive 6-hydroxydopamine-induced degeneration model
of Parkinson’s disease in rats. Proc. Natl. Acad. Sci. USA 94, 14083-14088.
Marchionni MA (1995) e tack on neuregulin. Nature 378, 334-335.

Marchionni MA, JB Grinspan, PD Canoll, NK Mahanthappa, JL Salzer and SS Scherer
(1997) Neuregulins as potential neuroprotective agents. Ann. NY Acad. Sci. 825, 348-
365. .

Marigo V, RA Davey, Y Zuo, ]M Cunningham and CJ Tabin (1996) Biochemical evi-
dence that patched is the hedgehog receptor. Nature 384, 176-179.

Martin-Iversen MT, KG Todd and CA Altar (1994) Brain-derived neurotrophic factor
and neurotrophin-3 activate striatal dopamine and serotonin metabolism and related
behaviors: interactions with amphetamine. J. Neurosci. 14, 1262-1270.

Masana Y, A Wanaka, H Kato, T Asai and M Tohyama (1993) Localization of kB
mRNA in postnatal brain development. J. Neurosci. Res. 35, 468-479.

Mayer E, JW Fawcett and SB Dunnett (1993) Basic FGF promotes the survival of
embryonic ventral mesencephalic dopamine neurones. I1. Effects in vitro. Neuroscience
56, 379-388.

Mayer E, JW Fawcett and SB Dunnett (1993) Basic FGF promotes the survival of
embryonic ventral mesencephalic dopamine neurones. 1. Effects on nigral transplants in
vivo. Neuroscience 56, 389-398.

Metlio JB, P Ernfors, M Jaber and H Persson (1992) Molecular cloning of rat #4C and
distribution of cells expressing messenger RNAs for members of the ## family in rat

central nervous system. Newuroscience 51, 513-532.




*

Neurotrophic Factor and Dopamine Neurons 389

120.

121.

122,

123.

124,

125.

126.

127.

128.

129.

130.

131

132,

133.

Meyers EN, M Lewandoski and GR Martin (1998) An Fgf8 mutant allelic series gen-
erated by Cre- and Flp-mediated recombination. Nasure Genetics 18, 136-141.

Miao N, M Wang, JA Ot, ]S D’Alessandro, TM Woolf, DA Bumcror, NK
Mahanthappa and K Pang (1997) Sonic hedgehog promotes the survival of specific
CNS neuron populations and protects these cells from toxic insult iz vitro. J. Neurosci.
17, 5891-5899.

Middlemas DS, RA Lindberg and T Hunter (1991) ##3, a neural receptor protein-
tyrosine kinase: evidence for a full-length and two truncated receptor. Mol. Cell. Biol,
11, 143-153.

Mocchetti I and JR Wrathall (1995) Neurotrophic factors in central nervous system
trauma. J. Neurotrauma 12, 853-870.

Mufson EJ, JS Kroin, T Sobreviela, MA Burke, JH Kordower, RD Penn and JA Miller
{1994) Intrastriatal infusions of brain-derived neurotrophic factor: retrograde transport
and colocalization with dopamine-containing substantia nigra neurons in rat. Exp.
Neurol, 129, 15-26.

Muzyczka N (1992) Use of adeno-associated virus as a general transduction vector for
mammalian cell. Curr. Topics Microbiol. Immunol. 158, 97-129.

Nawa N, ] Carnahan and C Gall (1995) BDNF protein measured by a novel enzyme
immunoassay in normal brain and after seizure: Partial disagreement with mRNA lev-
els. Eur. J. Neurosci. 7, 1527-1535.

Nikkhah G, P QOdin, A Smits, A Tingstrém, A Othberg, P Brundin, X Funa and O
Lindvall (1993) Platelet-derived growth factor promotes survival of rat and human
mesencephalic dopaminergic neurons in culture. Exp. Brain Res. 92, 516-523.

Nishio T, § Furukawa, I Akiguchi and N Sunohara (1998) Medial nigral dopamine
neurons have rich neurotrophin support in humans. Neuroreport 9, 2847-2851.
Numan § (1996) Neurotrophins and their receptors in the mesostriatal system. P.D.
Dissertation, University of Kentucky, Lexington, KY.

Numan § and KB Seroogy (1997) Increased expression of trkB mRNA in rat caudare-
putamen following 6-OHDA lesions of the nigrostriatal pathway. Eur. J. Neurosci. 9,
489-495.

Numan § and KB Seroogy (1999) Expression of #74B and ##C mRNAs by adult mid-
brain dopamine neurons: a double-label in situ hybridization study. J. Comp. Neurol.
403, 295-308.

Numan §, CM Gall and KB Seroogy (199 ) Developmental expression of neu-
rotrophins and their receptors in postnatal rat ventral midbrain. Submitted.

Olson L, A Nordberg, H von Holst, L Backman, T Ebendal, I Alafuzoff, K Amberla, P




390

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

[

Yurek and Seroogy )

Hartvig, A Herlitz, A Lilja, H Lundqvist, B Langstron, B Meyerson, A Persson, N
Viitanen, B Winblad and A Seiger (1992) Nerve growth factor affects 1C-nicotine
binding, blood flow, EEG and verbal episodic memory in an Alzheimer patient. /.
Neural Transm. 4, 79-95.

Opanashuk LA, R] Mark, ] Porter, D Damm, MP Mattson and KB Seroogy (1999)
Heparin-binding epidermal growth factor-like growth factor in hippocampus:
Modulation of expression by seizures and anti-excitotoxic action. J. Neurosci. 19, 133-
146.

Othberg A, P Odin, A Ballagi, A Ahgren, K Funa and O Lindvall (1990) Specific effects
of platelet derived growth factor (PDGF) on fetal rat and human dopaminergic neu-
rons in vitro. Exp. Brain Res. 105, 111-122,

Otto D and K Unsicker (1990) Basic FGF reverses chemical and morphological deficits
in the nigrostriatal system of MPTP-treated mice. /. Neurosci. 10, 1912-1921.
Pardridge WM, JL Buciak and PM Friden (1991) Selective transport of an anti-trans-
ferrin receptor antibody through the blood-brain barrier in vivo. J. Pharmacol. Exp.
Ther. 259, 66-70.

Park TH and C Myrilineou (1992) Protection from 1-methyl-4-phenylpyridinium
(MPP+) toxicity and stimulation of regrowth of MPP(+)-damaged dopaminergic fibers
by trearment of mesencephalic cultures with EGF and basic FGE Brain Res. 599, 83-
97.

Peterson DA, HA Dickinson-Anson, JT Leppert, K-F Lee and FH Gage (1999) Central
neuronal loss and behavioral impairment in mice lacking neurotrophin receptor p75. /.
Comp. Neurol. 404, 1-20.

Pezzoli G, A Zecchinelli, S Ricciardi, RE Burke, S Fahn, G Scarlato and A Carenzi
(1991) Intraventricular infusion of epidermal growth factor restores dopaminergic
pathway in hemiparkinsonian rats. Mov. Disord. 6, 281-287.

Pierz K, P Odin, K Funa and O Lindvall (1996) Protective effect of platelet-derived
growth factor against 6-hydroxydopamine-induced lesion of rat dopaminergic neurons
in culture. Neurosci. Lett. 204, 101-104.

Pimentel E (1994) Epidermal growth factor, in Handbook of Growth Factors: Peptide
Growth Factors. CRC Press, Boca Raton, FL, pp. 97-185.

Porter JA, SC Ekker, KE Young, DP von Kessler, JJ Lee, D Moses and PA Beachy
(1995) The product of hedghog autoproteolytic cleavage active in local and long-range
signaling. Nature 374, 363-366.

Poulsen KT, MP Armanini, RD Klein, MA Hynes, HS Phillips and A Rosenthal (1994)
TGFP2 and TGFP3 are potent survival factors for midbrain dopaminergic neurons.

e

v




'L

-

+

Neurotrophic Factor and Dopamine Neurons 391

145.

146.

147.

148.

149.

150.

151

152,

153.

154,

155.

156,

157.

Nenron 13, 1245-1252.

Raymon HK, S Thode and FH Gage (1997) Application of ex vivo gene therapy in the
treatment of Parkinson’s disease. Exp. Neurol 144:82-91, .

Rosenbald C, A Martinez-Serrano and A Bjorklund (1996) Glial cell line-derived neu-
rotrophic factor increases survival, growth and function of intrastriatal feral nigral
dopaminergic grafts. Neuroscience 75, 979-985.

Rosenblad C, D Kirik, B Devaux, B Moffar, HS Phillips and A Bjorklund (1999)
Protection and regeneration of nigral dopaminergic neurons by neurturin or GDNF in
a partial lesion model of Parkinson’s disease after administration into the striatum or the
lateral ventricle. Eur. J. Neurosci. 11, 1554-1566.

Rosenblad C, D Kirik and A Bjsrklund (1999) Neurturin enhances the survival of
intrastriatal fetal dopaminergic transplants. Newurorepors 10, 1783-1787.

Rosenthal A, DV Goeddel, T Nguyen, E Martin, LE Burton, A Shih, GR Laramee, F
Wurm, A Mason, K Nikolics and JW Winslow (1991) Primary structure and biologi-
cal activity of human brain-derived neurotrophic factor. Endocrinology 129, 1289-
1294,

Russell DS (1995) Neurotrophins: Mechanisms of action. The Neuroscientist 1, 3-6.
Sauer H, W Fischer, G Nikkhah, S] Wiegand, P Brundin, RM Lindsay and A
Bjorklund (1993) Brain-derived neurotrophic factor enhances function rather than sur-
vival of intrastriatal dopamine cell-rich grafts. Brain Res. 626, 37-44.

Sauer H, C Rosenblad and A Bjsrklund (1995) Glial cell line-derived neurotrophic fac-
tor but not transforming growth factor B3 prevents delayed degencration of nigral
dopaminergic neurons following striatal 6-hydroxydopamine. Proc. Natl. Acad, Sci.
USA 92, 8935-8539.

Sautter J, M Sabel, C Sommer, S Strecker, N Weidner, WH Oertel and M Kiessling
(1998) BDNF and TrkB expression in intrastriatal ventral mesencephalic grafts in a rat
model of Parkinson’s disease. /. Newral Trans. 105, 253-263.

Schaar DG, B-A Sieber, CF Dreyfus and IB Black (1996) Regional and cell-specific
expression of GDNF in rat brain. Exp. Newrol 124, 368-371.

Schmidt-Kastner R, C Humpel, C Wetmore and L Olson (1996) Cellular hybridiza-
tion for BDNF, trkB, and NGF mRNAs and BDNF-immunoreactivity in rat forebrain
after pilocarpine-induced status epilepticus. Exp. Brain Res. 107, 331-347.

Schneider JS and L DiStefano (1995) Enhanced restoration of striatal dopamine con-
centrations by combined GM1 ganglioside and neurotrophic factor treatment. Brain
Res. 674, 260-264.

Scott JD and TR Soderling (1992) Serine/threonine protein kinases. Curr. Opin.




392

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

%

Yurek and Seroogy

Neurobiol. 2, 289-295.

Seroogy KB, VK Han and DC Lee (1991) Regional expression of transforming growth
factor-alpha mRNA in the rat central nervous system. Neurosci. Lett. 125, 241-245.
Seroogy KB, KH Lundgren, DC Lee, KM Guthrie and CM Gall (1993) Cellular local-
ization of transforming growth factor-a mRNA in rat forebrain. J. Neurochem. 60,
1777-1782.

Seroogy KB and CM Gall (1993) Expression of neurotrophins by midbrain dopamin-
ergic neurons. Exp. Neurol. 124, 119-128.

Seroogy KB, KH Lundgren, TMD Tran, KM Guthrie, PJ Isackson and CM Gall
(1994) Dopaminergic neurons in rat ventral midbrain express brain-derived neu-
rotrophic factor and neurotrophin-3 mRNAs. /. Comp. Neurol. 342, 321-334.
Seroogy KB, S Numan, CM Gall, DC Lee and HI Kornblum (1994) Expression of
EGF receptor mRNA in rat nigrostriatal system. Neuroreport 6, 105-108.

Seroogy KB, KH Lundgten, LA Opanashuk, JR Korfhage, BM Davis and HI
Kornblum (1997) Cellular expression of amphiregulin, an EGF receptor ligand, in
mouse nervous system. Newropeptides (Abstr.) 31, 633.

Seroogy KB, DM Yurek, KH Lundgren, JR Korfhage, DM Gash, WA Cass and HI
Kornblum (1998) Neuregulin receptor expression and regulation in rodent and mon-
key nigrostriatal system. Soc. Neurosci. (Abstr.) 24, 1785.

Seroogy KB, W Duan, KH Lundgren, L Zhang, DM Yurek, DM Gash, MP Mattson
and HI Kornblum (1999) Primate dopaminergic neurons express the erbB4 neuregulin
receptor and are protected from injury in vitro by neuregulin. Soc. Neurosci. (Abstr.) 25,
231.

Shen R-Y, CA Altar and LA Chiodo (1994) Brain-derived neurotrophic factor increas-
es the electrical activity of pars compacta dopamine neurons 77 vivo. Proc. Natl. Acad.
Sci. USA 91, 8920-8924.

Shults CW, RT Matthews, CA Altar, LR Hill and PJ Langlais (1994) A single intrames-
encephalic injection of brain-derived neurotrophic factor induces persistent rotational
asymmetry in rats. Exp. Neurol. 125, 183-194.

Silos-Santiago 1, AM Fagan, M Garber, B Fritzsch and M Barbacid (1997) Severe sen-
sory deficits but normal CNS development in newborn mice lacking trkB and trkC
tyrosine protein kinase receptors. Eur. J. Neurosci. 9, 2045-2056.

Sinclair SR, CN Svendsen, EM Torres, D Martin, JW Fawcett and SB Dunnett (1996)
GDNF enhances dopaminergic cell survival and fibre outgrowth in embryonic nigral
grafts. Neuroreport 7, 2547-2552.

Skaper SD, A Negro, L Facci and R Dal Toso (1993) Brain-derived neurotrophic fac-

e




L]

-

Neurotrophic Factor and Dopamine Neurons 393

171.

172.

173.

174.

175.

176.

177.

178.

179.

186.

181.

tor selectively rescues mesencephalic dopaminergic neurons from 2,4,5-trihydrox-
yphenylalanine-induced injury. /. Neurosci. Res. 34, 478-487.

Soppet D, E Escandon, ] Maragos, DS, Middlemas, SW Reid, ] Blair, LE Burton, BR
Stanton, DR Kaplan, T Hunter, K Nikolics and LF Parada (1991) The neurotrophic
factors brain-derived neurotrophic factor and neurotrophin-3 are ligands for the trkB
tyrosine kinase receptor. Cell 65, 895-903.

Spenger C, C Hyman, L Studer, M Egli, L Evtouchenko, C Jackson, A Dahl-Jorgenscn,
RM Lindsay and RW Seiler (1995) Effects of BDNF on dopaminergic, serotonergic,
and GABAergic neurons in cultures of human ventral mesencephalon. Exp. Neurol.
133, 50-63.

Spina MB, SP Squinto, J Miller, RM Lindsay and C Hyman (1992) Brain-derived neu-
rotrophic factor protects dopamine neurons against 6-hydroxydopamine and N-
methyl-4-phenylpyridinium ion toxicity: Involvement of the glutathione system. /.
Neurochem. 59, 99-106.

Springer JE, X Mu, LW Bergmann and JQ Trojanowski (1994) Expression of GDNF
mRNA in rat and human nervous tissue. Exp. Neurol 127, 167-170.

Steinbusch HW, RJ Vermeulen and JA Tonnaer (1990) Basic fibroblast growth factor
enhances survival and sprouting of fetal dopaminergic cells implanted in the denervat-
ed rat caudate-putamen: preliminary observations. Prog. Brain Res. 82, 81-86.

Stone DM, M Hynes, M Armanini, TA Swanson, Q Gu, RL Johnson, MP Scott, JE
Hooper, FD Sauvage and A Rosenthal (1996) The tumor-suppressor gene patched
encodes a candidate receptor for sonic hedgehog. Narure 384, 129-134.

Strémberg 1, L Bjsrklund, M Johansson, A Tomac, F Collins, L Olson, B Hoffer and
C Humpel (1993) Glial cell lin-derived neurotrophic factor is expressed in the devel-
oping but not adult striatum and stimulates dopamine neurons i vivo. Exp. Neurol.
124, 401-412.

Stromberg 1 and C Humpel (1995) Expression of BDNF and #%B mRNAs in com-
parison to dopamine D1 and D2 receptor mRNAs and tyrosine-hydroxylase-
immunoreactivity in nigrostriatal in oculo co-grafts. Dev. Brain Res. 84:215-224, .
Studer L, C Spenger, RW Sciler, CA Altar, RM Lindsay and C Hyman (1995)
Comparison of the effects of the neurotrophins on the morphological structure of
dopaminergic neurons in cultures of rat substantia nigra. Eur. J. Neurosci. 7, 223-233.
Studer L, C Spenger, RW Seiler, A Othberg, O Lindvall and P Odin (1996) Effects of
brain-derived neurotrophic factor on neuronal structure of dopaminergic neurons in
dissociated cultures of human fetal mesencephalon. Exp. Brain Res. 108, 328-336.
Sullivan AM, J Opack-Juffry and SB Blunt (1998) Long-term protection of the rat




394

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

L]

Yurek and Seroogy

nigrostriatal dopaminergic system by glial cell line-derived neurotrophic factor against
6-hydroxydopamine in vive. Eur. J. Neurosci. 10, 57-63.

Takayama H, J Ray, HK Raymon, A Baird, ] Hogg, L] Fisher and FH Gage (1995)
Basic fibroblast growth factor increases dopaminergic graft survival and function in a
rat model of Parkinson’s disease. Nature Med. 1, 53-58.

Timmusk T, N Bellurado, M Metsis and H Persson (1993) Widespread and develop-
mentally regulated expression of neurotrophin-4 mRNA in rat brain and peripheral tis-
sue. Eur J. Neurosci. 5, 605-613.

Tomac A, E Lindqvist, L-FH Lin, SO Ogren, D Young, BJ Hoffer and L Olson (1995)
Protection and repair of the nigrostriatal dopaminergic system by GDNF in vivo.
Nature 373, 335-339.

Tooyama I, D Walker, T Yamada, K Hanai, H Kimura, EF McGeer and PL McGeer
(1992) High molecular weight basic fibroblast growth factor-like protein is localized to
a subpopulation of mesencephalic dopaminergic neurons in the rat brain. Brain Res.
593, 274-280.

Tooyama I, T Kawamata, D Walker, T Yamada, K Hanai, H Kimura, M Iwane, K
Igarashi, EG McGeer and PL McGeer (1993) Loss of basic fibroblast growth factor in
substantia nigra neurons in Parkinson’s disease. Neurology 43, 372-376.

Tooyama I, EG McGeer, T Kawamata, H Kimura and PL McGeer (1994) Retention of
basic fibroblast growth factor immunoreactivity in dopaminergic neurons of the sub-
stantia nigra during normal aging in humans contrasts with loss in Parkinson’s disease.
Brain Res. 656, 165-168.

Tseng JL, EE Baetge, AD Zurn and P Aebischer (1997) GDNF reduces drug-induced
rotational behavior after medial forebrain bundle transection by a mechanisms not
involving striatal dopamine. /. Neurosci. 17, 325-333.

Tseng JL, SL Bruhn, AD Zurn and P Aebischer (1998) Neurturin protects dopaminer-
gic neurons following medial forebrain bundle axotomy. Neuroreport 9, 1817-1822.
Tsuchida K, PE Sawchenko, S Nishikawa and WW Vale (1996) Molecular cloning of
a novel type I receptor serine/threonine kinase for the TGF-B superfamily from rat
brain. Mel. Cell. Neurosci. 7, 467-478.

Venero JL, KD Beck and F Hefti (1994) 6-Hydroxydopamine lesions reduce BDNF
mRNA levels in adult rat brain substantia nigra. Neuroreport 5, 429-432.

Ventrella LL (1993) Effect of intracerebroventricular infusion of epidermal growth fac-
tor in rats hemitransected in the nigro-striatal pathway. J. Neurosurg. Sci. 37, 1-8.
Villares J, B Faucheux, O Strada, EC Hirsch, Y Agid and F Javoy-Agid (1993)
Autoradiographic study of [125I]epidermal growth factor-binding sites in the mesen-

a

a'e

[ £}




»

Neurotrophic Factor and Dopamine Neurons 395

cephalon of control and parkinsonian brains post-mortem. Brain Res. 628, 72-76.
194. Villares J, B Faucheux, MT Herrero, JA Obeso, C Duyckaerts, J] Hauw, Y Agid and
EC Hirsch (1998) ['25IJEGF binding in basal ganglia of patients with Parkinson’s dis-
ease and progressive supranuclear palsy and in MPTP-treated monkeys. Exp. Neurol.
154, 146-156.
195. Walker DG, K Terai, A Matsuo, TG Beach, EG McGeer and PL McGeer {1997)

Immunohistochemical analyses of fibroblast growth factor receptor-1 in the human

w

substantia nigra. Comparison between normal and Parkinson’s disease cases. Brain Res.
794, 181-187.

196. Wanaka A, EM Johnson and ] Millbrandt (1990) Localization of FGF receptor mRNA
in the adult rat central nervous system by in situ hybridization. Newron 5, 267-281.

197. Wang MZ, P Jin, DA Bumcrot, V Marigo, AP McMahon, EA Wang, T Woolf and K
Pang (1995) Induction of dopaminergic neuron phenotype in the midbrain by sonic
hedgehog protein. Nature Med. 1, 1184-1188.

198. Wang Y, LT Tien, PA Lapchak and B] Hoffer (1996) GDNF triggers fiber outgrowth
of fetal ventral mesencephalic grafts from nigra to striatum in 6-OHDA-lesioned rats.

_ Cell Tissue Res. 286, 225-233.

199. Weickert CS and M Blum (1995) Striatal TGF-alpha: Postnaral developmental expres-
sion and evidence for a role in proliferation of subependymal cells. Dev. Brain Res. 86,
203-216.

200. Widenfalk J, C Norsat, A Tomac, H Westphal, B Hoffer and L Olson (1997) Neurturin
and glial cell line-derived neurotrophic factor receptor-B (GDNFR-B), novel proteins
related to GDNF and GDNFR-0. with specific cellular patterns of expression suggest-
ing roles in the developing and adult nervous system and in peripheral organs. J.
Neurosci, 17, 8506-8519.

201. Wilcox JN and R Derynck (1988) Localization of cell synthesizing transforming
growth factor-alpha mRNA in the mouse brain. /. Newrosci. 8, 1901-1904.

202. WongJY, GT Liberatore, GA Donnan and DW Howells (1997) Expression of brain-
derived neurotrophic factor and TrkB neurotrophin receptors after striatal injury in the
mouse. Exp. Neurol 148, 83-91.

203. Wu D and WM Pardridge (1999) Neuroprotection with noninvasive neurotrophin
delivery to the brain. Proc. Natl. Acad. Sci. USA 96, 254-259.

204. Yan Q, M] Radeke, CR Matheson, ] Talvenheimo, AA Welcher and SC Feinstein
(1997) Immunocytochemcial localization of trkB in the central nervous system of adult
rat. J. Comp. Neurol 378, 135-157.

205. Yan Q, RD Rosenfeld, CR Matheson, N Hawkins, OT Lopez, L Bennett and AA




396

206.

207.

208.

209.

210.

211,

212.

213.

214.

215.

216.

217.

P

-

Yurek and Seroogy

Welcher (1997) Expression of brain-derived neurotrophic factor protein in the adult rat
central nervous system. Neuroscience 78, 431-448.

Ye W, K Shimamura, JLR Rubenstein, MA Hynes and A Rosenthal (1998) FGF and
Shh signals control dopaminergic and serotonergic cell fate in the anterior neural plate.
Cell 93, 755-766.

Yu T, S Scully, Y Yu, GM Fox, S Jing and R Zhou (1988) Expression of GDNF fami-
ly receptor components during development: implications in the mechanisms of inter-
action. J. Neurosci. 18, 4684-4696.

Yurek DM and JR Sladek Jr (1990) Dopamine cell replacement: Parkinson’s disease.
Annu. Rev. Neurosci. 13, 415-440.

Yurck DM, W Lu, S Hipkens and S] Wiegand (1996) BDNF enhance the functional
reinnervation of the striatum by grafted fetal dopamine neurons. Exp. Neurol. 137,
105-118.

Yurek DM, SB Hipkens, S] Wiegand and CA Altar (1998) Optimal effectiveness of
BDNF for fetal nigral transplants coincides with the ontogenic appearance of BDNF in
the striatum. J. Neurosci. 18, 6040-6047.

Yurek DM (1998) Glial cell line-derived neurotrophic factor improves survival of
dopaminergic neurons in transplants of fetal ventral mesencephalic tissue. Exp. Neurol.
153:195-202, .

Yurek DM and A Fletcher-Turner (2000) Lesion-induced increase of BDNF is greater
in the striatum of young versus old rat brain. Exp. Neurol. 161, 392-396.

Yurck DM and KB Seroogy (2000) Differential expression of neurotrophin and neu-
rotrophin receptor mRNAs in and adjacent to fetal midbrain grafts implanted into the
dopamine-denervated striatum. J. Comp. Neurol. 423, 462-472.

Zeng B-Y, P Jenner and CD Marsden (1996) Altered motor function and graft survival
produced by basic fibroblast growth factor in rats with 6-OHDA lesions and fetal ven-
tral mesencephalic grafts are associated with glial proliferation. Exp. Neurol. 139, 214-
226.

Zeng B-Y, P Jenner and CD Marsden (1996) Altered motor function and graft survival
produced by basic fibroblast growth factor in rats with 6-OHDA lesions and fetal ven-
tral mesencephalic grafts are associated with glial proliferation. Exp. Neurol. 139, 214-
226.

Zhang D, MX Sliwkowski, M Mark, G Frantz, R Akita, Y Sun, K Hillan, C Crowley,
] Brush and PJ] Godowski (1997) Neuregulin-3 (NRG3): A novel neural tissue-enriched
protein that binds and activates ErbB4. Proc. Natl. Acad. Sci. USA 94, 9562-9567.
Zhang D, G Frantz and P] Godowski (1998) New branches on the neuregulin family

A 1]

) .-‘A




L TR 1

.
’tl

Neurotrophic Factor and Dopamine Neurons 397

218.

219.

220.

221,

tree. Mol. Psychiatry 3, 112-115.

Zhou ], H Bradford and GM Stern {1994) The response of human and rar fetal ven-
tral mesencephalon in cultures to the brain-derived neurotrophic factor treatment.
Brain Res. 656, 147-156.

Zhou ], B Pliego-Rivero, HF Bradford and GM Stern (1996) The BDNF content of
postnatal and adult rat brain: the effects of 6-hydroxydopamine lesions in adult brain.
Dev. Brain Res. 97, 297-303. '

Zhou J, HF Bradford and GM Stern (1996) Induction of dopaminergic neurotrans-
mitter phenotype in rat embryonic cerebrocortex by the synergistic action of neu-
rotrophins and dopamine. Eur. J. Neurosci. 8, 2328-2339.

Zhou ], B Pliego-Rivero, HF Bradford, GM Stern and ERM Jauniaux (1998)
Induction of tyrosine hydroxylase gene expression in human foetal cerebral cortex.
Neurosci. Lett. 252, 215-217.




LT

BT W, SR T PP ST 3 B SEASIHG JOTHICD SURERA PRI
LML IRGY TROXHN ‘D0 (NS 1 W Sy ALY VO SRR AV I JO FOCUURRE SR W] SR [RFRIREES Ap0n]

PtV 4 A e 6N Y ATCE NN OIS BRI EIE) I {IMAD K S -4V AED IO

GTED AL KA, DRUSE PO R0 a3 W (frewd 2y} i_.wu....h ' AX(E WA LELIED PRANI 20 W PG

NN R PN IS 1Y PR i AR ONLT ¥ - Lapieana LRI — Gl k.
VT TN IR ) g R0sig 9 DN

e ]

Rt LS L A

KT PN B AT AN PO LK)

PR MR WSS LT 6 B Q) G o7} 'T2 AL W Spepeise
PR w0 W e
§§§E§£§§§:é;§ AP PO S0 W ALY
HOMENS URINI 1T A PY ANCLNEELL 400 Fupepawmmeny (ouad aobly) b B

epiS £q papepam aq Keas
satngoa W) SUGI0ENE
a.gwatg%asnsgsi%ié.

.m
"i
..m
u¥

H

o wp wopesagposd pepd sypegdacaseses snouosl 7199 «

AT NIy
Aawragad yea wy swoanau sasrpaedop jo fEAja0s
Quaau-gaongs Jou o) masy-Sung st smomond 1500 »

saamyes upeagpym yes Bupdopasp
vy supapad PHONE B PHME ZAMT sapeBor-dn 2190 «

wAamo g Sgegdesuaso Anevvad yes vy
Pz e supapoad J0pd0n PEET PR CHG TA «

VYNUW HI,
e vaagyed Jumddepranc ue wy araxeg ypeydasuassm
PR YT P08 1] P 5| viva dopdasins pEIGES »

SHOTSIIU0,) 7 AJGUNiINg

fna Jo
NS JOTINS KT 41 PRI AN NS W &E. n Sﬂa.a

i JYAE “FL W [ AT gl ud ! £§ wD Y
s e Wnespi Supdoranny W) M AVEO ) 10p MSmie, 3 B

L AT RADNNID PRI MR, I TESRD
W el Xpedet R BES CUATN ZENIE J6 Ropwiuias-du Bagnsp
Y KPR A, 24 k% 4

bt bl L

==
=

SAIMID EIGPIN U) 2300 &9 pandsa-dn
axe supaoall Joydadas pEGLT PRS ST ‘TGN €

saamns speydanssam Ju Sudopisp

] Ho SAINND j123
vIALaPis L AIG e uj nopeaatjoad ey sajouoad 740D ¢

upeagpym Supdojadop up JV.IS) 405 01 WSO "9

BRI (2 POMAL-LAGE P (RT3 I 5 presauts w0 spernsd
FHEE P08 SN TR W0 s rend oL, T AT S 0 AT

LA PO T30 RN

01 Buydoppaap vy pessasdxa

am EEE._ anpdesat gAY PR SEGE THT T

MMENED DKL F I (A
RN VAT Y J0 BONANIXS 1] REEAD INTIREIRGES H0N
S §TA WETVIHW PN ELL 9 wepmsrp gy e T *§ AL

VRTUW ELL Y sdejaano sanxay sendesuasam
TepuR4 101 PEA ) vojesardxs VAR PEYL

sy

“JHIRIST SHf) J0 WAL ) J0 452 Aaasproadds

Lo X0y 1 spil
g.i-iésﬂaggﬂ.gg&g
e S (08 ppod-HL
E e

{pA-on) Ao S0 ApuERd
-5. Ao pogpmmnb axm suny agy, gy A fng of peodsy
pus S IE) WHRk VoRRP

e§§a§r§s§§£§§§=a§
“(vuilys 600z:1)
%gaigﬁgiusﬁasag ..
S 0 18 WEPLRA0 (MR GV LS SSIapa e
N SHPOALINE K IO ‘CHGIE-IK ‘TAQRA 1)
ApOLIUEN (67 WM PATRGTNEY 1T N Y 203 Sagpvy LRELY, U] AT
VIPYS i 1 PRION Bk FUNIGUEA AILL g%:a.e&i

TR IR

BOEUS el 00 ¥3am § 30) (OZH W §1E SIRpON) uops
ORI SOOI TELY YAk PR tang) P ‘e sSopiaagie

WY Fpsl o) tAvp - 0y (meeestty) wedAL X

B 03 PIRHIX 034k FUOFL3E I SATRM PUR JAIEL SSHAILOGH
d sy I “H 44 porddns
?&2:&%&3%%35%;3.2%

ALE, (w0, T BT i, T8 19 RIIQUIOH ‘66, ‘Adonns ¥
ey 16, IR 2 ANonsag) Sstapaasd pagEs o8 Sagoxd
VN PORATRIRSE A SOPRIPHIGAR wys g Bpsn £q SYNYM HL
PRIR PR JO R M J0) Passaovid arm uomdoEsI e
FLE ) RGBT SUDTONS DITINO-OpRY 1115040 'R0t
SRR

“SALNG VL U3 ZOTH $4£0°0 DU (V) HPRUMOIRISEH
% T/Bar 50 0y Amsodea Q DAY s BUTRqe] ‘sasup
T Supsorod oy | o (sqw auat.i!as pposad

AL SR S PRIDAN STV D00 S TTRIAD (UOOSRAL))
AVAD 30 (D0OFEREA) L OF WIKTUR OF UY PITRGIAT 25k SIS 0
¥ S0 ks 0 8401 U] PARON St Boqupes qrioock-uon e
SHL MR 7 0 o4 o Dy Ve

) SHRP FHLL T PARUE ST A1) [HIN DRAOTIEAL 5850 THRHPIAR L
TRITROR YRS IR R RY

AR ASEILLND S I DOLE

TR AGIIN] AN HET PApref-saga & U pdar assk sampna
0TV (00, TR 1 [R5 596, T8 13 WRIETRL) PO
VO 2 Bupsn AT NS 0 TSTRO00SE 0 ROTPRIHON0S
* 1 s a1mn pageto-sumd-grdjod o paped axm =R
“UORUION 07 ST oAy FRsarleR 0 SEEN(Y S6F0D'D U] DRI P
“upaBE QAL U pasIL UpdAT BASZT Y W DATRHIU) S AIAD
0 5agaa w apioangy poaedad an s SPedamsaRT kg
30 suomsMvTs TR0 ST (NS S-S aii ST (Ko Hip
“Piod ‘payenaliozo we 1 parood pus (uewp ywdad-gemp woiy
wenge)) wolaus ns Aapany sadesds 1 () Aep sfuokique wox
byt 37 ISR DRSSP SKaie FEONHARUCIE [KIJI24

CALCE) g WY SARD L PAR ¥ 'L W8 pavsassn Ajjusubonis am
(PO (718) sapRA I - iﬁg_ﬁi%u.b iy repd
R ST
uﬁeﬁsﬁg %agzﬁggsf
PRGKA) PIT SEGPAT SIAHIN SIS QWA o} DI a5

AL J0 RAJALIRS RLIXJLIONE [RELION 985 “RAAROH (10, :_:o
Powgz) 9 pie
gﬁsﬂ!iﬁuﬁgﬁgﬁ%g

£ ATCUO PRSIATN AR T35 JOORM DX WIEM PITS ST
SRR RH

VSN ‘YIN ‘POOMION “Ou| s[eaninadeulieyd SaNOD.
SN ‘AN ‘Aamus) jo Ajssaatuf ‘AisbinsoinaN/Aiabing; ‘ABojoigoinap g Awojeuy, jo syuswpedaq

,AB00IBS "G'Y ‘PIRINA "W'A ‘sluuoiyssely W 4Busyg -1 ;usiBpun ‘H') NsE:,_..s:ea_..._ "y \BUBqZ

2499 ulinbainaN
9°LTY

ay} Aq pajowoud si suoinap dibiaujwedoq painyng Jo |eAIAING uLd)-Huo] aylL

) KN PRALID BLOIOR RE (ZED0) {-less) paard
U2 20wy TOpERSLD OIS o0 1wu) paraodan Asropsand g

NOIIONTOWINI




Monaay, May 6, 2002

Edit Menu

{Click on these fo
edit the data in
your abstract.}

Contact Info
Details

Themes and
JTopics

Institutions
Authors
image Upload
Title

Key Words

Body
Guidelines and
Policies

Coflicts of Interest

Back to Menu

To see a sample
of what your
abstract will look
like, click here.

Abstract:

Abstract Proof

® Total characters left: 62

* When you are satisfied that all the information below is complete and accurate, you may press the Save
Abstract button o save your abstract so that you may return and continue editing it at a later time. Remember
that you must submit by the deadline for your abstract to be considered.

» If you are ready to submit your abstract, you may press the Submit Abstract button fo view the submission
payment screen and enter your credit card information. You must pay the submission fee for your abstract to
be considered. ) :

* Submission of this abstract is final, like putting a paper abstract into the mailbox. Once you have submitted
and paid for your abstract, you will not be able to revise it without submitting a replacement abstract and paying
the replacement abstract fee of $50.00 USD.

* |f you are going to submit this abstract, be sure to print this page for your records.

& After you have submitted your abstract, and received your control number, you must contact the SFN Program
Department if you wish to have your abstract withdrawn.

Contact Info Lixin Zhang
Univ Kentucky
Lexington
KY 40536
USA -
Phone:  853-323-1155
Fax: 859-323-5946
izhan0@pop.uky.edu
Date/Time Last Modified: 05/06/2002 at 4:07 pm GMT
Presentation Type: Poster Only
Theme 1: Development ;
Subtheme 1: Trophic Factors and Developmental Cell Death
Topic1: - Cytokines and other factors: expression and biological effects
Abstract Title: THE LONG-TERM SURVIVAL OF CULTURED DOPAMINERGI C NEURONS IS
PROMOTED BY THE NEUREGULIN GGF2
Contributing Authors: |, Zhang'"; A. Fletcher-Turner?; K.H. Lundgren?; L. Cheng?; M.A. Marchionni3; D.M.
Yurek?; K.B. Seroogy’ '
Institutions: 1. Dept Anatomy & Neurobiology, Univ Kentucky, Lexington, KY, USA
2. Dept Surgery/Neurosurgery, Univ Kentucky, Lexington, KY, USA
3. CeNeS Pharmaceuticals Inc, Norwood, MA, USA
Key words: Survival, Midbrain, ErbB, Parkinson's disease
We previously reported that the growth/differentiation factor glial growth factor-2

(GGF2), an isoform derived from the neuregulin-1 gene, protected dopaminergic
neurons against serum deprivation and 6-hydroxydopamine-induced degeneration,
but did not appear to affect early survival of the developing dopamine cells in fetal
rat primary midbrain cultures. The current study was conducted to determine i
GGF2 could promote long-term survival of the dopaminergic neurons in vitro. Cells
plated at low density were given 5% fetal bovine serum for 48 hours, afterwhich,
celis were changed to fresh, serum-free culture medium and treated with either
GGF2 (100 ng/ml) or vehicle. Numbers of tyrosine hydroxylase
{TH)-immunoreactive {dopaminergic) neurons and glial fibrillary acidic protein
(GFAP)- immunoreactive (glial) cells were subsequently assessed at 7, 14, and 21
days in vitro (DIV). The numbers of both TH- and GFAP-positive celis were
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- %y v significantly increased at DIV 21, compared to controls. Western blot analysis of
o parallel cultures revealed the expression of the neuregulin receptors ErbB2 and

ErbB4, but not ErbB3, in control cultures. However, after GGF2 treatment levels of
ErbB2 and ErbB3, but not ErbB4, were up-regulated. These results indicate that
GGF2 promotes the long-term survival of dopaminergic neurons and differentially
regulates expression of its' receptors in developing midbrain cultures, possibly via -
glial mechanisms. Supported by NIH grants NS39128 and NS35890 and DOD
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