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Regulation of Natural Cell Death in Dopaminergic Neurons
of the Substantia Nigra by Striatal Glial Cell Line-Derived

Neurotrophic Factor In Vivo

Tinmarla Frances Oo,' Nikolai Kholodilov,' and Robert E. Burke!?
Departments of 'Neurology and 2Pathology, The College of Physicians and Surgeons, Columbia University, New York, New York, 10032

Dopamine (DA) neurons of the substantia nigra undergo a developmental cell death event that is biphasic, with peaks just after birth and
at postnatal day 14. As envisioned by neurotrophic theory, this cell death is likely to be regulated by target interactions because it is
augmented by their disruption. However, the nature of the trophic molecules mediating this regulation are unknown. We showed in vitro
that glial cell line-derived neurotrophic factor (GDNF) is able to suppress apoptotic death in DA neurons in postnatal primary culture. We
now demonstrate in vivo that administration of GDNF into the striatal target is able to suppress apoptosis. Consistent with a possible
physiologic role for endogenous striatal GDNF in regulating this event, two anti-GDNF neutralizing antibodies augment cell death. These
antibodies augment cell death only during the first (immediately postnatal) phase of the biphasic death event. We conclude that GDNF is
the leading candidate for a target-derived neurotrophic factor for the regulation of the early phase of natural cell death in DA neurons.

Key words: apoptosis; programmed cell death; neurotrophic factors; Parkinson’s disease; striatum; substantia nigra

Introduction

In developing neural systems, natural cell death eliminates 50%
or more of neuronal populations (Cowan et al., 1984; Clarke,
1985; Oppenheim, 1991). There is now much evidence that target
regulation of the natural cell death event is mediated by a limiting
abundance of neurotrophic factors, for which projecting termi-
nals compete (Clarke, 1985; Barde, 1989). It is important to rec-
ognize, however, that most of the evidence on which these con-
cepts of classic neurotrophic theory rest derive from studies of
neuronal systems that project to the periphery, and much less is
known about mechanisms within the CNS.

One central neuronal population of particular interest is com-
prised of the dopamine (DA) neurons of the substantia nigra
(SN) because this is the population that degenerates to the great-
est extent in Parkinson’s disease. Of great interest to the neuro-
biology of this disease are the neurotrophic factors that regulate
the viability of these neurons during development and that ulti-
mately determine their number in mature brain.

We showed that these neurons undergo natural cell death
during development (Janec and Burke, 1993; Oo and Burke,
1997; Jackson-Lewis et al., 2000). In rodents, the event occurs
primarily during the first 2 postnatal weeks. It is biphasic, with a
first major peak just after birth and a second at postnatal day 14
(P14). We showed that this natural cell death is likely to be regu-
lated by interactions with the target of these neurons, the stria-
tum, because disruption of these interactions by striatal lesion
(Macaya et al., 1994), DA terminal destruction (Marti et al.,
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1997), or axotomy (El-Khodor and Burke, 2002) leads to an in-
duction of death. There is also extensive evidence from in vitro
studies supporting the concept that striatal targets support the
viability of developing DA neurons (Prochiantz et al., 1979;
Hemmendinger et al., 1981; Hoffmann et al., 1983; Tomozawa
and Appel, 1986). However, the specific neurotrophic factors de-
rived from striatum regulating the cell death event in DA neurons
are unknown.

One candidate has been glial cell line-derived neurotrophic
factor (GDNF), which was identified on the basis of its ability to
support the development of embryonic mesencephalic DA neu-
rons (Lin et al., 1993). In keeping with a possible role for GDNF,
its mRNA is present in striatum and expressed at highest levels
during early postnatal development (Schaar et al., 1993; Strom-
berg et al., 1993; Blum and Weickert, 1995; Choi-Lundberg and
Bohn, 1995; Golden et al., 1999). GDNF protein has also been
identified in striatum early in development (Lopez-Martin et al.,
1999). We showed that, among nine neurotrophic factors re-
ported to support DA mesencephalic neurons in embryonic cul-
ture, GDNF alone was able to support DA neurons by suppress-
ing apoptosis in a postnatal culture model (Burke et al., 1998).
Other members of the GDNF family of ligands have been discov-
ered, including neurturin (Kotzbauer et al.,, 1996), persephin
(Milbrandtetal., 1998), and artemin (Baloh et al., 1998); whether
they have similar properties is unknown.

The strongest evidence to date against a role for GDNF as a
physiologic trophic factor for developing SN DA neurons is that
homozygous null mice for GDNF (Moore et al., 1996; Pichel et
al., 1996; Sanchez et al., 1996) and for GDNF receptor «l
(GFRal) (Cacalano et al., 1998; Enomoto et al., 1998) show no
reduction in the number of SN DA neurons at birth. However,
these mutations are perinatal lethal as a result of the absence of
kidneys, so these mice die before most of the postnatal natural cell
death event has occurred. To further pursue the possible role of
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GDNF as a physiologic striatal target-derived neurotrophic factor
for SN DA neurons, we assessed the effects of striatal GDNF
injection and passive immunization “knock down” on natural
cell death.

Materials and Methods

Animal surgery: intrastriatal injections. Timed, multiple pregnancy
Sprague Dawley female rats were obtained from Charles River Laborato-
ries (Wilmington, MA) 1 week before delivery. The day of delivery was
defined as P1 (Janec and Burke, 1993; Oo and Burke, 1997). If delivery
occurred in the morning, rat pups were injected later that day (P1). If
they were delivered in the afternoon, they were injected the next morning
(P2). They were always injected within 24 hr of birth.

For intrastriatal injection of GDNF and controls, pups were anesthe-
tized by hypothermia and placed prone on a chilled ceramic plate. A
midline scalp incision was made, and a hole was made in the skull 1.0 mm
anterior and 2.5 mm left of the bregma. The needle of a 5.0 ul Hamilton
syringe, held in a stereotaxic frame, was inserted to a depth 2.5 mm
ventral to dura. A solution of GDNF (for the pilot study, Intergen, Pur-
chase, NY; for the full study, Amgen, Thousand Oaks, CA) at 1.0 ug to 1.0
ul of PBS was infused over 1 min. After the injection was complete, the
needle was slowly withdrawn after an interval of 1 min. Brain-derived
neurotrophic factor (BDNF) (Intergen), cytochrome ¢ (Sigma, St. Louis,
MO) (both at 1 pgto 1.0 ul), and vehicle (PBS) were injected as controls.
After injection, pups were placed at 34°C in a Harvard small animal
incubator until recovery.

For intrastriatal injection of anti-GDNF neutralizing antibodies, a 28
gauge cannula was inserted into the striatum as described. For an 80 ug
dose, anti-GDNF (20 ug/ul) or goat IgG control was infused by pump
(Harvard Apparatus, Holliston, MA) at a rate of 0.25 wl/min over 8 min
in two separate sessions, morning and afternoon. For 40, 20, and 10 ug,
single afternoon doses were given by pump as 2.0 ul over 8 min. For 5.0
ug, a single dose was given in 1.0 ul. For these studies, both AB-212-NA
(affinity-purified IgG goat polyclonal) and MAB212 (affinity-purified
IgG mouse monoclonal) were used (both from R & D Systems, Minne-
apolis, MN). Both antibodies were raised against Escherichia coli-derived
recombinant human GDNF. Both of these antibodies have been demon-
strated to neutralize recombinant human GDNF in a chick dorsal root
ganglion survival assay (R & D Systems), and MAB212 has, in addition,
been demonstrated to neutralize recombinant rat GDNF in a rat primary
motor neuron culture (Arce et al., 1998). To determine whether either of
these antibodies cross-react with other GDNF family ligands, Western
blot analysis was performed using both recombinant human GDNF
(Amgen) and rat GDNF [molecular weight (MW) of 15 kDa; R & D
Systems] compared with mouse neurturin (MW of 12 kDa; R & D Sys-
tems), mouse artemin (MW of 12 kDa; R & D Systems), and human
persephin (MW of 21 kDa; Leinco Technologies, St. Louis, MO). Neither
antibody cross-reacted with these other ligands (Fig. 1).

Intrastriatal injection procedures were approved by the Columbia
University Institutional Animal Care and Use Committee.

Tissue preparation and immunohistochemistry. The day after striatal
injection, rat pups were anesthetized with Halothane and perfused via an
intracardiac cannula with 0.9% NaCl, followed by 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.1. Each brain was carefully removed and
postfixed in the same fixative for 1 week. The brain was then cryopro-
tected in 20% sucrose in fixative for 24 —48 hr and then rapidly frozen in
isopentane on dry ice. The brain was cut at 20 wm on a cryostat, and SN
sections were processed free-floating for tyrosine hydroxylase (TH) im-
munoreactivity. For cell body staining, SN sections were incubated with
amouse monoclonal antibody at 1:40 (MAB5280; Chemicon, Temecula,
CA) in PBS-10% horse serum for 24 hr at 4°C with agitation. After a wash
in PBS, sections were incubated with biotinylated horse anti-mouse
(Vector Laboratories, Burlingame, CA) at 1:50 in PBS—10% horse serum
for 24 hr at 4°C. For TH fiber staining, striatal sections were pretreated
with PBS—0.5% bovine serum albumin (BSA)—0.1% Triton for 30 min at
4°C. After washes in PBS, sections were incubated with anti-TH rabbit
polyclonal antibody at 1:1000 (Calbiochem, La Jolla, CA) in PBS-BSA for
48 hr at 4°C. After washes in PBS—BSA, striatal sections were incubated
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Figure 1. Anti-GDNF neutralizing antibodies do not cross-react with other GDNF family li-
gands. A, Recombinant human GDNF (hG), recombinant rat GDNF (rG), mouse neurturin (mN),
mouse artemin (mA), and human persephin (hP) were electrophoresed at 10 ng/lane and
probed with the goat anti-GDNF polyclonal antibody at 1:400. Recombinant human and rat
GDNF are detected at 15 and 16 kDa (arrows). No cross-reactivity is detected for mouse neur-
turin (12 kDa), mouse artemin (12 kDa), or human persephin (21 kDa). B, The recombinant
proteins were electrophoresed at 100 ng/lane and probed with the mouse anti-GDNF monoclo-
nal antibody at 1:100. The 15 kDa form of recombinant human GDNF is again detected, as are 15,
16,and lower MW forms of rat GDNF. There is no cross-reactivity with other GDNF family ligands.

with biotinylated Protein A at 1:100 for 1 hr at room temperature. Sec-
tions for either cell body or fiber staining were then treated with avidin-
biotinylated horseradish peroxidase complexes (ABC; Vector Laborato-
ries), followed by incubation with diaminobenzidine as chromagen.
Sections were mounted onto gelatin-coated slides, dehydrated, counter-
stained with thionin, and coverslipped. Striatal sections were taken from
each brain for thionin staining, to confirm the injection site, and for TH
immunoperoxidase staining of dopaminergic fibers.

Qualitative morphologic analysis of apoptosis in dopamine neurons. In
the TH immunoperoxidase-stained sections, apoptosis was identified at
the light microscope level by performing a thionin counterstain and
visualizing intranuclear chromatin clumps at 600X as one or more in-
tensely basophilic, homogeneously stained, round and distinctly
bounded structures. We showed previously that, for natural cell death in
dopamine neurons and for induction of this death event by either striatal
lesion or the injection of 6-OHDA, apoptotic profiles so identified are
confirmed to be apoptotic by electron microscopy (Macaya et al., 1994;
Jackson-Lewis et al., 2000). Profiles so identified can also be confirmed as
apoptotic by terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling, suppressed silver staining, and immunostaining for acti-
vated caspase-3 and caspase cleavage products (Macaya etal., 1994; Marti
et al., 1997; Jackson-Lewis et al., 2000).

Quantitative morphologic analysis. Apoptotic profiles in each SN were
quantified by scanning the SN in its entirety on all available sections from
each brain at 600 X. For the studies of GDNF suppression of natural cell
death, an average of 17 sections per brain were analyzed. Apoptotic pro-
files were identified as cellular profiles containing one or more distinct,
rounded basophilic chromatin clumps. We showed previously, using a
physical disector technique (Gundersen, 1986), that apoptotic profiles,
as defined, are rarely split by the microtome blade (Oo and Burke, 1997).
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Clarke and Oppenheim (1995) have demonstrated a similar result. Thus,
apoptotic profiles, identified by focusing down through the section, rep-
resent unique and unbiased counts, and we used this method of quanti-
fication in our previous studies of natural cell death in dopamine neu-
rons (Oo and Burke, 1997; Jackson-Lewis et al., 2000). To assess the
number of apoptotic profiles derived from dopaminergic neurons of the
substantia nigra pars compacta (SNpc), we previously used two sets of
criteria: cellular and regional. An apoptotic profile was considered to be
dopaminergic by the cellular criterion if its cytoplasm was TH positive. In
addition to counting profiles that are dopaminergic by this cellular cri-
terion, we also counted profiles that are in the SNpc by a regional crite-
rion. Our reason for using this regional criterion is that, as neurons die by
apoptosis, it becomes no longer possible to identify their original pheno-
type by cytoplasmic markers. As they die, they are stripped of cytoplasm
(Macayaetal., 1994), and there is diminished expression of these markers
(Freeman et al., 1994). Indeed, we showed recently in a model of induced
developmental death of neurons in the SNpc that, when it is possible to
identify the phenotype of the dying cell, 91% are neurons, but it is pos-
sible to identify the phenotype only in 6% of instances (El-Khodor et al.,
2002). Thus, if only counts of profiles with known phenotype are to be
used, then the large majority of apoptotic profiles would not be ac-
counted for. In the SNpc during development, 90% of the neurons are
dopaminergic (Parish et al., 2001). Therefore, by ascertaining regional
counts, we retain information about the large majority of dying neurons,
nearly all of which are dopaminergic. The likely dopaminergic origin of
these profiles is supported by our observations that there is an exact
temporal correspondence between regional and cellular counts in the
course of natural cell death, and there is a high correlation between
counts obtained using the two criteria (r = 0.939) (Oo and Burke, 1997).

Quantitative analysis of apoptosis in the striatum. The first injected
animals in each of the three conditions (cytochrome ¢, BDNF, and
GDNF) in each of five consecutive litters were selected for the analysis of
apoptosis in the striatum. Three thionin-stained striatal sections in the
Paxinos—Watson (Paxinos and Watson, 1982) planes 8.7-10.2 were se-
lected, as close to the injection site as possible without evidence of direct
injury by the cannula. Comparable striatal planes were available for all
animals. All sections were scanned in their entirety at 600X, and the
number of apoptotic profiles, as defined above, were counted. Results
were expressed as the mean number of profiles per section.

Density of striatal dopaminergic fiber immunoperoxidase staining. In
five representative animals in each of the injection groups, two TH
immunoperoxidase-stained striatal sections in planes 9.2 or 9.7 were
examined for the optical density of staining, as described previously
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Figure2. Preliminary data fora power analysis of the ability of GDNF to suppress natural cell

death in DA neurons of the SN. P1 rats were injected with 1.0 g/1.0 | GDNF (Intergen) or
controls and were killed the next day. The number of apoptotic profiles in SN was determined by
the regional and cellular criteria defined in Materials and Methods. This preliminary analysis
revealed an ability of GDNF to reduce cell death on the experimental (E; black bars) side of
GDNF-injected animals compared with noninjected normal (NORM) animals by ~50%. The
mean SD was 0.4 profiles per section across all groups. Note that there is no difference between
the cytochrome ¢ (CYTO C) and normal (NORM) controls (L, left; R, right). White bars represent
the noninjected contralateral control (C) side for each group.
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(Burke et al., 1990), using an Imaging Research (St. Catharines, Ontario,
Canada) Analytical Imaging Station.

Results

Natural cell death in SN DA neurons is suppressed by
intrastriatal GDNF

Recognizing that the prevalence of apoptotic profiles is low dur-
ing normal developmental cell death (Janec and Burke, 1993; Oo
and Burke, 1997; Jackson-Lewis et al., 2000), we sought first to
determine by pilot study the anticipated magnitude of the effect
of 1.0 pg of intrastriatal GDNF and its variability, for purposes of
performing a power analysis. P1 rats were injected with commer-
cially available GDNF (recombinant human GDNF; Intergen)
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Figure 3.  GDNF injected into the striatum reduces natural cell death among DA neurons of
the SN. A, Rat pups were injected intrastriatally with 1.0 ug/1.0 wl GDNF (Amgen), BDNF
(Intergen), or cytochrome ¢ (CYTO C) on P1 or P2 (but always within 24 hr of birth) and were
killed the next day. All apoptotic profiles within the SN meeting cellular or regional criteria for
being dopaminergic were counted on all available sections from each brainand expressed as the
mean number of apoptotic profiles per section. There is a significant ( p << 0.001; ANOVA)
decrease in the number of apoptotic profiles on the injected side (E, experimental) of the GDNF
animals. There is a trend for an effect on the noninjected, contralateral (C, control) side, but this
did not reach significance. B, The sections analyzed in A were also analyzed for only those
profiles that met cellular criteria for being dopaminergic, i.e., these were apoptotic profiles with
TH-positive cytoplasm. This analysis confirms the ability of GDNF to suppress natural cell death
in DA neurons.
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and were killed the next day. Figure 2 shows that this injection led
to an ~50% suppression in the level of natural cell death, with a
mean SD of 0.4 profiles per section. We determined that, to have
a power of 0.80 (at an « of p = 0.05), n = 20 animals in each
group would be required. This analysis also demonstrated that
the cytochrome ¢ control group was no different from normal

A.CYTOC

B. BDNF

C. GDNF

Figure 4.  Striatal THimmunoperoxidase staining after intrastriatal injections. These repre-
sentative striatal coronal sections taken from animals injected with cytochrome ¢ (4; CYTO (),
BDNF (B), or GDNF () (the arrows indicate the injected slide) demonstrate that there is no
increase in TH fiber staining in the striatum for any of the conditions, indicating that there has
been no induction of sprouting. These striata were taken from animals used in the experiment
presented in Figure 3.
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(noninjected) animals at this age, so the latter condition was
excluded from additional analysis.

Intrastriatal injection of 1.0 ug/1.0 ul GDNF (recombinant
human GDNF; Amgen) in the larger cohort of animals demon-
strated a 61% suppression of natural cell death among DA neu-
rons of the SN, assessed as total apoptotic profiles meeting re-
gional or cellular criteria (Fig. 3A) compared with the
cytochrome ¢ injection condition. When the analysis was re-
stricted only to profiles meeting cellular criteria for apoptosis in
TH-positive neurons, a significant effect was also observed (Fig.
3B).

Suppression of natural cell death in SN DA neurons by GDNF
is not attributable to local striatal effects

It is known from a variety of studies in adult animals of different
species that GDNF can induce sprouting of the dopaminergic
nigrostriatal system (Hudson et al., 1995; Tomac et al., 1995a;
Rosenblad et al., 1998; Kordower et al., 2000). We therefore con-
sidered the possibility that, rather than acting directly to suppress
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Figure 5. Intrastriatal injection of a polyclonal anti-GDNF neutralizing antibody induces
developmental cell death in DA neurons of the SN. A, At a maximal dose of 80 g, anti-GDNF
(n = 6) induces cell death ~2.5-fold at 24 hr after injection. At this dose, control affinity-
purified goat IgG (n = 6) is without effect. B, A dose—response analysis demonstrates that a
maximal effect is achieved at 40 g (n = 6); doses of 10 (n = 7) and 20 (n = 5) g have
intermediate effects. No effect was observed at a dose of 5 g (n = 6).
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Figure 6.
the SN. 4, A 20 g injection of antibody induces cell death approximately twofold at 24 hr after injection (anti-GDNF antibody, n =
7; 1gG control, n = 6). B, The control (CON) and experimental (EXP) sides of the SNpc of an animal injected with monoclonal
antibody (MAB212; R & D Systems) are shown in a section that has been THimmunoperoxidase stained to demonstrate DA neurons
and thionin counterstained to demonstrate apoptotic profiles (arrows). There is an induction of apoptosis on the injected side.

cell death in DA neurons via terminal binding and retrograde
transport, GDNF may instead be acting by an induction of
sprouting within DA axons, allowing their terminals to take up
more of some other trophic molecule. To assess this possibility,
we performed immunoperoxidase staining for tyrosine
hydroxylase-positive fibers within the striatum after GDNF and
control injections. These studies showed that, within the time-
frame of our analysis (1 d after injection), there was no apparent
induction of sprouting. A quantitative analysis of striatal optical
densities was performed on two sections within Paxinos—Watson
planes 9.2 or 9.7 for each of five animals in each of the three
conditions. This analysis revealed that there was no difference
among the groups or compared with the contralateral, nonin-
jected control sides: cytochrome ¢ control (C), 0.032 % 0.004
optical density units; cytochrome ¢ experimental (E), 0.030 =
0.004; BDNF C, 0.033 £ 0.003; BDNFE, 0.031 * 0.003; GDNF C,
0.032 = 0.003; GDNF E, 0.035 = 0.002. Representative sections
are shown in Figure 4.

We also considered the possibility that, rather than acting
directly on the dopaminergic neurons, GDNF may act to sup-
press natural cell death within the striatal target neurons. Such an
effect would permit augmentation of target, which may, in turn,
suppress natural cell death within DA neurons. An analysis of the
number of apoptotic profiles within the striatum after GDNF
injection showed no effect (injected, 2.5 = 0.6 apoptotic profiles;
noninjected, 1.9 = 0.5; n = 5). There was a trend for BDNF to

Intrastriatal injection of a mouse monoclonal anti-GDNF antibody induces developmental cell death in DA neurons of
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suppress natural cell death in striatum
(injected, 1.1 = 0.1; noninjected, 1.9 *
0.5), but this effect did not reach signifi-
cance (p = 0.08; ANOVA). In addition,
there was no effect of any of the injections
on the mean cross-sectional area of the
striatum.

Developmental cell death in SN DA
neurons is augmented by intrastriatal
injection of anti-GDNF neutralizing
antibodies

To determine whether endogenous stria-
tal GDNF may play a role in regulating the
magnitude of the natural cell death event
in SN DA neurons, we performed passive
immunization studies by injection of anti-
GDNF antibodies with proven in vitro
neutralizing ability. Assessed 24 hr after
intrastriatal injection, AB-212-NA (R & D
Systems) induced a twofold to threefold
increase in the levels of apoptotic profiles
in SN, identified by combined regional
and cellular criteria (Fig. 5). Dose-re-
sponse analysis indicated that a maximal
effect was achieved at 40 ug of anti-GDNF
IgG; doses of 10 and 20 ug had interme-
diate effects. Examination of the striatal
injection site revealed minimal and simi-
lar traumatic injury along the cannula
tract in both the anti-GDNF and the goat
IgG control conditions.

To confirm this effect, additional ex-
periments were performed with MAB212
(R & D Systems), a mouse monoclonal
with proven ability to neutralize GDNF
(Arce et al., 1998). Like AB-212-NA (R &
D Systems), MAB212 induced an approximate twofold increase
in apoptosis at a dose of 20 ug (Fig. 6).

We showed previously that developing SN DA neurons un-
dergo induction of apoptotic cell death if the striatal target is
lesioned up to P14 but not thereafter (Macaya et al., 1994; Kelly
and Burke, 1996). To determine whether there is a similar devel-
opmental time period during which these neurons are sensitive to
induction of death by intrastriatal injection of anti-GDNF anti-
body, we examined the effect of a maximal dose (40 ug) of AB-
212-NA at different times during development. This analysis
showed that the antibody was able to induce death at P2 and P7
but not at P14 or P21 (Fig. 7).

Discussion

In support of the hypothesis that GDNF is a limiting, striatal
target-derived neurotrophic factor for developing SN DA neu-
rons, we demonstrated that intrastriatal injection results in a re-
duction of natural cell death during the first major phase just after
birth. We showed that this effect is not attributable to two possi-
ble local striatal effects, either an induction of sprouting in dopa-
minergic fibers or a suppression of apoptosis in the striatal target.
On the basis of our previous quantitative analyses of the natural
cell death event in these neurons (Janec and Burke, 1993; Oo and
Burke, 1997), indicating that the prevalence of apoptotic profiles
is low even at the peaks of cell death, we anticipated that a con-
siderable number of animals would be required to demonstrate
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Figure 7.  The ability of anti-GDNF neutralizing antibodies to induce apoptosis in SN DA
neurons is developmentally dependent. A, Forty micrograms of anti-GDNF polyclonal antibody
were injected into the striatum of rats at the indicated ages, and they were killed the next day.
A significant induction of cell death was observed at P2 and P7 but not at P14 or P21.n = 12
animals were studied at each age; n = 6 received anti-GDNF; n = 6 received IgG control
injection. B, The magnitude of apoptosis induction, expressed as the difference between the
number of profiles on the anti-GDNF experimental (E) and the IgG noninjected control (C)
conditions, is plotted as a function of developmental age in relation to the known time course of
natural cell death in DA neurons (Oo and Burke, 1997). It can be seen that the maximal effect of
anti-GDNF occurs during the first phase of natural cell death at P2; during the second phase at
P14, there is no effect. E19, Embryonic day 19.

an effect, and this was borne out by a power analysis of pilot data.
The large number of animals required at this single dose pre-
cluded a detailed dose-response study, so we do not know the
minimal dose sufficient to demonstrate this effect. At the dose
used, it is not possible to be certain that effects of the injection are
restricted to striatal GFRal receptors, which are believed to be
primarily responsible for mediating physiologic GDNF effects in
vivo (Rosenthal, 1999). Given evidence that GDNF has an ability,
albeit limited, to compete with neurturin at GFRa2 binding sites
(Leitner et al., 1999), it is possible that the effect we observed may
be mediated, at least in part, by a neurturin-like effect. Like
GDNEF, neurturin mRNA is also expressed in the postnatal rat
striatum (Akerud et al., 1999), so it may also play a role in regu-
lation of natural cell death in DA neurons. We hypothesize that,
after intrastriatal injection, GDNF acts at dopaminergic termi-
nals and, after retrograde transport, acts at the neuron cell body
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to inhibit apoptosis, as envisioned by classic neurotrophic theory
(Barde, 1989).

To further explore a specific, direct role for GDNF and to
determine whether endogenous GDNF plays a role, we used a
passive immunization approach with neutralizing antibodies.
There are well established precedents for the use of this approach
to examine the physiologic roles of neurotrophic factors in the
CNS (Vantini et al., 1989; Giehl et al., 1998). Our experiments
demonstrated that local neutralization of GDNF within the stri-
atum results in an induction of cell death within DA neurons of
the SN. A dose—response analysis indicated that intermediate ef-
fects were observed with the polyclonal antibody at 10 and 20 ug,
whereas maximal effects were observed at 40 ug. A similar, ap-
proximately twofold level of induction was observed with the
monoclonal antibody at 20 ug. It is difficult to meaningfully
compare these doses with those used by others in similar experi-
ments because the relative affinities of the antibodies used are
unknown. Nevertheless, considered on a molar basis, our lowest
effective dose of the polyclonal, 10 g, is comparable with doses
used by Vantini et al. (1989) of Fab fragments. In addition, it
would be expected that IgG molecules, as we used, would have
much more limited diffusion capacity than Fab fragments, neces-
sitating a higher dose to achieve a biologic effect. The ability of
two different, specific neutralizing antibodies to GDNF to induce
natural cell death strongly suggests that endogenous GDNF, and
not some other GDNF family ligand, is regulating this cell death
event at the striatal level. Neither antibody cross-reacted with
other GDNF family ligands.

We showed previously that the first 2 postnatal weeks are a
critical period in the development of SN DA neurons. It is during
this period that their natural cell death event occurs (Janec and
Burke, 1993; Oo and Burke, 1997; Jackson-Lewis et al., 2000) and
that they appear to be most dependent on target interactions.
During the first 2 weeks, but not afterward, an axon-sparing ex-
citotoxic lesion of the target striatum induces the death event
(Macaya et al., 1994; Kelly and Burke, 1996). We therefore sought
to determine whether there would be a similar developmental
time course of sensitivity to blockade of GDNF signaling by pas-
sive immunization. These studies did reveal a critical develop-
mental window for this effect, but it was of shorter duration,
lasting only through P7. This result suggests that, if there contin-
ues to be a striatal target dependence between P7 and P14, it may
be on the basis of support by some other neurotrophic factor
besides GDNF. It is unlikely that the decreasing ability of the
anti-GDNF antibody to induce death is simply attributable to
growth of the striatum and a diminished ability to diffuse fully
into it. Fentress et al. (1981) have shown that, between P4 and P8,
the volume of the developing rat striatum increases only ~1.7-
fold, whereas our data would predict a threefold to fourfold de-
crease in the induction of cell death. In accord with our interpre-
tation that another target factor becomes critical during the
second postnatal week, there are precedents for a change in sup-
porting neurotrophic factors during development. For example,
patterns of neurotrophin expression evolve during development
to suggest a later role for BDNF (Maisonpierre et al., 1990).

Our studies show that GDNF now fulfills additional criteria
for a target-derived, limiting, neurotrophic factor for developing
SN DA neurons. It has been shown previously that its mRNA is
present, and most abundant, in the developing striatum (Schaar
et al., 1993; Stromberg et al.,, 1993; Blum and Weickert, 1995;
Choi-Lundberg and Bohn, 1995; Golden et al., 1999). GDNF
protein expression in striatum is also most abundant shortly after
birth (Lopez-Martin et al., 1999). The GDNF receptor GFRa1
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and the transmembrane tyrosine kinase Ret are both expressed in
SNpc (Treanor et al., 1996; Glazner et al., 1998; Yu et al., 1998).
GDNEF can be specifically transported retrograde from striatum
to SNpc (Tomac et al., 1995b). In vitro, in a postnatal culture
model established at the peak of natural cell death in DA neurons,
GDNEF is able to support viability by suppression of apoptosis
(Burke et al., 1998). We now show that GDNF meets two addi-
tional criteria in vivo. When injected into the striatum during the
first phase of the natural cell death event, it suppresses apoptosis,
and, when its biologic activity in the striatum is blocked by neu-
tralizing antibodies, it induces apoptosis. We therefore conclude
that the available evidence supports GDNF as the leading candi-
date for a target-derived neurotrophic factor for SN DA neurons.
This conclusion is supported by studies by Granholm et al. (2000)
using transplantation of GDNF null mouse mesencephalon into
the brain of adult wild-type mice, which demonstrated a depen-
dence of DA neurons on GDNF for their survival.

What additional criteria need to be fulfilled to convincingly
demonstrate that GDNF is a physiologic, target-derived neuro-
trophic factor for SN DA neurons? First, if it is such a factor, then
its overexpression in the striatal target throughout the period of
natural cell death should result in an augmented number of SN
DA neurons surviving into maturity. It is important to note that,
although single intrastriatal injections of GDNF had no effect on
the mature number of DA neurons (Beck et al., 1996), a single
injection probably does not have an adequate duration of effect
when one considers that the natural cell death period lasts 2
weeks. A transgenic approach, with regionally specific expression
in SN DA neuron targets, will be required to address this ques-
tion. Second, whereas our passive immunization data indicate
that a molecule such as GDNF is likely to be playing a role, it is
always possible, at the doses of antibody given, that there is cross-
reactivity and that some other related factor, but not GDNF, plays
the essential role. To address this question definitively for GDNF,
it will be essential to develop regionally selective and temporally
regulated null mutations that are compatible with postnatal
survival.
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