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Glial cell line-derived neurotrophic factor (GDNF) is one of the
most potent trophic factors that have been identified for mid-
brain dopamine (DA) neurons. Null mutations for trophic factor
genes have been used frequently for studies of the role of these
important proteins in brain development. One problem with
these studies has been that often only prenatal development
can be studied because many of the knockout strains, such as
those with GDNF null mutations, will die shortly after birth. In
this study, we looked at the continued fate of specific neuronal
phenotypes from trophic factor knockout mice beyond the time
that these animals die. By transplanting fetal neural tissues
from GDNF 2/2, GDNF 1/2, and wild-type (WT) mice into the
brain of adult wild-type mice, we demonstrate that the contin-

ued postnatal development of ventral midbrain dopamine neu-
rons is severely disturbed as a result of the GDNF null mutation.
Ventral midbrain grafts from 2/2 fetuses have markedly re-
duced DA neuron numbers and fiber outgrowth. Moreover, DA
neurons in such transplants can be “rescued” by immersion in
GDNF before grafting. These findings suggest that postnatal
survival and/or phenotypic expression of ventral mesence-
phalic DA neurons is dependent on GDNF. In addition, we
present here a strategy for studies of maturation and even
aging of tissues from trophic factor and other knockout animals
that do not survive past birth.
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Parkinson’s disease (PD) is characterized by a progressive de-
generation of midbrain dopaminergic (DA) substantia nigra neu-
rons and a subsequent loss of DA input to the caudate nucleus
and putamen (Bernheimer et al., 1973; Hornykiewicz and Kish,
1986). With the progression of the disease, the available pharma-
cotherapy, involving use of the dopamine precursor L-dopa, be-
comes less effective and also leads to significant side effects
(Hornykiewicz and Kish, 1986; Leenders et al., 1990). Therefore,
recent advances in this field have concentrated on neuroprotec-
tive therapy to rescue the dopamine neurons.

There are numerous indications from the literature that trophic
factors may rescue adult and developing neurons from degener-
ation. A factor from a glial cell line (rat B49) (Schubert et al.,
1974) was found to affect dopamine neurons in tissue culture
experiments and was cloned and termed glial cell line-derived
neurotrophic factor (GDNF) (Lin et al., 1993). The GDNF
family of growth factors also includes neurturin, persephin, and
artemin, which have seven conserved cysteine residues with sim-
ilar spacing, making them distant members of the transforming
growth factor-b (TGF-b) superfamily (Kotzbauer et al., 1996;
Creedon et al., 1997; Saarma and Sariola, 1999). GDNF can
promote survival and function of dopamine neurons in vivo, both

in the intact rat brain (Hudson et al., 1995) and in adult DA
neurons after nigrostriatal lesions (Hoffer et al., 1994; Bowen-
kamp et al., 1995; Hudson et al., 1995; Johansson et al., 1995;
Lindner et al., 1995; Tomac et al., 1995; Gash et al., 1996;
Granholm et al., 1997a,b). It has also been shown that GDNF is
secreted in the target (striatum) and transported retrogradely to
the DA cell bodies in the mesencephalon (Tomac et al., 1996). A
critical issue, however, is whether GDNF functions as an endog-
enous trophic factor, and this could best be examined by null-
mutation experiments.

In previous studies, we and others have described the early
development of GDNF knockout (2/2) mice, compared with
wild-type (WT, 1/1) siblings. Abnormalities were detected in
both peripheral and central noradrenergic neurons, whereas the
mesencephalic dopamine neurons remained intact (Moore et al.,
1996; Pichel et al., 1996; Sanchez et al., 1996; Granholm et al.,
1997a,b). However, these earlier studies were limited to fetal
development, because the GDNF 2/2 animals die at birth. The
major apoptotic waves for midbrain dopamine neurons occur at
postnatal day 2 (P2) and P14 in the mouse (Oo and Burke, 1997),
and therefore the full effect of the null-mutation may only be seen
after this time point.

We therefore designed an experiment in which maturation of
dopamine neurons from GDNF 2/2 fetuses could be studied for
long time periods postnatally. Intracranial transplantation of fetal
dopamine neurons from the ventral mesencephalon (VM) of
GDNF 2/2, GDNF1/2, or WT fetuses into the dopamine-
denervated striatum of adult WT mice was performed. These
intracranial transplants of GDNF 2/2, 1/2, and WT dopamine
neurons into an adult WT environment would allow us to deter-
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mine the specific role of GDNF for dopamine neuron develop-
ment at the time of target innervation.

MATERIALS AND METHODS
Animals. A nonfunctional allele of the GDNF gene was generated by
replacing part of the third exon that encodes GDNF protein with a
cassette expressing the selectable marker neomycin phosphotransferase,
as described previously in detail (Pichel et al., 1996; Granholm et al.,
1997a,b). After introducing this construct into embryonic stem cells, six
clones were identified with the predicted mutant allele. CD1 or C57BL/6
recipient strains were used to obtain germline transmission of the tar-
geted allele. Four clones produced chimeric mice that transmitted the
mutation to their progeny. Heterozygous offspring were viable and fer-
tile, whereas mice homozygous for the mutant GDNF allele (GDNF
2/2) died within 24 hr of birth.

Fetal donors of embryonic day 14–15 (E14–15) were obtained from
heterozygous dams and mated to heterozygous males, and the mediolat-
eral section of the VM was dissected and transplanted into adult WT
mice. Four weeks before transplantation, the adult recipient mice re-
ceived daily injections of the DA toxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP, Research Biochemicals International), 30
mg z kg 21 z d 21 intraperitoneally for 4 consecutive days as described
previously (Tomac et al., 1995), giving rise to a significant decrease in
striatal dopamine levels to allow identification of grafted DA elements.
The fetal VM tissue from GDNF2/2, 1/2, and 1/1 fetuses was
transplanted intracranially into the dorsal striatum, as described in pre-
vious protocols (Strömberg et al., 1985; Granholm et al., 1997a,b).
Pregnant heterozygous mice were anesthetized with an overdose of
metophane and decapitated, whereafter the entire uterus was removed
and placed on ice. The crown-rump length (CRL) was used for determi-
nation of embryonic stage. A tail sample was dissected from each fetus,
and the kidneys were examined by blunt dissection from the dorsal spine.
As shown previously, all GDNF 2/2 fetuses lacked kidneys, and the
heterozygotes had developmental abnormalities in at least one kidney.
The tail sample was kept on ice until all dissections had been performed,
and thereafter DNA was extracted for genotyping (see below). Fetal VM
tissues from 13 WT, 25 heterozygous, and 19 GDNF 2/2 fetuses at
E14–15 were grafted bilaterally to the striatum in 31 MPTP lesioned
mice, so that each recipient contained one type of graft on one side and
a second type of transplant contralaterally. Grafts of ventral mesenceph-
alon from three WT, three heterozygote, and four GDNF 2/2 fetuses
were immersed in human recombinant GDNF (6 nM) in PBS, or PBS
alone, for 30 min before grafting. The VM area from one hemisphere
was immersed in GDNF, and VM tissues from the opposite hemisphere
of the same fetus always served as a vehicle-treated control. Transplants
were placed at the following coordinates: 1.0 mm anterior of Bregma, 1.5
mm lateral, and 5 mm deep [see the stereotaxic mouse atlas by Franklin
and Paxinos (1997)]. The stereotaxic needle was placed at the coordi-
nates described and was then retracted 0.5 mm before injection of the
transplanted tissue. The burr hole was covered with bone wax, and the
skin overlying the injection site was sutured and washed with iodine and
70% ethanol. All procedures were approved by the local animal care and
use committee and adhered to the standard National Institutes of Health
protocols for animal use.

PCR genotyping. Genomic DNA was prepared from a 1 cm tail cutting
of fetal mice and graft recipients. The tail was homogenized in 0.2 M
NaCl, 5 mM EDTA, 100 mM Tris, pH 8.5, 0.2% SDS, and 400 mg/ml
proteinase K overnight at 55°C. The suspension was then centrifuged to
remove debris, and the DNA in the supernatant was precipitated with 1
vol of isopropanol, pelleted, washed once with 70% ethanol, and resus-
pended in 20 ml sterile water. The DNA was assayed for the presence of
the GDNF wild-type or knock-out allele in two separate PCR reactions
using GDNF wild-type- or knock-out-specific primers. PCR was per-
formed in a total reaction volume of 50 ml, which contained 2 ml of
genomic DNA, 2 mM of each primer, 5 mM MgCl2, 200 mM each dATP,
dGTP, dCTP, and dTTP, and 1 U Taq polymerase. The genomic DNA
was amplified for a total of 35 cycles, and the products were analyzed for
the presence of the WT or GDNF 2/2 allele on a 1.5% agarose gel.
Amplification of the WT allele gives a band of 344 bp, whereas the
mutant allele gives a band of 255 bp (Pichel et al., 1996).

Immunocytochemistry. Transplants were studied at 8 weeks after graft-
ing, when the recipient mice were killed and processed for tyrosine
hydroxylase (TH) immunohistochemistry of graft and host brain tissue.
Mice with intracranial grafts were deeply anesthetized with chloral
hydrate (600 mg/kg, i.p.) and perfused transcardially with 0.9% NaCl

followed by 4% paraformaldehyde and 2% picric acid in 0.1 M PBS.
Brains were removed and post-fixed for 24 hr, then transferred to 30%
sucrose in 0.1 M PBS for a minimum of 16 hr. Sections from host striatum
and midbrain were prepared and processed for TH immunohistochem-
istry according to our standard protocols (Granholm et al., 1997a,b).
Controls included sections incubated in the absence of primary or
secondary antibody as well as preincubation with the appropriate anti-
gen. To control for intergroup staining variability, all steps of the immu-
nohistochemical staining, including the DAB reaction, were performed
in the same solutions and times for all groups using tissue wells with
plastic mesh bottoms on an orbital shaker table. Cresyl violet staining was
performed on every sixth section throughout the transplants to verify the
graft placement sites and extension.

Image analysis of cells per section and TH staining intensity. Image
analysis of innervation staining density and number of cells per section
was performed on every sixth section throughout the intracranial grafts
using the NIH Image analysis program. Because systematic random
sampling using standard stereological techniques requires a total sam-
pling number of ;150–300 cells per animal to achieve reliable total cell
number estimations and an adequate coefficient of error (Gundersen et
al., 1988), we were not able to perform the optical fractionator method
for total cell counts in the present study. As can be seen in Results, most
transplants from GDNF 2/2 fetuses contained a total of only one to five
cells in each section, which was not sufficient for stereological measure-
ments. Instead, we used a standardized counting grid and the NIH Image
software and estimated cells per section as well as density of TH immu-
nostaining in an area of 1 mm surrounding each transplant /host inter-
face. The image analysis measurements were performed blindly by two
independent investigators from which means were then established. Im-
age is written using Think Pascal from Symantec Corporation, and the
complete source code is freely available. Image can be used to measure
area and average gray value, as well as path lengths and angles of cellular
components. Spatial calibration is supported to provide real world area
and length measurements. Density calibration was performed against an
optical density calibration curve that takes into account and subtracts the
background from each section that is measured. The gray scale value is
within the range of 0–256, where 0 represents white. The first, most
rostral section of the transplant was selected randomly for each animal,
and thereafter, every sixth section was stained for TH immunohisto-
chemistry, as described above, throughout the entire intracranial trans-
plant. Because the sections were 30 mm in thickness, this rendered a
sample distance of .150 mm to ensure that no neuron was counted twice.
To further ensure that treatments were equal among the different groups,
sections from all groups were processed together simultaneously as
described above. An additional level of control for variability is provided
by the fact that transplants from different groups were placed on opposite
sides of the same WT host brain, allowing evaluation of staining density
and cell number to be performed for two different groups and treatments
on the same section of host brain. Staining density measurements re-
vealed that background staining was within five staining units from each
other in each group, further supporting equal treatment during staining.
Only cells that exhibited a visible nucleus and at least two processes were
characterized as TH-immunoreactive neurons. Statistical analyses were
performed using Statview and ANOVAs with Scheffé’s post hoc analysis.

RESULTS
Grafts to MPTP-treated host animals
Host WT animals given MPTP showed a profound loss of TH
immunoreactivity from the VM cell body area (Fig. 1A) as well as
the target striatum area (Fig. 1C), compared with saline-injected
WT controls (Fig. 1B,D). Some TH-positive neurons were still
present in MPTP-treated substantia nigra, but there was .50%
loss of nigral cell bodies with the treatment, and a 60–80% loss of
TH immunoreactivity in the striatum (Fig. 1C, D). This level of
dopamine denervation in the striatum agrees with previous stud-
ies using a similar dosing regimen (Tomac et al., 1995).

Most intracranial transplants were placed in the medial portion
of the striatum or medially in the lateral septal nucleus or the
accumbens (Fig. 1E,F). In some cases (Fig. 1F), the transplanted
tissue resided in the lateral ventricle. There was no difference
between the transplant groups in terms of placement of the
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transplants in the brain. However, the wild-type grafts grew on
average twice as much as the grafts from GDNF 2/2 donors to
reach a greater final size, regardless of placement in the brain. It
was sometimes difficult to discern the border between graft and
host, because the grafted tissue was well integrated with the host
brain 8 weeks after grafting. As can be seen in Figure 1, E and F,
the wild-type transplants contained both large neurons and
smaller cells, presumably glial cells (Fig. 1F). Cresyl violet-
stained sections, combined with TH sections shown in Figures
2-5, revealed that the wild-type transplants contained many cells
that were not DA. The tissue from GDNF 2/2 donors, on the
other hand, appeared to contain numerous macrophages and glial
cells (Fig. 1E) and very few large neuron-like cells. Preliminary
studies have demonstrated a significant amount of TUNEL-
labeled cells in these transplants (Granholm et al., 1998), suggest-
ing that programmed cell death may be quite prevalent in the
GDNF 2/2 tissue after grafting to adult wild-type hosts.

TH immunohistochemistry was performed on intracranial
transplants 8 weeks after grafting to determine the extent of
dopamine neuron cell bodies and host brain innervation from the
different grafts. The VM transplants from WT fetuses (Fig. 2A,B,
wt) exhibited a dense plexus of TH-immunoreactive cell bodies
and neurites within the grafted tissue, whereas transplants from
heterozygous hosts (1/2) contained a medium density of TH-
positive cells (Fig. 2C, D). Only a sparse number of TH-positive
neurons could be found in the VM grafts from GDNF2/2 tissue
(Fig. 2E,F), as compared with grafts from WT fetuses. Of the 19
GDNF 2/2 transplants performed, only 14 contained identifi-
able transplanted tissue at all, and of these 14 transplants only 4
contained any TH-immunoreactive neurons whatsoever. This
contrasts with robust growth and DA neuron survival in 11 of the
13 wild-type transplants. As shown in Figure 2, this marked
reduction in TH-immunoreactive cell bodies was coupled with a
paucity of TH-positive nerve cell processes, both within 2/2

Figure 1. A, B, Tyrosine hydroxylase (TH) immunohistochem-
istry on sections from mouse midbrain; C, D, TH staining from
the striatum of adult mice. The average TH staining pattern in
mice that have been lesioned with MPTP (A, C) compared with
the staining pattern seen in an intact adult wild-type mouse (B,
D) is demonstrated in this figure. Note the sparse distribution of
TH-positive neurons in the MPTP-treated substantia nigra (A)
and striatum (C), compared with the nontreated control (B, D).
E and F represent two transplants from a GDNF 2/2 donor (E)
and a wild-type donor ( F) at 8 weeks after grafting. These cresyl
violet-stained sections demonstrate the most common place-
ment of the transplants as well as the relative size of the two
graft types (transplants from wild-type donors were on average
twice as large as transplants from GDNF 2/2 fetuses). Arrows,
Graft /host border; Str, striatum; cc, corpus callosum; tp, trans-
plant; lv, lateral ventricle. Scale bar (shown in F ): A, B, 50 mm;
C–F, 100 mm.
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grafts and in the surrounding host brain, whereas both heterozy-
gous (Fig. 2C, D) and WT (Fig. 2A,B) grafts exhibited a dense
plexus of fibers innervating the surrounding host brain. Morpho-
logical assessment suggested that there was a .80% overall re-
duction of TH-stained neuronal cell bodies in the grafts from
GDNF2/2 animals, compared with transplants from WT donor
tissue (Fig. 2).

Image analysis measurements revealed significant differences
in the number of TH-immunoreactive neurons per section be-
tween the transplant groups (Fig. 3). The fewest cells per section
are seen in the GDNF 2/2 group (a mean value of 4 6 2.6 cells
per section; n 5 6). An intermediate number is found in 1/2
grafts (mean 31 6 5 cells per section; n 5 7), and the highest

number is observed in the transplants from WT fetuses (mean
value per section 77 6 7; n 5 3). Statistical analysis using
ANOVA revealed a significant difference at the level of p , 0.001
among all groups, except for that between the GDNF 2/2 and
the heterozygous grafts, where there was a significant difference
at a level of p , 0.01 (ANOVA with Scheffé’s post hoc analysis).
The staining intensity of TH immunoreactivity was also assessed
with the same image analysis system (see details in Materials and
Methods section), estimating the staining intensity subtracted
from background on a calibrated gray scale where 0 5 white and
256 5 black in a 1 mm rim surrounding the graft /host interface.
The values for these density measurements are shown in Figure 3
as well. There were significant reductions in the mean TH stain-

Figure 2. TH immunocytochemistry of grafts from WT
(A, B), GDNF 1/2 (C, D), and GDNF 2/2 (E, F ) donors. D
and F are larger magnifications of the grafts shown in C and E,
respectively, whereas B represents a high magnification of a
wild-type graft other than the one seen in A. Arrows delineate
grafts, and the magnified areas are demarcated with corners in
C and E. Note the much greater TH-immunoreactive cell
numbers and fiber outgrowth in WT compared with 2/2
grafts, which were virtually devoid of TH-positive neurons and
neurites and, additionally, contained a large number of mac-
rophages. The 1/2 grafts had an intermediate number of
TH-positive cells and fibers. Scale bar (shown in F ): A, 70 mm;
C, E, 100 mm; B, D, F, 30 mm.
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ing density in the transplants from GDNF 2/2 grafts (mean
staining density was 11 6 3; n 5 6; SEM). The mean staining
density for heterozygous grafts was 65 6 13 (n 5 7; SEM), and for
WT grafts it was 74 6 2.5 (n 5 3; SEM). ANOVA analysis with
Scheffé’s post hoc test revealed a significant difference between
WT and GDNF 2/2 grafts ( p , 0.01) as well as between GDNF
2/2 grafts and heterozygous grafts ( p , 0.01). Despite the fact
that the heterozygous grafts contained significantly fewer cells
than the WT grafts (Fig. 3), the staining density for TH did not
differ between heterozygous and WT grafts.

Effects of GDNF exposure
To determine whether the changes in GDNF 2/2 transplant DA
neuron survival was caused by the lack of GDNF or by secondary
factors in the fetus, WT and 2/2 grafts (n 5 4) were treated by
immersion in GDNF solution (6 nM for 30 min) before transplan-
tation. We have demonstrated previously that GDNF immersion
before transplantation results in increased cell survival and fiber
outgrowth from rat fetal VM tissue into the adult rat (Granholm
et al., 1997a,b), and we found a similar effect on the fetal mouse
WT grafts to the adult brain in the present study (Fig. 4A–D).

Both the overall appearance and the fiber density were enhanced
in WT grafts treated with GDNF (Fig. 4A,B), compared with
WT grafts without GDNF pretreatment (Fig. 4C, D). A more
dramatic difference, however, was observed in GDNF 2/2 tissue
treated with GDNF before transplantation to adult WT host. The
number of TH-immunoreactive nerve cells per section, as well as
fiber outgrowth in the graft /host border, was markedly increased
by GDNF exposure when studied at the 8 week time point (Figs.
3, 5). Figure 5A depicts a section of an MPTP-treated mouse
brain containing a GDNF 2/2 transplant without GDNF treat-
ment (lef t) and contralateral to this graft, a GDNF 2/2 graft
treated with GDNF (right). Note the marked alteration in size,
staining, and fiber growth after GDNF treatment of the graft.
The fetal VM tissue originated from the same fetus in both cases.
Morphological assessment suggested that GDNF pretreatment
normalized the appearance of TH immunoreactivity in GDNF
2/2 grafts (Fig. 5). The mean cell number per section of GDNF-
treated 2/2 grafts was not statistically significant from that seen
in transplants from WT donors (Fig. 3) (mean value 83 6 5; n 5
3; SEM), and the mean staining intensity with TH antibodies was
also similar to that seen in WT hosts (mean value 78 6 12; n 5
3; SEM). However, both of these values differed significantly from
the mean values seen in the GDNF 2/2 transplants that were not
treated with GDNF ( p , 0.001) (Fig. 3).

DISCUSSION
In this study we used intrastriatal grafts of fetal VM tissue to the
striatum of adult wild-type mice and found that GDNF is re-
quired for postnatal maturation of midbrain DA neurons. Grafts
from 2/2 fetuses showed little or no DA neuron survival and
fiber outgrowth. Moreover, the DA phenotype in such tissue
could be restored by immersion in GDNF before grafting, and
this treatment gave rise to cell densities and innervation densities
that were not different from those observed in transplants from
WT donors. This study also presents a unique method for eval-
uating continued development and innervation properties of a
neuronal population that would otherwise die at birth because of
peripheral side effects of the null mutation.

The question arises as to why the absence of GDNF in early
fetal development leads to postnatal loss of DA cells in
GDNF2/2 transplants to adult wild-type hosts when the DA
neurons appear normal in the null mutation in newborn animals
(Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996). In
this context, it is important to remember that GDNF is present in
the nigrostriatal pathway during prenatal and early postnatal
development but is virtually absent in the adult CNS (Strömberg
et al., 1993). Thus, the grafted fetal dopamine cells did not have
a source for GDNF in the adult striatal environment to which
they were grafted. One possibility is that locally synthesized and
secreted GDNF in the WT graft, and to a lesser extent in the
heterozygotes, regulates the degree of apoptosis and postnatal
DA neuron survival. The absence of GDNF in the GDNF2/2
transplant would lead to increased apoptosis and minimal sur-
vival. The “rescue” of DA neurons by acute GDNF exposure in
2/2 tissue at E14–15, before grafting, could be attributable to
the relatively high concentrations of GDNF used for immersion,
almost 100-fold greater than the ED50 for receptor binding. The
ED50 for the interaction of GDNF with the GFRa-1 receptor has
been found to be 40–60 pM (Jing et al., 1996; Treanor et al.,
1996). Another factor could be the relatively long half-life of
GDNF in CNS tissue. The half-life of GDNF injected into brain
has been estimated at 3–4 d, and after intracerebroventricular

Figure 3. Bar graph depicting both the number of TH-positive cells per
section (lef t) and the staining intensity in a 1 mm halo surrounding the
graft /host border (right). The staining intensity (right graph) is expressed
as a mean value subtracted from background on a standardized gray scale
ranging from 0 (white) to 256 (black). The lef t graph depicts the mean
number of neurons per section from transplants in the different groups.
The group legends are depicted underneath the graph. As can be seen
from this bar graph, transplants from GDNF 2/2 fetuses contained
significantly fewer TH-positive neurons than the other groups and also
had a marked decrease in the TH staining intensity surrounding the
graft /host border (right). Only four transplants of 2/2 tissue contained
any TH-positive neurons. However, GDNF 2/2 transplants treated with
GDNF in the preincubation buffer (striped bars) did not differ from WT
controls, either in number of cells per section or in staining density. Thus,
GDNF treatment appeared to normalize these two parameters of dopa-
mine cell survival in the 2/2 grafts. Heterozygous grafts (Hetero) con-
tained fewer mean cells per section than the WT controls, but the
innervation density was similar. Statistical results were obtained with
ANOVA and Scheffé’s post hoc analysis. **p , 0.01; ***p , 0.001.
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injection, GDNF is present in brain for at least 7 d (Lapchak et
al., 1997). In this context, GDNF could function as an autocrine
or paracrine molecule. In addition, it has been shown (Hudson et
al., 1995) that the effects of GDNF on midbrain DA neurons last
for at least 3 weeks after a single intracranial injection in vivo so
that acute pretreatment with this protein could also manifest the
extended effects on the tissue grafts reported here. Thus, a single
pretreatment with the trophic molecule at the time of grafting
would extend its effects well beyond the critical time for cell
survival of grafted dopamine neurons, which has been deter-
mined to extend 2 weeks after grafting (Mahalik et al., 1994;
Kaddis et al., 1996; Clarkson et al., 1997).

Alternatively, it may be postulated that GDNF in the mid–late
fetal period influences an as yet unknown process that determines
the subsequent degree of apoptosis 2–4 weeks later. The time
course of midbrain DA neuron apoptosis in the developing rat has
been studied in detail (Oo and Burke, 1997), with two peaks
occurring at P2 and P14. This would correspond to 1 week and 3
weeks after grafting, respectively, in the present study. It has also
been demonstrated that apoptosis is present in VM dopamine
neuron transplants and occurs at similar times as those in situ
(Mahalik et al., 1994; Zawada et al., 1998; Schierle et al., 1999).
The extent of apoptosis in many central and peripheral neuronal
populations, including midbrain DA neurons, depends on target
innervation and/or trophic factor exposure. (Kelly and Burke,

1996; Haviv et al., 1997; Marti et al., 1997). Because GDNF has
been demonstrated to be a target-derived trophic factor (Ström-
berg et al., 1993; Tomac et al., 1995), it is more likely to exert
survival-promoting activity on DA neurons during the time of
target innervation rather than during earlier fetal development,
when phenotypic differentiation occurs (Marti et al., 1997). In-
deed, in situ hybridization studies have shown prominent GDNF
mRNA expression in striatum during the first 2 postnatal weeks
in the rat, the time during which connectivity between dopamine
afferent fibers and striatal neurons develops in this species, and
also the time period when the major apoptotic events occur in
these neurons (Strömberg et al., 1993; Marti et al., 1997; Oo and
Burke, 1997). Supporting the hypothesis of GDNF as a survival
factor for dopamine neurons, we have recently shown that com-
bined treatment with GDNF and caspase inhibitors enhances DA
cell survival and fiber outgrowth in fetal VM grafts from normal
fetal rat donors into the anterior eye chamber of adult rats
(Granholm et al., 1999). The present findings suggest that GDNF
may also act as a survival factor for dopamine neurons in the
mouse. An important question that arises from the present stud-
ies is whether the GDNF null mutation gives rise to a general cell
death within the grafted tissue or whether this occurs exclusively
in the neurons of DA phenotype. Preliminary results from our lab
indicate that both striatal and hippocampal tissues from fetal
GDNF knockout donors survive well when grafted to the adult

Figure 4. Effects of 6 nM GDNF pretreatment on WT grafts
shown by TH immunocytochemistry. Arrows delineate trans-
plants. A, B, WT grafts after GDNF pretreatment. C, D, WT
grafts without GDNF pretreatment. The areas shown in higher
magnification (B, D) are outlined with corner markers in A and
C. Note the increased TH cell survival and fiber outgrowth after
GDNF exposure, even in wild-type grafts. Scale bar (shown in
D): A, C, 100 mm; B, D, 40 mm.
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WT mouse host, whereas grafted central noradrenergic and DA
neurons do not. Thus, the effect of the GDNF null mutation on
DA neurons does not seem to be a general cell death effect per se
but a more specific influence that alters the survival of certain
neuronal phenotypes in the brain.

Our studies also have implications for the pharmacotherapy of
PD. Despite a wealth of research in this area, the triggering
mechanisms underlying the slow degeneration of the dopamine
neurons are still largely unknown. Some recent hypotheses are
that PD is caused by initial mitochondrial oxidative dysfunction
resulting in premature apoptosis or loss of phenotype in the DA
population, accumulation of reactive oxygen species, deficient
trophic factors and/or cytokines, or a combination of all of these
events (Fahn and Cohen, 1992; Ruberg et al., 1997). It has been
suggested that the initial stages in Parkinson’s disease may in-
volve a loss of the DA terminal fields in caudate and putamen.
Such a decrease in target innervation, coupled with metabolic
injury and low levels of trophic factors in the adult brain, could
lead to increased midbrain DA neuron cell death or phenotypic

loss. Exogenous administration of trophic molecules like GDNF
might slow this process and increase the window of efficacy for
more conventional pharmacotherapy.
In conclusion, we have studied the maturation of central dopa-
mine neurons from GDNF 2/2, 1/2, and WT sibling mice
grafted into the brain of adult MPTP-lesioned WT animals. This
approach allowed us to evaluate the effects of a lack of a trophic
factor in a discrete neuronal population and how this relates to
normal neuronal development and target innervation. These
studies provide a method in which the continued development
and maturation of neuronal pathways from trophic factor knock-
out strains may be studied many months beyond the life cycle of
the knockout mouse. Previously, it has not been possible to study
these processes, because the neurotrophic factor knockout mice
often die shortly after birth (Granholm and Hoffer, 1999). Our
findings strongly suggest that GDNF may be critical for the
long-term survival of VM dopamine neurons, especially with
altered target innervation. It is possible that the fetal dopamine
neurons from the GDNF 2/2 donors would have survived better

Figure 5. Effects of 6 nM GDNF pretreatment on 2/2 grafts shown
by TH immunocytochemistry. A, Low-power photomicrograph
showing 2/2 transplants without GDNF immersion (lef t graf t) and
with GDNF immersion (right graf t) within the same brain. B, C,
GDNF 2/2 grafts with GDNF pretreatment. D, E, GDNF 2/2
grafts without GDNF pretreatment. The areas shown at higher
magnification in C and E are outlined with corner markers in B and
D, respectively. Note markedly increased numbers of TH-positive
cells as well as fiber outgrowth after GDNF pretreatment. The 2/2
transplant pretreated with vehicle was virtually devoid of TH-
positive cells and fiber outgrowth. The sparse plexus of TH-
immunoreactive neurites in the striatum of the host in D and E most
likely originates from spared innervation from the host nigra, be-
cause MPTP produces only a partial dopamine denervation in mice.
The GDNF 2/2 transplant shown in D and E contained numerous
larger cells reminiscent of macrophages (D, bottom arrow). Arrows
delineate transplants. Scale bar in (shown in E): A, 200 mm; B, 100
mm; D, 65 mm; C, E, 40 mm.

3188 J. Neurosci., May 1, 2000, 20(9):3182–3190 Granholm et al. • GDNF and DA Neuron Development



if grafted in a neonatal wild-type mouse, where fairly high quan-
tities of GDNF are still produced in the striatum, rather than the
adult recipients used here. However, transplantation into the
mouse brain is technically difficult, and the transplantation sur-
gery would not have been as consistent using neonatal recipients.

One obvious question that arises from these studies is whether
GDNF only aids in the survival of damaged neurons, such as
occurs during the dissection of fetal tissue or after neurotoxic
lesions, or if it has a significant role in the normal development of
the dopamine neurons as well. The experimental model pre-
sented here would not directly answer this question because the
transplanted neurons undergo axotomy when they are dissected,
but in situ hybridization studies have shown high levels of GDNF
in the fetal and early postnatal striatum, suggesting a role for this
trophic factor during normal development (Schaar et al., 1993;
Choi-Lundberg et al., 1995; Nosrat et al., 1996). Although the
grafted neurons may be damaged at the time of grafting, surviv-
ing neurons soon regain their developmental schedule and be-
come completely integrated and develop functional synapses with
the host to which they are grafted (Mahalik et al., 1989).

Finally, using the method described herein, it is possible to
determine the specific role of a trophic factor for long-term target
innervation and functional integration in the adult brain, and it is
also possible to rule out adaptive mechanisms occurring in many
of the developmental defects incurred by targeted gene deletion
experiments. Thus, transplantation of trophic factor knockout
tissue and replacement therapy represents a powerful and novel
technique for further evaluating specific biological mechanisms of
neural development and maintenance.
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Strömberg I, Hoffer B, Olson L (1996) Cellular expression of GDNF
mRNA predicts multiple functions in and outside the nervous system.
Cell Tissue Res 286:191–207.

Oo TF, Burke RE (1997) The time course of developmental cell death in
phenotypically defined DA neurons of the substantia nigra. Brain Res
Dev Brain Res 98:191–196.

Pichel JG, Shen L, Sheng HZ, Granholm A-C, Drago J, Grinberg A, Lee
EJ, Huang SP, Saarma M, Hoffer BJ, Sariola H, Westphal H (1996)
Defects in enteric innervation and kidney development in mice lacking
GDNF Nature 382:73–76.

Ruberg M, Brugg B, Prigent A, Hirsch E, Brice A, Agid Y (1997) Is
differential regulation of mitochondrial transcripts in Parkinson’s dis-
ease related to apoptosis? J Neurochem 68:2098–2110.

Saarma M, Sariola H (1999) Other neurotrophic factors: glial cell line-
derived neurotrophic factor (GDNF). Microsc Res Tech 45:292–302.

Sanchez MP, Silos-Santiago I, Frisen J, He B, Lira SA, Barbacid M
(1996) Renal agensis and the absence of enteric neurons in mice
lacking GDNF. Nature 382:70–73.

Schaar DG, Sieber BA, Dreyfus CF, Black IB (1993) Regional and cell-
specific expression of GDNF in rat brain. Exp Neurol 124:368–371.

Schierle GS, Hansson O, Leist M, Nicotera P, Widner H, Brundin P
(1999) Caspase inhibition reduces apoptosis and increases survival of
nigral transplants. Nat Med 5:97–100.

Schubert D, Heinemann S, Carlisle W, Tarikas H, Kimes B, Patrick J,

Steinbach JH, Culp W, Brandt BL (1974) Clonal cell lines from the rat
central nervous system. Nature 249:224–227.
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