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GDNF: A Potent Survival Factor for Motoneurons
Present in Peripheral Nerve and Muscle

Christopher E. Henderson, Heidi S. Phillips, Richard A. Pollock,
Alun M. Davies, Corinne Lemeulle, Mark Armanini,
Lora C. Simpson, Barbara Moffet, Richard A. Vandlen,
Vassilis E. Koliatsos,* Arnon Rosenthal*t

For survival, embryonic motoneurons in vertebrates depend on as yet undefined neuro-
trophic factors present in the limb bud. Members of the neurotrophin family are currently
the best candidates for such neurotrophic factors, but inactivation of their receptor genes
leads to only partial loss of motoneurons, which suggests that other factors are involved.
Glial cell line—derived neurotrophic factor (GDNF), originally identified as a trophic factor
specific for dopaminergic neurons, was found to be 75-fold more potent than the neu-
rotrophins in supporting the survival of purified embryonic rat motoneurons in culture.
GDNF messenger RNA was found in the immediate vicinity of motoneurons during the
period of cell death in development. In vivo, GDNF rescues and prevents the atrophy of
facial motoneurons that have been deprived of target-derived survival factors by axotomy.
GDNF may therefore be a physiological trophic factor for spinal motoneurons. Its potency
and specificity in vitro and in vivo also make it a good candidate for treatment of mo-

toneuron disease.

The survival of developing motoneurons
depends on trophic factors derived from
their target, the limb bud, and from in the
central nervous system (1). The best can-
didates for physiological motoneuron tro-
phic factors are currently the neurotro-
phins brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5): These mole-
cules are the most potent survival factors
known for motoneurons in vitro and in
vivo, are expressed in muscle during nat-
urally occurring motoneuron cell death,
and can be retrogradely transported by
motoneurons (2—4). Moreover, mice in
which TrkB and TrkC (the high-affinity
receptors for these factors) are inactivated
show a 30% loss of spinal motoneurons
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and 70% loss of facial motoneurons (5) at
the end of fetal development, which sug-
gests that at least a subpopulation of mo-
toneurons requires neurotrophins to sur-
vive. However, the incomplete motoneu-
ron loss in the null-mutant mice suggests
that some motoneurons have access to
other survival-promoting molecules. We
therefore searched for additional factors
that might act specifically on motoneu-
rons. GDNF, a distant member of the
transforming growth factor-f family, was
recently purified from the supernatant of
the B49 glial cell line. It has potent effects
on the survival and maturation of cultured
dopaminergic neurons from rat embryonic
midbrain and is expressed in the embryon-
ic striatum and other neuronal structures
(6).

To determine the effect of GDNF on
motoneurons, we prepared enriched cul-
tures from embryonic day 14 (E14) rat
spinal cord by a combination of metriz-
amide density gradient centrifugation and
“immunopanning” (adhesion to plates
coated with antibodies) with a specific
antibody to p75NCfR (where NGFR is the
nerve growth factor receptor) (4, 7). In
these cultures, 93 = 3% (mean = SEM; n
= 4) of the cells were typical motoneu-
rons. They were large and multipolar and
were stained by antibodies to the mo-
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toneuron-specific homeoprotein Islet-1
(8) (Fig. 1A). The remaining cells (~7%)
were smaller, did not stain for Islet-1, and
were excluded from the cell counts. As
reported (4, 9), a subpopulation of Islet-
1—positive motoneurons (33.4 * 0.6%; n
= 5) does not require trophic support
other than that provided by basal culture
medium. However, most motoneurons
(~67%) are dependent on trophic factors
and require muscle extract for survival (4).
We tested the ability of recombinant rat
GDNF to support the muscle-dependent
motoneuron population. Purified mo-
toneurons were seeded at low density in
the presence of serial dilutions of GDNF
(Fig. 1B). After 55 hours in culture, mo-
toneuron survival increased in a dose-de-
pendent manner with a median effective
concentration (ECs) of 0.2 = 0.1 pg/ml
(n = 3), equivalent to 7 fM GDNF dimer.
Concentrations above 10 pg/ml were sat-
urating, and 88.8 * 4.1% (n = 4) of viable
motoneurons were maintained (10).

We compared the potency of GDNF to
that of other factors with motoneuron sur-
vival activity. Dose-response analysis
demonstrated that in this in vitro assay,
GDNEF is 75-, 650-, and 2500-fold more
potent than recombinant rat BDNF, rat
ciliary neurotrophic factor (CNTF), and
human cholinergic differentiation factor—
leukemia inhibitory factor (CDF-LIF), re-
spectively. The ECs, values for the other
factors (BDNF, CNTF, and CDF-LIF)
were similar to those reported (4, 9, 11);
the rank order of potency presented here is
thus not a function of the culture system
used. GDNF also had the highest efficacy
in supporting motoneuron survival. Ex-
pressed relative to the value of the optimal
concentration of BDNF (defined as
100%), GDNF caused 115 = 8% (n = 5),
CNTF 51 * 7% (n = 4), and CDF-LIF 44
+ 6% (n = 4) of the motoneurons to
survive. Furthermore, no additive effect
was apparent, even when all factors were
combined. These findings demonstrate
that GDNF is the most potent survival
factor for motoneurons identified so far
and suggest that GDNF and BDNF each
support essentially all motoneurons puri-
fied by immunopanning, whereas CNTF
and CDF-LIF act on only approximately
half of the same population (9, 11).

In contrast to the neurotrophins,
GDNF had no effect on the survival of
peripheral sensory neurons from the E15
nodose, E15 trigeminal, or E18 trigeminal
ganglia or of E18 sympathetic neurons.
Among those, the only responsive neurons
were from a subpopulation of the E18
nodose neurons that also respond to
BDNEF (Table 1). The neurotrophic effects
of GDNF at the periphery are therefore
specific.




Given the potent in vitro action of
GDNF on motoneurons purified in the
early phase of developmental cell death,
we looked for evidence of GDNF synthesis
in the environment of the motoneuron at
this stage in vivo. Using reverse transcrip-
tion—polymerase chain reaction (RT-
PCR), we detected mRNA for GDNF in
primary cultures of embryonic myotubes,
E15 limb bud, and primary cultures of
neonatal Schwann cells but not in embry-
onic (E15) spinal cord or neonatal [post-
natal day 4 (P4)] skin (Fig. 2A). Further
evidence for the availability of GDNF to
motoneurons in vivo was provided by in
situ hybridization. In E14.5 rats, GDNF
transcripts were detected in ventral roots,
in association with peripheral nerve, and
in some muscles (Fig. 2, B through F).

Identification of these structures was aided

by staining with antibodies to p75, the
low-affinity NGF receptor (which at this
developmental stage stain Schwann cells
and muscle), antibodies to neurofilaments
(which stain the axons in the ventral
root), and antibodies to myosin (which

100
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Fig. 1. Effects of GDNF and other neurotrophic
factors on the survival of cultured motoneurons.
(A) Double-labeling of a cultured motoneuron
with antibodies to Islet-1 (yellow) and neurofila-
ment (green) (70). The diameter of the cell
body is approximately 35 pm. (B) Comparative
dose-response analysis of GDNF (@), BDNF (O),
CNTF (O), and CDF-LIF (M). Dose-response
curves were normalized to survival in basal me-
dium as 0%, and the highest survival rate shown
in each curve was considered 100%. Absolute
maximal survival values differed between fac-
tors. Values are mean * range of duplicate dish-
es; where not shown, error bars are smaller than
the symbols.

stain muscle cells) (12). The sites of syn-
thesis of GDNF were clearly different from
those of the neurotrophins. No GDNF was
detected in the embryonic spinal cord,
whereas both BDNF and NT-3 mRNAs
are present (4). All muscles in the limb
bud stain for NT-3, whereas GDNF is
found only in a distinct subpopulation of
muscles, in Schwann cells, and in the
vicinity of peripheral nerve. In addition,
an intense signal is present in the ventral
root adjacent to the spinal cord (Fig. 2E)
in the nerve sheath region, which is cov-
ered by fibroblastlike cells that are not
present in the peripheral nerve in the limb
(13). The distinct tissue distributions of
GDNF and the neurotrophins support the
idea that although in vitro all spinal mo-

- toneurons can respond to multiple factors

Fig. 2. Expression of GDNF mRNA in the A
area of the motoneurons. (A) RT-PCR
analysis (75) of GDNF expression in pri-
mary E16 rat myotube cultures, limb buds
from E15 rat embryos, primary cultures of
enriched neonatal Schwann cells, skin
from 4-day-old rats, and spinal cord from
E15 rat embryos. RNA lanes: PCR reac-
tions performed on RNA samples without
reverse transcription. DNA lanes: PCR re-
actions performed on corresponding
cDNAs. To compensate for the higher
signal in Schwann cells, we loaded less
PCR product (note the relative strength of
the GAPDH band). (B through E) In situ
hybridization to sections of an E14.5 rat
embryo with the use of specific probes to
rat GDNF. In (B) is a dark-field image of a
transverse section through the cervical
region of the embryo stained with anti-
body to p75 and reacted by in situ hybrid-
ization for GDNF. The brown color is in-
dicative of immunoreactivity for p75.
White regions (marked by brackets) in
both proximal and distal regions of the
limb bud (Ib), but not in spinal cord (sc),
represent in situ hybridization for GDNF.
In (C) is a higher power view of a proximal
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(as reflected by the lack of additive effect
on survival), in vivo GDNF and the neu-
rotrophins are each available only to a
subpopulation of these cells.

Although GDNF is a potent and spe-
cific survival factor for motoneurons in
culture, its full physiological importance
can be evaluated only in vivo. We deter-
mined whether exogenously supplied
GDNEF can support the survival of neona-
tal rat facial motoneurons that were de-
prived of target-derived factors by axo-
tomy. The facial motoneurons of newborn
rats were disconnected from the facial
musculature by a unilateral transection of
the facial nerve at the level of the stylo-
mastoid foramen, and GDNF (20 pg) or
vehicle was applied to the proximal nerve
stump in a piece of gel foam. The animals

Myotubes Limb buds Schwann Skin  Spinal cord
RNA DNA RNA DNA RNA DNA RNADNA RNA DNA

GDNF - - ‘

— ema

vr ['i_

region in the limb bud, showing labeling in muscle (m) and nerve (n). In (D) and (E) is shown GDNF
expression in the ventral root (vr) of an E14.5 embryo. Lateral motor column, LMC. Scale bars: (B), 1

mm; (C) and (E), 50 pm.

Table 1. GDNF does not support the survival of most peripheral neurons. Low-density dissociated
cultures of mouse nodose, trigeminal, and superior cervical ganglion (SCG) neurons were prepared
in defined medium as described (76). The number of neurons attached within a standard area
of the dishes was counted 6 to 12 hours after plating, and the number of neurons surviving in the
same area 48 hours after plating is expressed as a percentage of this initial number. Not determined,

ND.
Percent surviving neurons after addition of neurotrophic factor (10 ng/mi)
Neuronal type
No BDNF
factor GDNF NGF BDNF + GDNF
E15 nodose 0 71 ND 70+3 ND
E18 nodose 0 43 2 ND 72+5 73+ 4
E15 trigeminal 0 1+1 89 +8 ND ND
E18 trigeminal 0 3x1 65+ 6 ND ND
E18 SCG 0 0 83=*5 ND ND
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Fig. 3. Photomicrographs of facial nuclei with unilateral transections of the facial nerve and subsequent
vehicle or GDNF treatment. (A) Nontransected facial nerve. (B and C) The facial nerve contralateral to that
shown in (A) transected and treated with vehicle (shrunken motoneurons are marked by arrows). (D)
Nontransected facial nerve. (E and F) The facial nerve contralateral to that shown in (D) transected and
treated with GDNF. Scale bar: (A), (B), (D), and (E): 120 wm; (C) and (F): 60 um.

were killed 6 days later, and the facial
motoneurons in the lesioned and control
side were counted (3). Lesioned animals
that were treated with vehicle retained
only 29.2 *+ 1.9% (n = 6) of their facial
motoneurons compared to the unlesioned
side, and pronounced infiltration with gli-
al cells was observed (Fig. 3, B and C). In
contrast, the lesioned facial nucleus that
received GDNF retained almost all facial
motoneurons (92.4 * 1.2%; n = 6) (Fig.
3, E and F). Neuronal perikarya retained
good basophilia and Nissl structure, nuclei
were centrally located, and infiltration
by microglial cells was minimal. The dif-
ference in neuronal survival between the
vehicle- and GDNF-treated groups was
statistically significant (¢ = 25.6; P <
0.001). The average volume of the surviv-
ing motoneurons in facial nuclei that re-
ceived GDNF was 28.5 = 2.3 pm? (n =
3), close to that in the control nucleus
(35.6 = 3.3 um? n = 3). In contrast,
although BDNF and NT-4/5 both en-
hanced motoneuron survival to a similar
degree as did GDNF (2, 3), neither of
them prevented the axotomy-induced
shrinkage of facial motoneurons. In
BDNF-treated nuclei, the volume of sur-
viving motoneurons was only 20.2 * 1.8
pm?> (n = 3), and in NT-4/5-treated
nuclei it was 16.7 + 2.1 pm? (n = 3) (14).
Thus, GDNF can prevent both death and
atrophy of axotomized neonatal motoneu-
rons for at least 6 days in vivo, which
suggests that it can effectively replace
survival factors of peripheral origin for
motoneurons.

GDNEF is the most potent survival factor
yet described for motoneurons in vitro and
is accessible to motoneurons during the pe-
riod of developmental cell death. In vivo,
not only does GDNF keep all axotomized
facial motoneurons alive, but it is also the
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only factor known to prevent axotomy-in-
duced motoneuron atrophy. These observa-
tions support the idea that GDNF is a phys-
iological trophic factor for spinal motoneu-
rons and an excellent candidate to slow the
loss of function, degeneration, and death of
motoneurons in diseases such as amyotro-
phic lateral sclerosis (ALS) and the spinal
muscular atrophies (SMA).
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