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Glial cell line-derived
neurotrophic
factor (GDNF), a member
of the TGF-/3 superfamily,
has been shown to be a highly
potent neurotrophic
factor that enhances survival of various
neuronal
cell types including
motoneurons.
To assess its
therapeutic
potential in treating neurodegenerative
diseases
such as amyotrophic
lateral sclerosis,
we treated mutant
mice displaying
motoneuron
degeneration
(progressive
motor neuropathy;
pmn) with encapsulated
GDNF-secreting
cells. Effects of GDNF treatment
on pmnlpmn
mice were
compared
with previous results obtained with ciliary neurotrophic factor (CNTF) [Sagot Y, Tan SA, Baetge E, Schmalbruch H, Kato AC, Aebischer
P (1995) Eur J Neurosci
7:1313-13221.

In contrast

to CNTF, GDNF did not increase the lifespan of
reduced the loss of
facial motoneurons by 50%, a value similar to what was observed
when CNTF was administered to thepmn/pmn mice. Surprisingly,
myelinated axon counts revealed that GDNF had no effect on
nerve degeneration.
Therefore, despite its potential in rescuing
motoneuron cell bodies, the inability of GDNF to prevent nerve
degeneration in pmnlpmn mice suggests that its usefulness in the
treatment of motor neuron diseases may be restricted to cotreatment with other factors that act on the nerve process.
Key words: pmn/pmn mice; progressivemotor neuronopathy;
GDNF; motor neurons; neurodegenerative
disease; encapsulated cell line

pmnlpmn mice. However, GDNF significantly

In the last decade, in vitro and in vivo experiments have supported
the view that neurotrophic
factors may be used for the treatment
of neurodegenerative
diseases such as amyotrophic lateral sclerosis (ALS) or spinal muscular atrophy (SMA) (Hefti, 1994; Lindsay
et al., 1994). These results have formed the basis for the initiation
of clinical trials using systemic and intrathecal delivery of neurotrophic factors in ALS patients (Barinaga, 1994). Among the
possible candidates is a new neurotrophic
factor, glial cell linederived neurotrophic
factor (GDNF). Initially thought to be specific for dopaminergic
neurons (Lin et al., 1993, 1994), with
protective
effects against various chemical
insults such as
6-hydroxydopamine
(Kearns and Gash, 1995) and 1 -methyl-4phenyl-1,2,3,6-tetrahydropyridine
(Tomac et al., 1995), GDNF
has also been described as a very potent neurotrophic
factor for
developing motoneurons
(Henderson
et al., 1994; Zurn et al.,
1994; Oppenheim et al., 1995) as well as for adult motoneurons
(Li et al., 1995; Yan et al., 1995). The GDNF mRNA distribution
(Henderson et al., 1994; Trupp et al., 1995) confirms that GDNF
is widely distributed in both the periphery and the CNS, suggesting that it could be involved in trophic responses of motoneurons.
Furthermore,
in viva experiments have shown that GDNF can
prevent motoneuron
cell death after axotomy or ventral root
avulsion (Henderson et al., 1994; Zurn et al., 1994; Li et al., 1995;

Oppenheim et al., 1995) and that GDNF mRNA increases shortly
after sciatic nerve transection (Trupp et al., 1995). Therefore,
these results would suggest a possible role for GDNF in treating
motoneuron
diseases.
Using an animal model of motor neuronopathy
(pmn), we
determined
whether GDNF could slow down or prevent the
disease progression. pmnlpmn
mice develop weakness in the
hindlimbs during the third week of life and die at -6 weeks of
age (Schmalbruch
et al., 1991). Motor nerve profiles demonstrate demyelinization
(Schmalbruch
et al., 1991) and a degeneration of 30% of the facial nucleus motoneurons
(Sendtner et
al., 1992). To continuously release GDNF inpmnipmn
animals,
we have used a technique that involves the encapsulation
of
neurotrophic
factor-secreting
cells in a polymer envelope
(Aebischer et al., 1991). As described previously, encapsulation
prevents the uncontrolled
proliferation
of the transplanted
cells and the immune rejection of the host (Sagen et al., 1993;
Aebischer et al., 1994). pmn/pmn mice have been subcutaneously implanted with two or four capsules at the onset of the
disease. A study of the lifespan and histological
analyses of the
facial motoneurons
and phrenic and facial nerves were performed to determine the efficacy of the GDNF treatment.
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The rat GDNF vector construction
was prepared
as described by Zurn et
al. (1994). Transfection
of baby hamster kidney (BHK)
fibroblasts
with
this vector was performed
using standard calcium phosphate
precipitation
(Chu and Sharp, 1981; Searle et al., 1985). The transfected
BHK cells
were then exposed to methotrexate
selection for 8 weeks before being
assayed for GDNF
activity (Zurn et al., 1994).
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Encapsulation
Transfected
BHK cells were encapsulated
in
fibres (outer diameter,
550 pm; inner diameter,
1 ~1) at a concentration
of 50 X 10’ cells/~1
capsules were kept in an incubator
at 37°C and
Pre-

and

Post-implantation

analyses

of

the capsules

of GDNF-secreting

capsules

on pnn

disease

Ten nanograms
of Rh-GDNF
(Genentech)
were spotted onto circular
(diameter
8 mm) Hybond-N
membranes
(Amersham,
Arlington
Heights,
IL) and kept at room temperature
for 5 min. Membranes
were then
blocked with 5% skim milk in TBS for 1 hr at room temperature.
After
being rinsed three times with TBS, membranes
were incubated overnight
at 4°C with 1:20 diluted sera collected
from implanted
or nonimplanted
mice. After three washes in TBS, the secondary
antibody
(peroxidaseconjugated
rabbit
anti-mouse
immunoglobulins,
Dakopatts,
Glostrup,
Denmark)
was added at 1:lOOO dilution
for 2 hr at room temperature.
After
four washes in TBS, the peroxidasc
activity
of the secondary
antibody was detected using 3,3’-diaminobenzidine
tetrahydrochloride
as
substrate.
In control experiments,
the sera were replaced by a polyclonal
antibody
directed
against hGDNF
(gift from Synergen,
Boulder,
CO),
previously
described
by Lin et al. (1993), diluted at 1:2000 and detected
with peroxidase-conjugated
goat anti-rabbit
immunoglobulins
(Dakopatts) at 1:lOOO.

Histological procedures
Facial nucleus. Mice were processed as described previously
(Sagot et al.,
1995a). Motoneurons
of the facial nucleus were counted using a Polyvar
microscope
at a magnification
of 100X. For each animal, the number of
facial motoncurons
is the mean of the values from both sides. No
correction
for split nuclei was done. Results were submitted
to an unpaired Student’s t test.
Phrenic and facial nerves. Nerves were processed
as described
previously (Sagot et al., 1995a). Myelinated
axons of the phrenic nerve were
counted
at a magnification
of 630~ using a Zeiss IM 35 microscope.
Facial and phrenic nerves were processed in the same way but the facial
nerves were photographed
and myelinated
axons were counted on 18 X
24 cm paper print. Results were submitted
to an unpaired
Student’s r test.

RESULTS
BHK-GDNF
pmnlpmn

capsules
mice

did not improve

parameters

None
BHK

43 2 1 (n = 24)
44?3(n=
12)

2160 k 51
2187288

(n = 7)
(n=S)

2096 -t 132”‘(n
n.d.

41
47
47
47
41
-2

2087
2465
2607
2414
2518

(n = 3)
(n = 5)
= 9)
(n = 3)
(n = 3)

n.d.
n.d.
2187 2 87” (n = 4)
n.d.
n.d.
2634 -C 46 (n = 3)

caps
caps
caps
caps

w/o
dura
w/o
dura

dura opened
opened
dura opened
opened

* 3 (n
t 3 (n
k 3 (n
5 4 (n
* 2 (n
years

=
=
=
=
=

5)
7)
15)
4)
7)

of

of animals
implanted
with GDNF-secreting
capsules
was 47 d,
which
is not statistically
greater
than those treated
with capsules containing
BHK
control
cells (BHK
control
capsules)
(p

Lifespan

2
2
4
4

survival

The goal of our study was to determine
whether
GDNF
had any
effect on the lifespan
of thepmnlpmn mice. Therefore,
capsules
containing
GDNF-secreting
cells were
implanted
at the onset
of the disease
(approximately
P15-P18).
The average
lifespan
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Dot-blot experiments

Surgery and postsurgely cure
pmn breeder mice were obtained from the laboratory
of Dr. J. L. Guenet
(Institut
Pasteur, Paris, France);
the litters (usually
6-8 animals)
contained statistically
25% pmnipmn
homozygotes.
To determine
which mice were pmnipmn,
animals were examined
for
grasp activity of the hindlimbs
(Sagot et al., 1995a). pmnlpmn
mice were
implanted
at the onset of the disease (between
15 and 18 d of age). Mice
were anesthetized,
and capsules were implanted
subcutaneously
in the
back through
a small incision in the skin (Sagot et al., 1995a). In some
experiments,
the dura was opened
through
a small incision
bctwcen
vertebrae
Tll and T12. The wound was closed with metal clips (Clay
Adams, NJ), and mice were kept at 35°C until they recovered
from the
anesthesia.
They were then returned
to their mother.
The mice were divided into three groups as follows.
Group 1: Untreated pmnipmn
mice. Twopmnlpmn
mice were added to
the 22 pmn homozygotes
previously
studied
(Sagot et al., 1995a) for
lifespan determination
and for histological
studies.
Group 2: In addition to the 12pmnipmn
mice implanted
with capsules
loaded with native BHK cells (2 capsules/animal),
4 pmnipmn
mice
received
BHK
cells transfected
with
a GDNF
antisense
vector
(BHK-AS-GDNF).
Group 3: pmnipmn
mice implanted
with capsules loaded with GDNFsecreting BHK cells. In this group, four subgroups
were used. First, mice
received
two GDNF
capsules
(n = 7). Second, pmnipmn
mice were
implanted
with two GDNF
capsules (n = 15) and, concomitantly,
the
dura was opened. Third, pmnipmn
mice (n = 4) received
four GDNF
capsules without
opening the dura and, finally, pmnipmn
mice (n = 7)
received four GDNF
capsules with the dura opened.
Lifespan
results were submitted
to a Kaplan-Meier
test (SPSS for
1. Effect

GDNF Action on pmn/pmn

Windows version 5.0; equality of survival distribution);
thep value of Log
Rank (Mantel-Cox)
is reported.
In some cases, thep value of the Breslow
test is also included.
To determine
whether
GDNF
could have deleterious
effects, normal
mice were also implanted
with two or four GDNF-secreting
capsules (8
animals).
Histological
analyses of untreated
normal mice were also performed. Control
animals were perfused
at different
ages ranging from 36
to 91 d of age.

l-cm-long
polypropylene
350 km; internal volume,
(Zurn
et al., 1994). The
6% CO* until use.

Capsules were removed
from the mice before perfusion
and either tested
for biological
activity as described below or fixed in 4% paraformaldehyde
in PBS, sectioned,
and then stained with cresyl violet to assess cell
viability.
Capsules were tested in vitro for biological
activity in cultures of ventral
spinal cord from El4 embryonic
rat (Hayes et al., 1991). Briefly,
the
ventral part of the spinal cord was dissected from fetal El4 rats. Cells (2
x 105) were seeded onto 13 mm wells (Costar
48-well tissue-culture
clusters; Cambridge,
MA) that were treated with polyornithine
and grown
in 300 ~1 of MEM
medium
containing
10% decomplemented
horse
serum. Capsules or recombinant
human GDNF
(RhGDNF;
Genentech,
San Francisco,
CA) had been added 2-3 hr after plating. Medium
was
changed on the third day and RhGDNF
added de ~OVO to the control
cultures.
The choline acetyltransferase
(ChAT)
activity of the cultures
was tested 6 d after culture (Martinou
et al., 1992). Results were submitted to an unpaired
Student’s t test.
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mice were implanted at the onset of the disease (i.e., between 15 and 18 d old). Independently
of the experimental conditions used, i.e., 2 capsules (2 caps) versus
4 capsules (4 caps) and with or without (w/o) dura opened, no significant increase in the lifespan was obsetved in pmnipmn mice implanted with GDNF-secreting
capsules.
However, at day 47, the number of facial motoneurons was significantly higher in pmnlpmn mice treated with GDNF (**‘p < 0.0005; *‘p i 0.005; *I, i 0.05) as compared
with 43-d-old untreated pmnipmn mice, pmn/pmn mice implanted with native BHK cells (BHK), or BHK cells transfected with a GDNF antisense vector (BHK-AS-GDNF).
GDNF cannot prevent axonal degeneration inpmnipmn
mice, as demonstrated by the significant decrease in counts of myelinated fibers of facial or phrenic ne~cs of 47.d-old
pmnipmn mice as compared with normal animals (“**p < 0.0001; *p < 0.01). n.d., Not determined.
Pmn/pmn
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< OS), BHK cells transformed with the GDNF antisense vector
(BHK-AS-GDNF
capsules) (p < 0.2) or without implants (p <
0.09) (Table 1).
It is generally accepted that neurotrophic factors would be
more accessible to CNS neurons if they were delivered in the
vicinity of their cell bodies rather than in peripheral targets.
Because it is impossible to intrathecally implant capsules in pmn/
pmn micebecauseof their smallsize,we attemptedto increasethe
accessibilityof GDNF to the spinalmotoneuronsby openingthe
dura in another group ofpmnfpmn mice.No differencein lifespan
wasobservedbetween the two GDNF-treated groups (Table 1).
Evenwhen thesetwo groupswere pooled,there wasno significant
difference compared with nonimplantedpmnlpmn mice (p <
0.059for Log Rank andp < 0.12for Breslow)or BHK-implanted
mice 0, < 0.7).
To exclude the possibilitythat pmnlpmn-treatedmice eventually died from an insufficient supplyof GDNF, we implantedtwo
other groupsof mice with four GDNF-secretingcapsulesinstead
of two. No significant improvementin the lifespanwasobserved
with four GDNF-secreting capsulescomparedwith two capsules
(p < 0.4). Finally, when we compared these results with our
previously describeddata obtainedwith CNTF-treated pmnlpmn
mice (Sagot et al., 1995a),we found that the lifespanof GDNFimplanted mice was significantly shorter than that observed in
CNTF-treated mice (47.3 t 2.7 vs 58.8 -C 1;p < 0.0014for Log
Rank andp < 0.0001for Breslow).
Effect of GDNF-secreting capsules on ventral spinal
cord cultures
It was of interest to determine whether polymer-encapsulated
transfectedcellsstill secreteGDNF after being implantedseveral
weeks in animals. We therefore tested the effect of GDNFreleasingcapsuleson ChAT activity of embryonic rat ventral
spinal cord cultures before and after implantation (Fig. 1). No
differencein ChAT activity wasdetected in cultures treated with
postimplantedcapsulesat 10 d, 30, or 90 d (n = 2; data not
shown), thus demonstrating the stability of the expressionof
GDNF. The ChAT activity measuredfrom postimplantedcapsulesis equivalent to lo-20 rig/ml RhGDNF and is significantly
higher than in freshly prepared capsules0, < 0.001; Fig. 1 and
inset). This increasein bioactivity is probably attributable to a
proliferation of the BHK-GDNF cellsinsidethe polymer capsule
until they fill the insideof the capsule.In contrast, BHK control
or BHK-AS-GDNF capsulesdid not increasethe ChAT activity in
the cultures (Fig. 1). No difference in ChAT activity was found
betweenpre- and postimplantedBHK control capsules.
Do implanted mice develop antibodies against GDNF?
To rule out the possibilitythat neutralizing antibodieshad been
generatedagainstGDNF deliveredby the capsules,we performed
immunoblottingexperimentsusingseracollectedfrom pmnlpmn
(n = 7) and control mice (n = 5) implanted with two to four
GDNF capsulesor with sera from nonimplanted control mice
(n = 2). Using a dilution of 1:20,none of the seratestedshowed
immunoreactivity against10 ng of pure RhGDNF. In contrast, a
control antibody againsthGDNF diluted at 1:2000displayeda
strongimmunoreactivereactionwith even 1 ng of pure RhGDNF.
GDNF-secreting capsules slow down the loss of
motoneurons but do not prevent the degeneration of
myelinated fibers in pmnlpmn animals
It wasof interest to evaluatewhether the absenceof an effect on
the lifespanof pmnlpmn mice correlated with the absenceof an
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Figure 1. Effect of BHK-GDNF capsules on ChAT activity in ventral
spinal cord cultures from 14-d-old embryonic rats. ChAT activity was
expressed as a percentage of values in the control wells, which contained
neither GDNF nor capsules. For preimplantation analysis, 16 control
capsules loaded with untransformed BHK cells (BHK), 5 capsules loaded
with BHK cells transfected with a GDNF-antisense vector (AS-GDNF),
and 18 capsules loaded with BHK cells transfected with the GDNF-sense
vector (GDNF) were tested within 48 hr after cell encapsulation. For
postimplantation analysis, 6 BHK capsules and 12 GDNF capsules were
tested at 30 d postimplantation (dpi). In addition, 2 GDNF capsules were
tested 10 d postimplantation. Pre- and postimplanted GDNF capsules
significantly increased the ChAT activity compared with BHK capsules
(**p < 0.001 for both). However, postimplanted GDNF capsules were
more efficient than preimplanted ones (*p < 0.01). A dose-response curve
was obtained with rhGDNF (inset). Values represent means t SEM of
ChAT activity detected in at least three experiments of two to three wells.

effect on motoneuron survival and/or myelinated fibers. As describedpreviously (Sendtner et al., 1992;Sagotet al., 1995a),the
facial nucleus of pmnlpmn mice at an advanced stage of the
disease(i.e., 42 d) contained 30% fewer motoneuronsthan control animals.Counts of facial motoneuronsperformed in 40- to
43-d-oldmice that hadbeenimplantedwith BHK control capsules
or BHK-AS-GDNF capsuleswere not different from the nonoperated pmnlpmn mice (Table 1). In contrast, 47-d-old pmn homozygotesthat received GDNF-secretingcapsulescontained significantly more motoneurons(Table 1) than untreatedpmn/pmn
mice, and the most significanteffect wasobservedwhen the mice
were implantedwith two GDNF-secreting capsuleswith the dura
open (p < 0.0005;Table 1, Figs. 2, 3).
To explain the discrepancybetweenprevention of motoneuron
lossand lifespan in pmnlpmn animals,we examined myelinated
axon profiles in cross-sections
of facial nerve. In 47-d-oldpmnl
pmn mice treated with GDNF-releasingcapsules,the number of
myelinatedaxonsin the facial nerve wasthe sameas in 42-d-old
untreated pmnlpmn mice and was significantly smaller than in
normal mice of matching age (JJ< 0.01) (Table 1, Figs. 2, 3).
Numbersof myelinatedfibers in the phrenic nerve that innervate the diaphragmhavebeen reported to be severelyaffected in
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neurotrophic factor bioactivity than CNTF capsules(Sagot et al.,
1995a). Nevertheless,GDNF had no effect on the lifespan of
diseasedmice; meanwhile,when pmnlpmn mice had been implanted with CNTF-releasingcapsules,there wasa 40% increase
in the lifespan(Sagot et al., 1995a).Becausewe did not observe
any difference between the groupswith two or four capsules,it
doesnot appearthat the absenceof effect wasattributable to an
insufficientsupply of GDNF.
There is additional evidence to support the argument that
the GDNF supply is not limiting. First, GDNF has been reFigure 2. A, Effect of GDNF capsules on the number of facial motoneuported to be a highly efficient neurotrophic factor even at very
rons -C SEM in pmnlpmn mice. At day 47, GDNF-treated pmnlpmn mice
low concentrations in culture (Henderson et al., 1994) and to
(n = 9) have significantly more motoneurons in the facial nucleus than
untreated pmnlpmn mice (n = 7) (***p < 0.0005). However, this rescue
be more efficient in preventing axotomy-induced cell death in
effect is only partial because l&d-old pmnlpmn mice (n = 4) have more
neonatal rodents than CNTF (Henderson et al., 1994; Yan et
motoneurons-Qr < 0.05) than GDN@tre&ed pmnlpmn animals. B, C,
al., 1995). Second, previous experiments performed with
Effect of GDNF caosules on the number of mvelinated nrofiles of facial
GDNF-secreting capsuleshave shownthat GDNF is secretedin
nerves (B) and phrenic nerves (C) t- SEM inpmnlpmn’ mice. For both
nerves studied, pmnlpmn mice implanted with GDNF-secreting capsules
high enough quantities to prevent axotomy-induced cell death
(n = 4 for facial nerves, n = 8 for phrenic nerves) did not have more
in neonatal rodents (Zurn et al., 1994) and to protect the
myelinated profiles than untreatedpmnlpmn
mice(n = 3 for facialnerves, viability and tyrosine hydroxylase immunoreactivity of the subn = 12for phrenicnerves).This lossof myelinatedfibersis significant
stantia nigra pars compacta neurons after a medial forebrain
compared
with controlanimals
(*p < 0.01,n = 3 for facialnerves;***p <
0.0001, n = 8 for phrenic nerves) or with l&d-old pmnlpmn mice (p <
bundle axotomy (J. Tseng and P. Aebischer, unpublishedob0.0001,n = 4 for phrenicnerve).
servations). In our experiments, counts of motoneurons in the
facial nucleusof diseasedanimalsrevealed that GDNF rescued
50%
of them from death, which is the sameproportion as in
pmnlpmn mice (Schmalbruchet al., 1991). After implantation
CNTF-treated pmnlpmn mice (Sendtner et al., 1992; Sagot et
with GDNF-secretingcapsules,the phrenic nerve did not display
al., 1995a).This latter observationstronglysuggests
that GDNF is
more myelinated axons as comparedwith untreated pmnlpmn
secreted
in
a
sufficient
quantity
to
diffuse
from
the
capsuleimmice(Table 1, Figs.2,3). This representsmore than a 55% lossof
plantation
site
(i.e.,
under
the
skin
in
the
back)
to
the facial
myelinated axonsin the phrenic comparedwith control animals
nucleusor to the peripheral motor nerveswhere it can be retro(p < 0.0001).
gradely transported by motoneuron axons (Yan et al., 1995).
DISCUSSION
Finally, becausethere was no immunoreactivity in sera of the
To study the potential of GDNF for treating neurodegenerative mice, it seemsunlikely that GDNF has been neutralized bediseases,
we have used the pmn mousemutant as a model of a
cause of antibody production. Therefore, the absenceof a
“dying back” motoneuronopathy(Schmalbruchet al., 1991).The
GDNF effect on the lifespan of pmnlpmn mice doesnot seem
pmn mutation initially affectsthe axons,and then the cell body.
to be attributable to either an inadequate quantity or diffusion
The onsetof the diseaseappearsduring the third postnatalweek,
of the factor but rather to a genuine inability of GDNF to affect
with musclewastingin the hindlimb and pelvic regions,and the
the diseaseprogression.
animalsdie around the seventhweek of life (Schmalbruchet al.,
1991).Histologicaland electrophysiological(P. Kennel, personal Differential effect of GDNF on motoneuron survival and
communication)studiesshowedthat the diseasespecificallyafnerve degeneration
fects myelinatedmotor fibers, includingthoseof the phrenic and
Our resultsshowthat GDNF had a significanteffect on motoneufacial nerves (Schmalbruchet al., 1991). Counts of the facial
ron survival without affecting the lifespanof pmnfpmn mice. The
motoneuronsrevealed that at the late stageof the disease,pmn
absenceof GDNF effect on nerve degenerationmay explain the
homozygotesdisplayeda 30% reduction in facial motoneurons lack of efficacyon pmnlpmn survival. Becauseit hasalreadybeen
(Sendtner et al., 1992,Sagot et al., 1995a).Therefore, the pmn
shownthat CNTF delivery reducedthe lossof myelinatedfibersof
mutation may be consideredto be a possiblegenetic model for
the phrenic nerve by 40% (Sendtner et al., 1992; Sagot et al.,
human motoneuronopathiesand a suitable systemfor studying
1995a), we concluded that GDNF was acting on motoneuron
neurotrophic factor potential.
somamaintenancerather than on neurite stability or regrowth.
This result may be consideredsurprisingbecauseit has been
GDNF cannot prevent disease progression in
pmnlpmn mice
reported that GDNF can promote neurite outgrowth in vitro or in
vivo (Ebendalet al., 1995;Hudsonet al., 1995;Trupp et al., 1995;
By implantingpolymer-encapsulated,
GDNF-secreting cell lines,
Zurn et al., 1995).Nevertheless,in contrast to other experiments
GDNF was permanently administratedto the animalswithout
dealingwith neuronsfrom normal rodents,we have examinedthe
inducing sideeffects suchas body weight loss.Despite this coneffect of GDNF in a mutant mousein which nerve integrity is
tinuousdelivery, GDNF could not slowdown the diseaseprogresaffected. Therefore, it seemsthat in contrast to CNTF, GDNF
sionof the mice.The in vitro bioassayon spinalcord culturesruled
cannot slow down the nerve degenerationin this animal model
out the possibilitythat the capsuleswere not secretingGDNF at
characterized by axon impairment. To determine whether this
the time when the animalsdied. Interestingly, we found that
differential action of GDNF is restricted to the pmn disease,it
GDNF-capsuleswere acting on ChAT activity at an equivalentof
lo-20 @ml RhGDNF, a value higher than that observedwith
would be interestingto test GDNF on other mice mutantswith
CNTF capsules(i.e., S-10 rig/ml RhCNTF). Therefore, this indineurodegenerativedisorderssuch as wobbler or motor neuron
cates that these GDNF capsuleswere secreting twofold more
degeneration(mnd).
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Figure 3. Micrographs of cross-sections of facial nerves (A, C, E) and phrenic nerves (B, D, F) from 42-d-old mice. A and B are from a normal mouse,
mouse, and E and F are from a pmn/pmn mouse implanted with GDNF-secreting capsules. In nerves from
C and D are from an untreated pmnlpmn
untreated pmnlpmn mice and GDNF-treated pmnlpmn mice, note the reduced number of fibers and loss of nerve compactness. Scale bars: A, C, E, 100
pm; B, D, E, 75 pm.
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A common
pathway
between
Bcl-2 and GDNF?
A discrepancy between the preservation
of the cell soma and
nerve integrity have already been observed in pmn/pmn mice
overexpressing Bcl-2 (Sagot et al., 1995b). In these mice, Bcl-2
overexpression
prevented virtually all of the motoneuron
loss
without affecting the axonal degeneration.
This similarity between the effect of GDNF and Bcl-2 onpmrdpmn
mice suggests
that they may share a common intracellular
pathway. Such a
possibility is supported by the recent findings of Prehn et al.
(1994), who showed that TGF-j3, which belongs to the same
family as GDNF, may upregulate
Bcl-2 transcription.
Interestingly, it has been shown that the mode of action of CNTF is
independent
of Bcl-2 expression (Allsopp et al., 1993, 1995).
Therefore, if GDNF is acting through a Bcl-2 pathway, it might
explain the difference between GDNF versus CNTF effects on
pmnlpmn mice.
Potential
of GDNF in treatment
of neurodegenerative
diseases
of the motoneuron
To date, studies on the mechanism of action of GDNF have
primarily focused on the rescue of motoneuron
cell bodies, and
there are no reports on its role in axonal sprouting, synapse
stabilization, or direct effects on muscle, as have been reported for
CNTF (Gurney et al., 1992; Helgren et al., 1994; Kwon and
Gurney, 1994). This multiple site of action of neurotrophic
factors
may be a prerequisite for treating degenerative diseases involving
motoneurons. This possibility is reinforced by the demonstration
that additive or synergistic effects between neurotrophic
factors
exist (Wong et al., 1993; Kato and Lindsay, 1994) and may be
beneficial in the treatment of a neurodegenerative
disease as has
been described for the wobbler mouse (Mitsumoto
et al., 1994).
Recent studies by Zurn et al. (in press) have reported on the
synergistic effects of neurotrophic
factors in combination
with
GDNF in cultures of cranial motoneurons.
Therefore,
GDNF
may be a potential therapeutic agent along with other factors such
as IGF-1 (for review, see Lewis et al., 1993) and NT-4, which are
efficient in producing a sprouting response (Funakoshi
et al.,
1995).
In conclusion, based on in vitro and in vivo studies, GDNF
initially appeared to be a very appealing molecule for treating
degenerative diseases associated with the motoneuron.
In the
present paper, we report that GDNF was unable to act on nerve
degeneration,
nor was it able to slow down the pmn disease.
However, it did display a significant effect on motoneuron
cell
body survival, suggesting that its therapeutic usefulness may be
limited to cotreatment with other agents such as CNTF, IGF-1, or
NT-4, which can act directly on the nerve process itself.
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