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Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive
lethal disease that involves selective annihilation of motoneurons. Glial cell line-derived neurotrophic factor (GDNF) is proposed to be a promising therapeutic agent for ALS and other
motor neuron diseases. Because adeno-associated virus (AAV)
has been developed as an attractive gene delivery system with
proven safety, we explored the therapeutic efficacy of intramuscular delivery of the GDNF gene mediated by an AAV vector
(AAV-GDNF) in the G93A mouse model of ALS. We show here
that AAV-GDNF leads to substantial and long-lasting expression of transgenic GDNF in a large number of myofibers with its
accumulation at the sites of neuromuscular junctions. Detection
of GDNF labeled with FLAG in the anterior horn neurons, but
not ␤-galactosidase expressed as a control, indicates that most

of the transgenic GDNF observed there is retrogradely transported GDNF protein from the transduced muscles. This transgenic GDNF prevents motoneurons from their degeneration,
preserves their axons innervating the muscle, and inhibits the
treated-muscle atrophy. Furthermore, four-limb injection of
AAV-GDNF postpones the disease onset, delays the progression of the motor dysfunction, and prolongs the life span in the
treated ALS mice. Our finding thus indicates that AAV-mediated
GDNF delivery to the muscle is a promising means of gene
therapy for ALS.

Amyotrophic lateral sclerosis (ALS) is one of the most tragic
neurodegenerative diseases affecting motoneurons. Because the
mechanism leading to motoneuron degeneration in ALS is not
understood, currently there is no therapy available to prevent or
cure ALS. Approximately 20% of familial ALS is linked to
mutations in the Cu/Zn superoxide dismutase (SOD1) gene
(Julien, 2001), transgenic mice overexpressing this mutant
(mSOD1G93A) gene found to develop a dominantly inherited
adult-onset paralytic disorder that has many of the clinical and
pathological features of familial ALS (Gurney et al., 1994).
Glial cell line-derived neurotrophic factor (GDNF), which has
been demonstrated to be the most potent neurotrophic factor for

the proliferation, differentiation, and survival of spinal motoneurons, exhibits very good therapeutic potential for ALS (Henderson et al., 1994; Oppenheim et al., 1995; Yan et al., 1995; Sagot et
al., 1996; Bohn, 1999; Mohajeri et al., 1999). Systemic administration of GDNF as a recombinant protein to ALS patients,
however, is not beneficial, because of its short plasma half-life and
poor access to motoneurons, on the one hand, and, on the other
hand, because of its severe side effects that prevent its administration at an adequate dose (Haase et al., 1997; Alisky and
Davidson, 2000). If ways that make continuous and motoneuronconfined delivery of GDNF possible are established, the disadvantages of its systemic administration will be overcome. Gene
therapy involving the injection of a vector encoding a gene for
GDNF into skeletal muscles will be a good candidate for such a
method.
Three different viral vectors have been examined to transfer
different genes to different tissues for ALS gene therapy (Alisky
and Davidson, 2000). An adeno-associated virus (AAV) vector is
one of the most attractive gene delivery vehicles and one that
might be more practical with respect to safety. Skeletal muscle is
a good platform for gene delivery (Xiao et al., 1996), and only at
neuromuscular junctions (NMJs) are the nerve terminals in contact with myofibers, in which a barrier against various substances
is absent, allowing them to reach the CNS. Furthermore, intramuscular injection is much safer and easier compared with intraspinal injection. Indeed, muscle-directed gene therapy mediated by an AAV vector has led to tremendous success in
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numerous animal models of human diseases (Li et al., 1999; Kay
et al., 2000; Wang et al., 2000).
Given the existence of endogenous GDNF in muscles and the
spinal cord and its upregulation in ALS patients (Yamamoto et al.,
1996; Golden et al., 1998; Suzuki et al., 1998; Grundstrom et al.,
1999), we constructed the AAV-GDN F vector expressing a
GDNF-FLAG fusion protein that can be readily distinguished
from the endogenous one with FLAG. We showed that the intramuscular administration of an AAV vector harboring the GDNF
gene to ALS mouse models can significantly delay the onset of
disease, lengthen the life span, abate the behavioral impairment,
and promote motoneuron survival. Moreover, we obtained direct
evidence that the product of GDNF boosted by gene delivery in
the muscle is retrogradely transported to the motoneurons of the
spinal cord.

MATERIALS AND METHODS
Administration of an A AV vector. Male transgenic mice with the G93A
human SOD1 mutation (SOD1G93A) were obtained from The Jackson
Laboratory (Bar Harbor, M E). AAV vector plasmid pAAV-GDN Fflag
contains mouse GDN F cDNA tagged with a FL AG sequence (DYK DDDDK) at the C terminus under the human cytomegalovirus immediateearly promoter, with the human growth hormone first intron and simian
virus 40 polyadenylation signal sequence between the inverted terminal
repeats of the AAV type 2 genome (Wang et al., 2002). AAV vector
plasmid pAAV-LacZ, auxiliary plasmid pHL P19, and pladenol were
described previously (Matsushita et al., 1998). AAV vectors were produced in human embryonic kidney 293 (H EK293) cells by triple transfection of vector plasmid and helper plasmids listed above as described
previously (Wang et al., 2002). In brief, subconfluent H EK293 cells were
transiently transfected by calcium phosphate method. Seventy-two hours
after transfection, the cells were collected and subjected to three cycles of
freeze –thaw lysis (alternating between dry-ice – ethanol and 37°C baths).
AAV vectors were purified by two sequential continuous cesium chloride
density gradients and estimated for final particle titer by quantitative
DNA dot-blot hybridization. Before administration, AAV vectors were
diluted in PBS to 1 ⫻ 10 11 genome copies/100 l. At 9 weeks of age, AL S
mice were randomly assigned to one treatment group that was injected
with AAV-GDN F vector (n ⫽ 12) or one of two control groups that were
injected with AAV-LacZ vector (n ⫽ 6) and the vehicle (n ⫽ 5),
respectively, into four limbs (gastrocnemius and triceps brachii muscles).
The dosage was 30 l for gastrocnemius and 20 l for triceps brachii
muscles. Because mice injected with AAV-LacZ vector and the vehicle
were indistinguishable with regard to all variables tested during the
experimental period, the two groups were considered as one control
group for analysis. In another subgroup (n ⫽ 7), all of the mice had
AAV-GDN F vector injected into the muscles of the left forelimbs and
hindlimbs and AAV-LacZ vector into those of the right ones.
Behavioral testing and mortalit y. Mice were first given 3 d to become
acquainted with the rotarod apparatus (Rota-Rod /7650; Ugo Basile,
Comerio, Italy) before the test. For detection, mice were placed on the
rotating rod at the speeds of 5, 10, and 20 rpm, and the time each mouse
remained on the rod was registered automatically. The onset of disease
was defined as the time when the mouse could not remain on the rotarod
for 7 min at a speed of 20 rpm, as described previously (Li et al., 2000).
If the mouse remained on the rod for ⬎7 min, the test was completed and
scored as 7 min. Mice were tested every 2 d until they could no longer
perform the task. Mortality was scored as the age of death when the
mouse was unable to right itself within 30 sec when placed on its back in
a supine position (Li et al., 2000).
T issue preparation. One week before being killed, mice were bilaterally
injected with neural tracer cholera toxin subunit B (C TB) (0.1% in
distilled H2O, 3 l; List Biologic, C ampbell, CA) into gastrocnemius
muscles to selectively label motoneurons that retained axons innervating
the treated muscles. At the indicated times, gastrocnemius muscles were
dissected out, weighed, rapidly frozen in liquid nitrogen-cooled isopentane, and then stored at ⫺ 80°C for immunohistochemistry or GDN F
ELISA analysis. After dissecting out the muscles, the mice were perf used
with ice-cold PBS, followed by 4% paraformaldehyde (PFA). The spinal
cord was dissected out, postfixed for 4 hr in 4% PFA, and then cryoprotected sequentially in sucrose.
GDNF ELISA. To determine muscle GDN F levels, tissues were ho-
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mogenized at a w/ v ratio of 100 mg /ml in lysis buffer (137 ⫻ 10 ⫺3 mol / l
NaC l, 20 ⫻ 10 ⫺3 mol / l Tris, pH 8.0, 1% N P-40, and 10% glycerol)
containing protease and phosphatase inhibitors, ultrasonicated, and then
centrif uged at 12,000 ⫻ g. The supernatants were acidified and neutralized to pH 7.4 before assaying. The tissue levels of GDN F were measured with an ELISA kit (GDN F Emax ImmunoAssay System; Promega,
Madison, W I), according to the protocol of the supplier. The levels of
GDN F were expressed as picograms per milligram of protein. The assay
sensitivity ranged from 16 to 1000 pg /ml.
Immunohistochemistr y. Muscle sections (10 m) were fixed in cold
acetone, followed by incubation with rabbit anti-FL AG polyclonal antibodies (1:1000; Sigma, St. L ouis, MO) as primary antibodies and biotinylated anti-rabbit antibodies as secondary ones (1:400; Santa Cruz Biotechnology, Santa Cruz, CA). Sections were visualized by the avidin –
biotin –peroxidase complex procedure (Vectastain ABC kits; Vector
Laboratories, Burlingame, CA) using 3,3-diaminobenzidine as a
chromogen.
For double-immunofluorescence staining of muscles, sections were
sequentially incubated with blocking solution, polyclonal rabbit antiFL AG antibodies (1:500; Sigma), FI TC -conjugated goat anti-rabbit IgG
(1:200; Santa Cruz Biotechnology), and tetramethylrhodamineconjugated ␣-bungarotoxin (Molecular Probes, Eugene, OR). Sections
were examined and photographed under a confocal laser scanning microscope (TC S N T; Leica, Heidelberg, Germany).
For morphological analysis of the spinal cord, serial transverse sections
(30 m) were obtained for Nissl, SM I-32, or C TB immunostaining.
Free-floating sections were immunohistochemically stained for SM I-32
with a Mouse-on-Mouse kit (M.O.M kit) (Vector Laboratories, Burlingame, CA), according to the protocol of the manufacturer. Sections
processed for C TB immunoreactivity were blocked with 5% rabbit
serum, followed by incubation with anti-C TB antibodies (1:10000, goat
antiserum to C TB; List Biologic). Sections were visualized by standard
ABC methods.
For double immunostaining of the spinal cord, sections were blocked
with 10% normal goat serum and the blocking solution supplied with the
M.O.M kit for 1 hr, respectively, and then sequentially incubated with
polyclonal rabbit anti-FL AG antibodies (1:250; Sigma) and monoclonal
mouse anti-SM I-32 antibodies (1:500) overnight at 4°C. After incubation
with FI TC -conjugated goat anti-rabbit IgG (mouse absorbed, 1:200;
Santa Cruz Biotechnology) and rhodamine-conjugated goat anti-mouse
IgG (1:200; Santa Cruz Biotechnology) for 2 hr at room temperature, the
sections were examined and photographed under confocal laser scanning
microscope.
Morphometric anal ysis and cell counting. Morphometric analysis was
performed on images captured with a CCD camera using K S 400 image
analysis software (Z eiss, Oberkochen, Germany). The mean area of
muscle fibers was calculated from counts of ⬎1000 fibers in randomly
selected areas. To compare the number of motoneurons in the spinal
cord, we counted neurons in Nissl-stained and SM I-32- and C TBimmunostained sections spanning the cervical and lumbrosacral enlargements in each group, as described previously (Lewis et al., 2000). For
each mouse, at least 20 sections in each sixth serial section were subjected
to counting. Only large cell profiles meeting the following criteria were
included: location in the ventral horn below a lateral line from the central
canal, containing a distinct nucleus with a nucleolus, and possession of at
least one thick process.
Statistical anal yses. The data were statistically analyzed using
repeated-measures ANOVA, followed by a T ukey’s honestly significance
difference test for multiple comparisons between groups (StatView 5.0
software; SAS, C ary, NC).

RESULTS
GDNF transgene expression in muscles of ALS mice
We determined the amount of GDNF in gastrocnemius muscles
by ELISA. At 110 d of age (7 weeks after injection), the GDNF
levels in AAV-GDNF vector-treated mice were 7985.0 ⫾ 874.0
pg/mg protein, which is ⬎120-fold higher than that in the control
ALS group (62.2 ⫾ 20.5 pg/mg protein; p ⬍ 0.01; n ⫽ 4). At the
time of death, AAV-GDNF vector-treated ALS mice tended to
show a decrease in intramuscular GDNF expression (3281.7 ⫾
667.0 pg/mg protein; n ⫽ 4). We assumed that the reduction of
GDNF was attributable to the severe atrophy of the transduced
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Figure 1. Characterization and muscle
expression of AAV vector-transduced
genes after injection into gastrocnemius
muscles. 5-Bromo-4-chloro-3-indolyl-␤D-galactopyranoside-stained cross sections from control AL S mice after an
injection with AAV-LacZ vector at
110 d of age ( a). FL AG immunoreactivity is observed around the injection
sites in AAV-GDN F vector-treated
AL S mice of the same age (b; low magnification). At higher magnification ( c),
intense immunoreactivity can be seen
to be mainly localized in the vicinity of
the sarcolemma as well as surrounding
regions, suggesting secreted expression
of transgene-derived GDN F after intramuscular AAV-GDN F vector injection. More intense immunoreactivity
for FL AG ( d) was localized to postsynaptic AChR-rich regions, as confirmed
by double staining with rhodamine-labeled ␣-bungarotoxin ( e), indicating the accumulation of transgene-derived GDN F at neuromuscular
junctions. f, Merging of c and d. Scale bars: (in c) a, 100 m; b, 200 m; c, 50 m; (in f ) d–f, 50 m.

muscle fibers in ALS mice, because stable GDNF expression can
last for at least 8 months in age-matched wild-type mice (our
unpublished data). These data suggested that AAV-GDNF vector could drive substantial transgenic GDNF expression in ALS
mice until the end stage of the disease.
We next investigated the pattern of distribution of transgenic
GDNF in muscles by means of immunodetection. Here, FLAG
was used as a tag to distinguish transgenic GDNF from its
endogenous counterpart. In AAV-GDNF vector-injected mice,
strong FLAG immunoreactivity was detected in a large number
of myofibers, both at 110 d of age and at the end stage of the
disease. Punctured and reticular staining was observed in transverse sections of muscles, with intense immunoreactivity mainly
localized in the vicinity of the sarcolemma, indicating that
transgene-derived GDNF was efficiently secreted into the surrounding regions (Fig. 1b,c). Substantial FLAG signals could still
be detected in atrophied myofibers at the end stage of the disease.
Furthermore, we performed double-immunofluorescence staining with anti-FLAG antibodies and ␣-bungarotoxin. ␣-Bungarotoxin is a molecular probe that specifically binds to the acetylcholine receptor (AChR) with high affinity on the postsynaptic
membranes of NMJs. The results showed that more intense immunoreactivity for FLAG was colocalized with ␣-bungarotoxin signals, indicating that transgenic GDNF was concentrated primarily
in the regions of NMJs (Fig. 1d–f ). As expected, the muscles
treated with AAV-LacZ vector or the vehicle exhibited no immunostaining for anti-FLAG at any time point.

Preservation of vector-treated muscles
At 110 d of age, the gastrocnemius muscles in the control ALS
mice weighed only approximately half those in the age-matched
wild-type mice (95.8 ⫾ 19.4 vs 183.0 ⫾ 22.2 mg; n ⫽ 5). However,
the gastrocnemius muscles of AAV-GDNF vector-treated ALS
mice were ⬃1.68 times (160.1 ⫾ 32.9 mg; p ⬍ 0.01; n ⫽ 5) heavier
than those of control ALS mice at the same age.
Histological analysis of muscles in control ALS mice at 110 d
of age revealed widespread groups of small, acutely angulated
fibers, consistent with severe neurogenic atrophy (Fig. 2b). The
mean myofiber area was greatly decreased (1053.8 ⫾ 581.0 m 2;
n ⫽ 4), being ⬃30% of that in age-matched wild-type mice
(3517.6 ⫾ 613.5 m 2; n ⫽ 5). In contrast, the muscles treated with
AAV-GDNF vector showed little evidence of neurogenic atrophy

with a more consistent fiber size (Fig. 2c), the mean myofiber area
(2252.8 ⫾ 1035.2 m 2; n ⫽ 5) reaching ⬃71% of that in wild-type
mice and more than two times that in the control ALS group.
Additionally, the notable shift of myofibers toward a smaller
diameter observed in control ALS mice was evidently moderated
in the AAV-GDNF vector-treated group (Fig. 2d), and the percentage of atrophied myofibers of ⬍20 m was significantly decreased (24% in control ALS group vs 9% in AAV-GDNFtreated group).

Retrograde transport of transgenic GDNF into
spinal motoneurons
Retrograde axonal transport of GDNF into spinal lumbar motoneurons has been demonstrated in adult rats (Leitner et al.,
1999). Here we examined whether or not transgenic GDNF could
also be retrogradely transported to spinal motoneurons in ALS
mice. For this purpose, we took advantage of the FLAG tag in
transgenic GDNF to avoid interference of the results by endogenous GDNF. SMI-32 is a well characterized antibody that specifically recognizes nonphosphorylated neurofilaments (NP-NFs)
and therefore serves as a reliable marker for motoneurons (Carriedo et al., 1996). Thus, we performed double immunostaining
with SMI-32 and FLAG antibodies on spinal cord sections from
ALS mice. At 110 d of age, FLAG immunosignals could be
detected in SMI-32-positive cells in the corresponding ventral
horn in ALS mice at 7 weeks after intramuscular AAV-GDNF
vector injection, whereas no FLAG signal was detected in the
spinal cords of the control group ALS mice. This was further
demonstrated in the subgroup of unilaterally treated ALS mice;
FLAG signals could only be detected in motoneurons of the
ventral horn ipsilateral to the AAV-GDNF vector-injected side
(Fig. 3a–c) and none in those on the contralateral AAV-LacZ
vector-injected side. Although ␤-galactosidase signals were widely
detected in AAV-LacZ vector-injected muscles, they were not
observed at all in the corresponding ventral horn of the spinal
cord.

Effect of transgenic GDNF on spinal
motoneuron survival
To assess the neuroprotective effect of GDNF on the survival of
motoneurons, we compared the numbers of spinal motoneurons
in the different groups at 110 d of age. Nissl staining of the spinal
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Figure 2. Photomicrographs of sections of gastrocnemius muscles from
ALS mice at 110 d of age. a, Wild-type
mouse. Note that large groups of angulated and atrophic muscle fibers were
observed in control ALS mice ( b), suggesting severe neurogenic atrophy in
these mice. However, AAV-GDNF vector treatment markedly attenuated this
denervation atrophy ( c), consistent
with a greater fiber area and a decreased shift in fiber size toward
smaller ones ( d) compared with in control ALS mice. Scale bar, 100 m.

Figure 3. The retrograde transport of
transgene-derived GDNF in motoneurons of the spinal cord. At 110 d of age (7
weeks after vector administration), transgene-derived GDNF was detected in the
ventral horn of the corresponding spinal
cord ipsilateral to the AAV-GDNF vector-injected side on double-immunofluorescence staining with anti-FLAG ( a)
and SMI-32 ( b) antibodies. Merging of a
and b showed colocalization of FLAG
and SMI-positive neurons in the anterior
horns, suggesting that the retrograde
transport of transgene-derived GDNF occurred in motoneurons ( c). d–f, The contralateral side injected with AAV-LacZ
vector. Scale bar, 20 m.

cord showed a severe loss of motoneurons in the ventral horns of
the control ALS mice (Fig. 4b,g). In contrast, in AAV-GDNF
vector-treated mice, a significantly larger number of motoneurons
remained in both cervical and lumbar segments (Fig. 4c,g), suggesting a markedly protective effect of the transgenic GDNF on
motoneurons.
Staining for NP-NF is a reliable means of assessing the extent
of motoneuron loss in ALS, in which it has been shown that
motoneuron degeneration induces dephosphorylation of NP-NF,
resulting in SMI-32 staining resistance (Tsang et al., 2000). We
performed this staining on serial sections to evaluate motoneu-

rons with NP-NF. Consistent with the Nissl-staining results,
AAV-GDNF vector-treated ALS mice had significantly greater
numbers of SMI-32-positive motoneurons compared with in the
control ALS group (Fig. 4d–f,h). Thus, the motoneuron degeneration, as well as the aberrant NF dephosphorylation in the
spinal cord ventral horn of ALS mice, is also significantly inhibited after AAV-GDNF vector administration.
In the unilaterally treated subgroup of ALS mice killed at 110 d
of age, many more motoneurons survived in the lumbar spinal
cord ventral horns ipsilateral to the AAV-GDNF vector-injected
side than on the contralateral side treated with AAV-LacZ vector
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Figure 4. AAV-GDNF treatment significantly inhibits the loss of spinal motoneurons in ALS mice. Nissl staining (a–c) and
SMI-32 immunochemistry (d–f ) in wildtype (a, d), control (b, e), and AAV-GDNF
vector-treated (c, f ) ALS mice at 110 d of
age after intramuscular injection. Scale
bars: a–c, 100 m; d–f, 50 m. g and h show
the significant presence of both Nisslstained and SMI-32-positive motoneurons
in the ventral horns of the spinal cord,
respectively (n ⫽ 4; *p ⬍ 0.01). The data
represent the average numbers of neurons
per anterior horn.

(Nissl staining, 17.1 ⫾ 3.2 vs 10.3 ⫾ 1.1; SMI-32-positive neurons,
15.6 ⫾ 1.8 vs 8.8 ⫾ 3.2; p ⬍ 0.01; n ⫽ 5). Thus, these findings
further suggested that the therapeutic effect on motoneurons
resulted from retrograde transport of transgenic GDNF on the
same side rather than from systemic delivery.

Effect on the maintenance of motoneuron axonal
projections to muscles
To further quantitatively assess surviving motoneurons that retained functioning neuromuscular projections to the injected
muscles, we selectively labeled such motoneurons by injection of
a neural tracer CTB into the bilateral gastrocnemius muscles of
mice 1 week before being killed. At 110 d of age, there were much
fewer CTB-labeled motoneurons in control ALS mice than those
in wild-type mice. However, with AAV-GDNF vector treatment,
more CTB-labeled motoneurons were maintained than in the
control ALS group (20.7 ⫾ 4.9 vs 11.0 ⫾ 2.5%; n ⫽ 4; p ⬍ 0.01)
(Fig. 5d). Transgenic GDNF delivery to muscle thus played an
important role in the maintenance of the axonal projections of
corresponding motoneurons.
For more accurate morphometric evaluation of surviving motoneurons labeled with CTB, we next determined the size and
distribution of such neurons in the lumbar spinal cord. The
control group of ALS mice killed at 110 d of age exhibited a
significantly smaller mean area of CTB-labeled neurons than that
in age-matched wild-type mice (353.1 ⫾ 173.8 vs 733.7 ⫾ 252.0
m 2; n ⫽ 4; p ⬍ 0.01), the size distribution being shifted toward

smaller ones, indicating significant atrophy of CTB-positive motoneurons (Fig. 5e). In contrast, AAV-GDNF vector treatment of
ALS mice markedly decreased the motoneuron atrophy (605.8 ⫾
248.2 m 2; n ⫽ 4; p ⬍ 0.01 vs control group), and the size
distribution shifted toward smaller ones. Together, these results
may directly show that GDNF gene delivery to muscles can
promote the survival and inhibit the atrophy of motoneurons with
axonal projections to target muscles in ALS mice.

GDNF delays the onset of disease, improves motor
performance, and prolongs survival in transgenic
ALS mice
Any group of ALS mice that had AAV-GDNF vector, AAVLacZ vector, or the vehicle injected in the four limbs at 9 weeks
of age showed similar motor performance, as quantified with a
rotarod, until 12 weeks of age. Thereafter, it deteriorated quickly
in control ALS mice, whereas the performance deterioration was
significantly delayed in AAV-GDNF vector-treated mice ( p ⬍
0.05) (Fig. 6a–c), indicating significantly prolonged maintenance
of their motor strength.
The average age of motor deficit onset in AAV-GDNF vectortreated ALS mice was 114.0 ⫾ 4.0 d (n ⫽ 12), whereas it was
101.3 ⫾ 5.4 d (n ⫽ 11) in control ALS mice, the difference being
significant ( p ⬍ 0.01) (Fig. 6a). AAV-GDNF vector treatment
prolonged the mean survival by 16.6 ⫾ 4.1 d compared with in the
control ALS mice (138.9 ⫾ 9.2 d in AAV-GDNF vector-treated
mice vs 122.3 ⫾ 5.7 d in control ALS mice; n ⫽ 8; p ⬍ 0.01) (Fig.
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Figure 5. Effect of GDNF on motoneurons that retained axonal projections.
CTB-labeled motoneurons in the ventral
horns at 110 d of age in wild-type ( a),
control ( b), and AAV-GDNF vectortreated ( c) ALS mice after intramuscular
injection. Scale bar, 50 m. Note that
AAV-GDNF vector-treated mice had significantly more large CTB-labeled motoneurons than control ALS mice ( d).
The value represents the CTB/Nissl ratio
(average number of neurons per anterior
horn). The shift in motoneuron size toward a smaller diameter was markedly retarded in AAV-GDNF vector-treated mice
compared with in control ALS mice ( e).

6e). These results mean that bilateral intramuscular injection of
AAV-GDNF vector delayed the onset of disease by ⬃13% and
prolonged the survival of transgenic ALS mice by ⬃14%.
However, weakness and atrophy of the skeletal muscles, especially in the hindlimbs, ultimately developed in all mice of all
groups once motor symptoms had appeared. The duration of the
disease, as evaluated as the number of days that elapsed from the
onset to the end stage, did not differ between the AAV-GDNF
vector-treated and control ALS mice (24.0 ⫾ 3.5 vs 21.0 ⫾ 3.5 d;
p ⬎ 0.05).
Because GDNF is a secreted protein, we assessed whether the
therapeutic benefit of transgene-derived GDNF also resulted
from systemic circulation after AAV-GDNF vector administration or not. In a subgroup of unilaterally treated ALS mice that
had AAV-GDNF vector injected into their left limbs and AAVLacZ vector injected into their right ones, each mouse moved the
AAV-GDNF vector-injected limbs almost normally until 110 d of
age. However, the contralateral limbs developed muscle weakness
at as early as 93 d of age, there being a waddling gait. Despite the
better motor functions of AAV-GDNF vector-treated limbs, the
mice showed no significant difference in the running time on a
rotarod at any speed tested compared with the control ALS mice
(data not shown). The average onset time of motor deficit in this
subgroup also showed no significant difference compared with in
the control ALS group (102.7 ⫾ 3.1 d; n ⫽ 7; p ⬎ 0.05) (Fig. 6d).

DISCUSSION
We report here that intramuscular injection of AAV-GDNF
vector into the transgenic ALS mice model results in sustained
substantial biosynthesis of GDNF in the muscles, with findings
demonstrating its retrograde transport to the corresponding spi-

nal motoneurons. Furthermore, this transgene expression not
only significantly prevents the loss of motoneurons but also leads
to marked attenuation of the manifestation of the disease and
prolongs survival of the transgenic ALS mice.
Here, we demonstrated substantial expression of the GDNF
transgene after an intramuscular AAV-GDNF vector injection,
which is sustained until the terminal stage in ALS mice, thus
probably guaranteeing a continual supply of biologically synthesized GDNF to the motoneuronal axon terminals in the muscles.
This will well meet the demands for long-term availability of
therapeutic factors that is necessary because of the chronicity and
progression of ALS. Although we failed to detect transgenic
GDNF in the spinal cord at the death stage in ALS mice, this is
probably attributable to severe loss of motoneurons or/and the
impaired capacity of axonal transport at the end stage (Warita et
al., 1999; Williamson and Cleveland, 1999).
It has been assumed that the neuroprotective effect of GDNF
on motoneurons is based on its retrograde axonal transport from
a target tissue to neuronal cell bodies, but no direct evidence for
this hypothesis in gene therapy has been presented yet (Mohajeri
et al., 1999; Alisky and Davidson, 2000). We successfully detected
transgenic GDNF in spinal neurons of the ventral horn ipsilateral
to the AAV-GDNF-injected side. These cells are confirmed to be
motoneurons by means of double immunofluorescence. Because
the antibody we used recognizes the FLAG epitope tagging
transgenic GDNF, the interference with this result by endogenous GDNF in the spinal cord is excluded.
The transgenic GDNF that appeared in the motoneurons may
have been derived through three possible ways: systemic delivery,
retrograde transport of AAV vectors, or retrograde transport of
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Figure 6. a, General behavior test for
ALS mice. Cumulative probability of onset of rotarod deficits in ALS mice. The
AAV-GDNF vector-treated mice had an
age of onset of 114.0 ⫾ 4.0 d (n ⫽ 12)
compared with 101.3 ⫾ 5.4 d (n ⫽ 11) for
control ALS mice and 102.7 ⫾ 3.1 d (n ⫽
7) for unilaterally AAV-GDNF vectortreated mice. AAV-GDNF vector treatment significantly delayed disease onset
by ⬃13 d compared with in control ALS
mice ( p ⬍ 0.01), whereas the onset in
unilateral AAV-GDNF vector-treated
mice did not show a significant difference
from that in control ALS mice. Performance of ALS mice in the rotarod test at
5 rpm ( b), 10 rpm ( c), and 20 rpm ( d).
AAV-GDNF vector-treated ALS mice
performed significantly better than control AL S mice (n ⫽ 8; *p ⬍ 0.05). e,
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GDNF fusion protein itself. The restricted distribution and ipsilateral presentation of transgenic GDNF in motoneurons, as well
as its known inability to pass through the blood–brain barrier,
exclude the possibility of its systematic delivery to the spinal cord.
To date, most reports show that AAV vectors are not retrogradely
transported or are transported in only a very limited manner
(Chamberlin et al., 1998; Klein et al., 1998; Alisky et al., 2000).
One recent report, however, has revealed retrograde transport of
an AAV vector itself in the CNS, a reporter green fluorescent
protein being used as a tracer (Kaspar et al., 2002). Thus, in our
study we cannot completely role out the possibility that AAV
particles may also have been transported to the corresponding
motoneurons. The vectors carried to the motoneurons, however,

are assumed to be very limited because no ␤-galactosidase was
detected in the corresponding spinal motoneurons, despite its
wide distribution in the transduced muscles.
In contrast, the transgenic GDNF is abundantly detected in
both transduced muscles and the corresponding motoneurons
after AAV-GDNF injection. This finding, combined with the
previous reports as well as our observation for ␤-galactosidase
activity, indicates that the transgenic GDNF in the motoneurons
is mainly derived through retrograde axonal transport of the
GDNF protein. This is consistent with a previous study (Kordower et al., 2000) and our recently published data for the
nigrostriatal system (Wang et al., 2002), showing that transgenic
GDNF is retrogradely transported. The finding that transgenic
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GDNF in muscle fibers was predominantly accumulated to the
regions of NMJs is also compatible with its retrograde transport
hypothesized because it is in the axon terminals in which substances secreted from muscle fibers are taken up to be retrogradely transported.
Both SMI-32 staining and Nissl staining have confirmed significant rescue of motoneurons by AAV-GDNF vector delivery.
Because CTB can be axonally transported to neuronal cell bodies
in a retrograde direction and be detected throughout the neuronal cytoplasm (Llewellyn-Smith et al., 2000), the detection of
CTB-positive motoneurons means that they maintain intact axonal connection with the AAV-GDNF vector-injected muscles.
Thus, CTB labeling makes it possible to assess the effect of the
transgenic GDNF on the spinal motoneurons more accurately
than with Nissl or NP-NF staining alone. This method reveals
greater numbers of larger spinal motoneurons labeled with CTB
in AAV-GDNF vector-treated ALS mice. These findings together indicate that intramuscular injection of AAV-GDNF vector can delay the degeneration of motoneurons, thereby allowing
prolonged functioning axons in ALS mice.
AAV-GDNF vector-treated ALS mice with four-limb injections, in contrast to the control ALS group, show much better
behavioral performance, with delayed onset of disease and a
prolonged life span, which is in agreement with the attenuation of
the motoneuron pathology. In the subgroup with unilateral AAVGDNF treatment, the therapeutic effects of GDNF on behavioral
and pathological features are limited to the same treated side,
with obvious deterioration of motor performance on the AAVLacZ vector-treated side. However, the motor performance on a
rotarod and the onset of disease remain similar to those in the
control group. Thus, it is assumed that the therapeutic benefit
mostly resulted from direct action of transgenic GDNF on motoneurons after its retrograde transport rather than from the
systemic delivery.
Although bilateral administration of AAV-GDNF vector
markedly delays the onset of disease and improves the survival of
ALS mice, it fails to prolong the length of time from disease onset
to death. What is more, despite the substantial expression of
GDNF, the AAV-GDNF vector-treated mice ultimately reach
the end stage, when morphological assessment demonstrates such
severe atrophy of myofibers and massive loss of spinal motoneurons as in the control ALS mice (data not shown). It has been
reported that pathological changes occur at asymptomatic stages
in ALS mice, and massive motoneuron death occurs at the end
stage (Dal Canto and Gurney, 1995; Wong et al., 1995; Mourelatos et al., 1996; Tu et al., 1996; Bruijn et al., 1998; Shibata et al.,
1998). Thus, it is assumed that the transgenic GDNF only exhibits
its protective function for motoneurons in ALS mice at asymptomatic stages when the ventral horns may have a mild pathology.
Once the disease develops, however, GDNF gene therapy cannot
effectively inhibit the massive motoneuron death or interfere with
the rapidly inevitable progression of the disease. In this study, we
began the treatment at the age of 9 weeks. Administration of
GDNF at earlier times and/or together with other neurotrophic
factors (Bilak et al., 2001) may lead to better results.
In summary, we showed that intramuscular injection of AAVGDNF vector in ALS mice results in long-term expression of
GDNF in muscles, bringing about obvious benefits in behavioral,
functional, and pathological features. The transgenic GDNF protein observed in the spinal motoneurons suggests its retrograde
transport from the nerve terminals to motoneuronal cell bodies.
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Together, these data imply that AAV-mediated GDNF delivery
to muscle will be a promising means of gene therapy for ALS.
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