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Systemic injection of AAV9-GDNF provides modest
functional improvements in the SOD1G93A ALS rat
but has adverse side effects
GM Thomsen1, M Alkaslasi1, J-P Vit2,3, G Lawless1, M Godoy1, G Gowing1, O Shelest1 and CN Svendsen1,2

Injecting proteins into the central nervous system that stimulate neuronal growth can lead to beneficial effects in animal models of
disease. In particular, glial cell line-derived neurotrophic factor (GDNF) has shown promise in animal and cell models of Parkinson’s
disease, Huntington’s disease and amyotrophic lateral sclerosis (ALS). Here, systemic AAV9-GDNF was delivered via tail vein
injections to young rats to determine whether this could be a safe and functional strategy to treat the SOD1G93A rat model of ALS
and, therefore, translated to a therapy for ALS patients. We found that GDNF administration in this manner resulted in modest
functional improvement, whereby grip strength was maintained for longer and the onset of forelimb paralysis was delayed
compared to non-treated rats. This did not, however, translate into an extension in survival. In addition, ALS rats receiving GDNF
exhibited slower weight gain, reduced activity levels and decreased working memory. Collectively, these results confirm that
caution should be applied when applying growth factors such as GDNF systemically to multiple tissues.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is characterized by progressive
loss of upper and lower motor neurons, typically leading to muscle
atrophy, paralysis and death within 3–5 years of diagnosis.1

Most ALS cases are of unknown etiology and sporadic in nature
(90–95%) with no genetic association. However, familial ALS also
exists and is associated with genes such as Cu/Zn superoxide
dismutase 1 (SOD1), TAR DNA-binding protein 43 (TARDP),
C9ORF72(refs 2,3) and NEK1.4,5 After a half century of trials and
testing of over 150 therapeutic agents or strategies in pre-clinical
models, there are still no successful treatment options for ALS,
with the single developed drug, Riluzole, prolonging survival by
only ~ 2–3 months.
Drug development for ALS has been limited because most

drugs do not cross the Basso, Beattie and Breshnahan (BBB) and
hence cannot enter the central nervous system (CNS). Fortunately,
pre-clinical animal studies have shown that viral vectors can cross
the BBB in order to deliver drugs to the CNS, providing promising
options for gene therapy. Adeno-associated virus (AAV) vectors
have become a popular vehicle of choice for drug and growth
factor delivery for the treatment of neurological disorders.6 AAV
serotype 2 vectors are in clinical trials for Parkinson’s disease, with
patients receiving direct cranial delivery without any serious
adverse events attributable to the vector.7–10 Indeed, a completed
AAV serotype 2–glutamic acid decarboxylase gene therapy trial
for Parkinson’s disease was the first phase 2 double-blinded
clinical study to demonstrate the efficacy of gene therapy in a
neurological disorder.9

AAV serotype 9 (AAV9) is an additional promising viral vector for
gene delivery, as it crosses the BBB, has a high gene transfer

efficiency in the brain11 and transduces motor neurons and
astrocytes.12,13 Using AAV9-SOD1-shRNA to knock down mutant
SOD1 significantly delayed disease onset and extended survival
both in SOD1 mice receiving peripheral injections and in SOD1
rats receiving direct targeting of the motor cortex.14,15 Impor-
tantly, intrathecal delivery of this AAV9-SOD1-shRNA to non-
human primates was proven safe and effective in suppressing
SOD1 expression in motor neurons and glia throughout the spinal
cord.14 Furthermore, AAV9 delivery of microRNA via intracerebral
ventricular injection in neonatal SOD1 mice resulted in a 50%
extension in survival.16 Rescue of the spinal muscular atrophy
phenotype in mice was also demonstrated following AAV9
delivery of the SMN gene.17 This strategy for delivering SMN has
been deemed safe in larger animal models18 and non-human
primates,19 and is now being used in clinical trials for spinal
muscular atrophy patients. Together, these studies set the stage
for AAV9-mediated therapy in human clinical trials.
Glial cell line-derived neurotrophic factor (GDNF) is a powerful

growth factor that can protect both dopamine and motor neurons
in vitro.20–22 However, delivery to the CNS has been challenging
given that it does not cross the BBB. Using a variety of delivery
methods, including direct protein, stem cell and viral, GDNF has
been shown to protect dopamine and motor neurons in a number
of animal models.23–26 GDNF delivered into the spinal cord
protected spinal motor neurons in ALS rats; however, it did not
preserve neuromuscular junctions or prolong lifespan, perhaps as
delivery was limited to the spinal cord.27 In contrast, GDNF
treatment in the muscle of ALS transgenic mice and rats was
able to preserve neuromuscular junctions and protect motor
neurons, presumably due to retrograde transport.27–30
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Importantly, AAV-GDNF delivery to the muscle of ALS mice
provided not only neuroprotection but also functional effects.31–34

The goal of the current study was to determine if global
expression of GDNF in multiple tissues could have a beneficial
effect in the SOD1 rat model of ALS. To achieve this we used the
capacity of AAV9 to cross the BBB in order to deliver GDNF to
young SOD1G93A (herein, SOD1) ALS rats using tail vein injection,
which in other studies has led to widespread expression of the
vector.12,14,17 GDNF administration in this manner resulted in
delivery to many tissues including brain, spinal cord and muscle.
However, this led to only modest functional improvements in
SOD1 rats, did not translate into an extension in lifespan and was
associated with several side effects including slow weight gain,
reduced activity and working memory deficits. It is therefore
important to consider that although GDNF can support some
populations of neurons to provide a beneficial effect for
neurodegenerative diseases, administration should be targeted
to specific cellular populations in order to avoid widespread side
effects.

RESULTS
GDNF is expressed in the brain, spinal cord and muscle following
systemic AAV9 tail vein delivery
SOD1 and wild-type (WT) rats received tail vein injections of AAV9-
GDNF or AAV9 alone [‘AAV9(− )’] at postnatal (p) day 25.
Histological analysis of brain and cervical spinal cord tissue at
disease end point of AAV9-GDNF-treated SOD1 animals revealed
GDNF staining in the cortex, hippocampus and septal region
(Figure 1a). There was also GDNF staining in the spinal cord gray
matter, which showed a similar distribution in rats euthanized at a
short time point (4-week post injection). GDNF was not observed
in the AAV9(− )-treated SOD1 animals brain or spinal cord tissue.
A sensitive ELISA assay confirmed that WT and SOD1 rats
administered AAV9-GDNF showed significantly more GDNF
expression in the brain, cervical and lumbar spinal cord as well
as hindlimb and forelimb muscles but not in the kidney, relative to
AAV9(− ) (Figure 1b). In contrast, GDNF was undetectable in the
serum of any group at study end point.
Consistent with the previous reports that GDNF protects spinal

motor neurons,27 analysis of ventral horn choline acetyl transfer-
ase+ (ChAT+) cells in the cervical spinal cord revealed a significant
increase in total numbers of ChAT+ cells and total large
(4700 μm) ChAT+ cells, but not average ChAT+ cell size in
the ventral horn of AAV9-GDNF-treated SOD1 rats relative to
AAV9(− )-treated SOD1 rats euthanized at end point (Figures 1c–f).

GDNF maintains forelimb strength and delays onset of forelimb
paralysis in SOD1 rats, but does not effect survival
SOD1 rats underwent grip strength testing in order to assess
forelimb and hindlimb strength. SOD1 rats that were administered
AAV9-GDNF at p25 showed a significant increase in forelimb, but
not hindlimb, grip strength relative to AAV9(− ) SOD1 rats over
time (Figures 2a and b, respectively). AAV9-GDNF administration

in WT rats did not appear to improve grip strength in either
forelimb or hindlimb regions relative to saline and AAV9(− )
controls (Figures 2c and d, respectively). SOD1 rats also underwent
locomotor scoring in order to assess forelimb and hindlimb motor
function deficits (Figures 2e and f, respectively). Rats that were
administered AAV9-GDNF showed a significant delay in forelimb
onset relative to AAV9(− ) controls (Figures 2e and g); however,
hindlimb function was not affected (Figure 2f). Both AAV9-GDNF
and AAV9(− ) controls showed similar survival times, demonstrat-
ing that the delay in disease onset did not translate to an
extension in survival (Figure 2h).

GDNF lowers body weight, reduces open field activity and leads to
reduction in working memory in both WT and SOD1 rats
Monitoring weight gain in WT rats that received AAV9-GDNF,
AAV9(− ) or saline at p25 showed that all rats gained weight over
time; however, rats receiving AAV9-GDNF gained weight at a
significantly slower rate relative to rats receiving saline or AAV9
(− ) control virus (Figure 3a). Both SOD1 and WT rats receiving
AAV9-GDNF showed a significantly slower weight gain relative to
SOD1 AAV9(− ) controls (Figure 3b). In contrast to WT AAV9-GDNF
rats that continued to gain weight, SOD1 rats receiving AAV9(− )
or AAV9-GDNF reached their peak body weight and then steadily
lost weight as signs of paralysis and disease progression were
observed. Interestingly, as age of peak body weight is often used
as an indicator of age of disease onset, although GDNF slowed the
weight gain in both WT and SOD1 rats relative to AAV9(− )
controls, we found that SOD1 rats that were administered AAV9-
GDNF reached their peak body weight at 162.9 ± 7.6 days, which
was a significantly later time than SOD1 rats injected with
AAV9(− ) control virus at 140.7 ± 4.7 (Figure 3b), suggestive of a
delayed disease onset.
Following systemic delivery of either AAV9-GDNF or AAV9(− ) at

p25, both WT and SOD1 rats at p125 receiving GDNF showed signs
of significantly reduced overall activity when placed in an open
field testing apparatus, relative to their respective AAV9(− )
controls (Figure 3c). Relative to WT AAV9(− ) controls, SOD1
AAV9(− ) controls showed a significantly reduced activity level,
which is likely indicative of the initial stage of ALS disease
symptoms. When assessed in the Y-Maze, rats receiving GDNF
alternated between arms significantly less than rats receiving
AAV9(− ) control virus, suggesting a reduction in working memory
(Figure 3d). There were no differences in working memory
between WT and SOD1 groups. The total entries into each arm
did not differ among the groups (Figure 3e), demonstrating that
the reduced alternation between rats receiving GDNF and rats
receiving AAV9(− ) was not due to differences in the overall ability
of the rats to perform the task.

DISCUSSION
Therapeutic delivery using AAV9 has been applied in the
treatment of various neurodegenerative diseases including ALS,
spinal muscular atrophy, PD35 and Huntington’s disease.36

Figure 1. Increased GDNF expression in CNS tissue following systemic injection of AAV9-GDNF. (a) Histological analysis of GDNF expression
in CNS tissue sections revealed GDNF staining in the cortex, septum and hippocampus, as well as the spinal cord gray matter in rats
injected with AAV9-GDNF but not those injected with AAV9(− ) control virus. (b) Quantification of GDNF expression in various tissues
from both WT and SOD1 rats by ELISA confirmed that after injections of AAV9-GDNF, GDNF levels were increased in the brain, spinal
cord and muscle relative to AAV9(− )-injected controls but not in the kidney. There were no detectable levels of GDNF expression in the
serum of any of the groups. (c) Immunostaining for ChAT in the ventral horn of the cervical spinal cord revealed significantly greater numbers
of (d) total ChAT+ cells and (e) ChAT+ cells 4700 μm per section in AAV9-GDNF-treated SOD1 rats relative to AAV9(− ) controls. (f) Average
ChAT+ cell size was not significantly different. Sample size: n= 4 per group and the same animals were used for each assay. *Po0.05,
unpaired, two-tailed t-test; error bars= s.e.m. Scale bars a, b: 500 μm; c: 100 μm. ELISA, enzyme-linked immunosorbent assay; FL, forelimb; HL,
hindlimb; SC, spinal cord.
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This strategy has been deemed safe in rodents,17 pigs18 and non-
human primates,19 and is now being used in clinical trials for
spinal muscular atrophy patients. GDNF delivery to neurons of the

CNS has been difficult as the protein does not cross the BBB. To
circumvent this issue, different modes of delivery (cannula, viral or
modified cells) into various CNS regions (intraventricular,
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Figure 2. GDNF administration leads to modest functional improvements in SOD1 rats. SOD1 rats administered AAV9-GDNF showed
enhanced (a) forelimb but not (b) hindlimb grip strength over time relative to SOD1 AAV9(− )-injected controls (*Po0.05, two-way analysis of
variance (ANOVA) error bars= s.e.m.). GDNF administration in WT rats did not lead to improved (c) forelimb or (d) hindlimb grip strength
relative to saline- or (AAV9(− )-injected controls. (e) Forelimb and (f) hindlimb BBB scoring was performed to assess motor function deficits in
SOD1 rats, and while there were no differences in hindlimb motor performance, (e, g) forelimb onset was significantly delayed after AAV9-
GDNF administration relative to AAV9(− ) controls (*Po0.05, Wilcoxon signed rank test). Differences in time of onset did not however
translate into extended survival (h) as there was no difference between survival times in AAV9-GDNF- and AAV9(− )-injected SOD1 rats. Given
that 70% of AAV9(− ) and 60% of AAV9-GDNF rats showed onset in both limbs at the same time point or within 7 days of one another, and
that each rat at end point exhibited a significant degree of both forelimb and hindlimb paralysis, rats were not further separated into groups
based on fore- or hindlimb onset *Po0.05, two-way ANOVA error bars= s.e.m.
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intrastriatal or intranigral) have been studied. Here, we assessed
systemic delivery of GDNF using AAV9 tail vein injections in the
SOD1 rat model of ALS.
In the current study, we show that systemic injection of AAV9-

GDNF confers modest functional improvements in the SOD1 ALS
rat, which included increased forelimb strength and delayed onset
of forelimb paralysis. We have previously shown that GDNF
delivery to the spinal cord can protect motor neurons.27,30 The
current study, however, did not assess motor neurons and
neuromuscular junctions as animal tissue was collected at end
point, when motor neurons and neuromuscular junctions are fully
degenerated.15 Although systemically delivered AAV9-GDNF
provided some functional effects, there were concomitant side
effects in both WT and SOD1 rats and no extension in lifespan.
Side effects included slower weight gain, reduction in open field
activity and reduction in working memory. Weight loss has been
reported as a minor side effect in a number of studies following
AAV serotype 2–GDNF delivery to rodents and non-human
primates.37–39 When clinical trials for Parkinson’s disease infused
GDNF protein into the ventricles, patients also demonstrated side
effects of weight loss, along with Lhermittes, a condition
described as an uncomfortable electrical sensation that runs
down the back and into the limbs.40,41 Weight loss, at least in
rats, was attributed to high GDNF protein levels in the substantia
nigra with subsequent transport and secretion of GDNF in the
hypothalamus, activating a population of corticotrophin-releasing
factor neurons.37 In a different open label trial performed by our

group and subsequently others, GDNF was infused directly into
the caudate putamen.42,43 These clinical studies showed excellent
tolerance, a clinical benefit and few side effects that predomi-
nantly included Lhermittes. Unfortunately, a follow-up double-
blind clinical trial showed that GDNF delivered to the caudate
putamen did not confer the predetermined level of benefit for
Parkinson’s disease patients; however, this result was likely due to
the mode of delivery.44 Critically, the collective clinical trials all
confirmed that local GDNF delivery was safe for patients with no
overt toxic effects.
Results from the current and previous studies highlight that the

appropriate delivery method, tissue targeting and targeting of
specific cell types within the tissue are critical for maximizing the
potential for GDNF-mediated therapeutic benefit. For instance,
GDNF delivery to the muscle of ALS mice had profound
neuroprotective effects on both neuromuscular junctions and
spinal motor neurons.31,33 Furthermore, transgenic GDNF expres-
sion from birth in the muscle fibers of ALS mice resulted in
delayed disease onset and prolonged survival, whereas transgenic
GDNF expression in astrocytes did not affect disease.45 On the
other hand, GDNF delivery by direct intraspinal injection of
lentivirus encoding GDNF into the SOD1 mouse did not prevent
the loss of spinal motor neurons.46 In addition, transplanting
non-engineered human neural progenitor cells that differentiate
into astrocytes in the spinal cord of SOD1 rats was not
neuroprotective.27 In contrast, when human neural progenitor
cells were genetically engineered to overexpress GDNF and then
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Figure 3. GDNF administration leads to slower weight gain, reduction in activity and deficits in working memory. (a) WT and (b) SOD1 rats that
received tail vein injections of AAV9-GDNF gained weight at a slower rate over time relative to their AAV9(− )- and saline- injected controls.
(WT saline vs WT AAV9-GDNF *Po0.05, two-way analysis of variance (ANOVA): interaction, time, group; WT AAV9(− ) vs AAV9-GDNF *Po0.05,
two-way ANOVA: interaction, time. SOD1 AAV9(− ) and SOD1 AAV9-GDNF vs WT AAV9-GDNF *Po0.05, two-way ANOVA: interaction, time,
group; SOD1 AAV9(− ) vs SOD1 AAV9-GDNF *Po0.05, two-way ANOVA: interaction, time). (c) When placed in an open field apparatus for
30 min, both WT and SOD1 rats that received AAV9-GDNF had a significantly reduced total activity level relative to their respective AAV9(− )
controls. In addition, SOD1 AAV9(− )-injected rats showed significantly lower total activity relative to WT AAV9(− )-injected rats that would
suggest that these SOD1 rats are in the beginning stages of disease. When tested for working memory in the Y-Maze task, rats injected with
AAV9-GDNF exhibited significant working memory deficits (d) as the % alternation between arms was significantly reduced in both WT and
SOD1 rats relative to AAV9(− ) controls. (e) This was not due to a decrease in total observed activity in the Y-Maze, as overall arm entries
between AAV9-GDNF and AAV9(− ) groups were not different. *Po0.05, **Po0.01, ***Po0.0001, error bars= s.e.m., unpaired, two-tailed
t-test.
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transplanted into the spinal cord to become astrocytes, they were
able to protect motor neurons in the SOD1 rat and also following
nerve axotomy.30,47 This critically supports the idea that there is a
synergistic effect when providing both GDNF and healthy
progenitor cells/astrocytes. In the current study, consistent with
reported location of known GDNF receptors,48,49 GDNF protein
levels were significantly elevated in the brain, spinal cord and
muscle. Although the systemic delivery of GDNF helped to
enhance cervical spinal motor neuron survival, maintain forelimb
grip strength and delay the onset of forelimb paralysis in SOD1
rats, it did not effect survival. Data would suggest that the
protection of spinal motor neurons is not enough in itself to
prevent disease onset or halt progression. As the mechanisms
underlying the origin and progression of ALS remain elusive, it is
difficult to speculate which cells in the CNS might benefit the most
from GDNF exposure and at what time point during disease. It
may be that greater GDNF expression levels in specific cell types
within various CNS regions are needed, or particular delivery
methods and targeting strategies are necessary for a more
pronounced therapeutic benefit.
We have demonstrated that systemic GDNF was associated with

certain side effects including slowed weight gain, reduced overall
activity levels and impaired working memory. However, these side
effects may be acceptable if GDNF could significantly extend
lifespan of ALS patients. Unfortunately, we show that systemic
injection of AAV9-GDNF confers only modest functional improve-
ments in the SOD1 ALS rat and no extension in lifespan.
Collectively, these results lead us to conclude that AAV9-based
systemic delivery of GDNF would not likely be a useful strategy for
targeting ALS in the clinic.
Rather than systemic GDNF delivery, patients may benefit

from targeted delivery to specific regions of the CNS using direct
viral infection or a pump. However, lentiviral vectors to deliver GDNF
to spinal motor neurons have not been sufficient to prevent motor
neuron loss or muscle denervation in ALS mice.46 In contrast, a
combined ex vivo approach involving the delivery of GDNF with
genetically engineered human neural progenitor cells that generate
astrocytes following grafting was shown to protect dying spinal
motor neurons in ALS rats27,30 and also dopamine neurons in
Parkinson’s rats.50 The data suggests that targeted growth factor
delivery combined with new support cells serving as minipumps
may be the most powerful gene and cellular therapeutic strategy
for various neurodegenerative diseases. This approach is now being
pursued in the first ever cell and gene therapy trial for ALS
(ClinicalTrials.gov Identifier: NCT02943850).

MATERIALS AND METHODS
Animals
WT and SOD1G93A (‘SOD1’) transgenic rats (Sprague–Dawley
background) were housed under NIH guidelines and all experi-
ments were conducted in accordance with the Cedars-Sinai
Institutional Animal Care and Use Committee (IACUC protocol
4260), and the Guide for the Care and Use of Laboratory Animals.
This colony provides later onset and end point than the original
published model.51 Reminiscent of human pathology, disease
onset in hindlimbs and/or forelimbs is unpredictable in this model
with overt paresis progressing to complete paralysis. Male and
female rats showed no significant differences in either WT or
SOD1 rats; therefore data were pooled for each genotype.

Injections
At ~p25, rats were administered tail vein injections of either empty
AAV9 virus [‘AAV9(− )’] (SOD1, n=10) or AAV9-GDNF (SOD1, n=8;
WT, n=4). GDNF expression was driven by the cytomegalovirus
enhancer/chicken beta-actin promoter. In a second experiment, WT
rats only were administered tail vein injections of either saline (n=6),
AAV9(− ) (n=6) or AAV9-GDNF (n=6). Rats were injected with 100 μl

of viral solution containing a mixture of phosphate buffered saline
and 4×1012 DNase-resistant particles.

Behavioral assessment
At ~ 70 days, rats underwent weekly body weight assessment.
Behavioral testing started at ~ 110 days (presymptomatic for
SOD1) and included forelimb/hindlimb grip strength assessment
and forelimb/hindlimb BBB locomotor rating scale scoring.52 Open
field tests for 30 min and Y-Maze tests for 10 min were conducted
once, when rats were ~ 125 days of age. SOD1 rats were followed
to disease end point to determine whether global GDNF
ameliorates disease progression. WT rats were examined to
~ 200 days to determine whether systemic GDNF had any adverse
effects in non-diseased rats.

Assessment of motor behavior
The BBB locomotor rating scale52 assesses an animal’s ability to
walk and has been used to quantify limb paralysis. The 21-point
BBB scoring is an open field locomotor test of limb function that
provides an indication of when paralysis starts in any limb and the
degree of progression continuing until the animal's end point.
At ~ 70 days and continuing until disease end point, an observer
blinded for genotype and treatment assessed animals once or
twice weekly for BBB scores and body weights in order to
determine the average age of disease onset and survival. If left
and right limb scores were different, the average for each (hind/
fore) limb was taken as the rat’s overall score. Disease onset was
when an animal displayed a BBB score of 15 or lower. End
point was classified as severe forelimb and/or hindlimb paralysis
resulting in the animal’s inability to right itself within 25 s after
being placed on either one of its sides. Given that 70% of AAV9(− )
and 60% of AAV9-GDNF rats showed onset in both limbs at the
same time point or within 7 days of one another, and that each
rat at end point exhibited a significant degree of both forelimb
and hindlimb paralysis, rats were not further separated into
groups based on fore- or hindlimb onset. Male and female rats
did not differ significantly in BBB scoring, grip strength, open
field or Y-Maze and data were therefore pooled. To normalize
for gender differences in body weight, baseline weight measure-
ments were taken at 70 days and the percent of body weight gain
from day 70 was used for data analysis. Male and female percent
body weight gain was not significantly different and the data were
pooled.

Tissue analysis
Animals were euthanized at study end point with ketamine/
xylazine and transcardially perfused with 0.9% saline. A small
cohort of rats was euthanized at 4 weeks post injection in order to
assess early AAV9 and GDNF distribution. The brain, spinal cord
and muscle tissue were collected by cutting down the midline of
each sample so that both histological and protein analysis could
be performed. Samples collected for protein analysis were fast-
frozen in liquid nitrogen and stored at −80 °C. Samples collected
for histological analysis were placed in 4% paraformaldehyde,
post-fixed overnight and transferred to 30% sucrose. For
immunohistochemistry, brain and spinal cords were sectioned at
35 μm using a microtome and collected as free-floating sections,
and muscle tissue was sectioned, using a cryostat, directly onto
pre-coated slides at 25 μm. Tissue was stained using anti-GDNF
(1:100, purified goat IgG, Cat # AF-212-NA, R&D Systems,
Minneapolis, MN, USA).

Analysis of spinal motor neurons
Spinal cord sections were immunostained for spinal motor
neurons using an antibody against ChAT (goat, 1:250, Millipore,
Billerica, MA, USA), and counterstained with 4',6-diamidino-2-
phenylindole. One 20 × image stack per section (six sections total,
420 μm apart) was captured encompassing the lateral ventral horn
of the cervical (C4-C7) spinal cord. ChAT+ cells were counted in
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order to determine total spinal motor neuron numbers, and cell
body size was measured using Image J software.

ELISA GDNF protein assay
Homogenized tissues at 100 mg ml-1 in 1 × phosphate buffered
saline+0.5% Triton X-100+protease inhibitor cocktail (Roche,
Indianapolis, IN, USA) were centrifuged at 4 °C at 4000 rpm for
5 min. Supernatant was collected and stored at − 80 °C. DuoSet
ELISA kit determined GDNF concentration (DY212, R&D systems)
according to the manufacturer’s instructions. Samples were run
with biological (n44 per group) and technical (n= 3) replicates.

Statistical analysis
Statistical analyses were performed using Graph Pad Prism
software (San Diego, CA, USA). Student’s t-tests and one-way
and two-way analysis of variance were performed using Bonfer-
roni post hoc analyses to determine s.e.m. with a 95% confidence
level. Kaplan–Meier survival analyses were analyzed by the log
rank test, and comparisons of median disease onset and survival
time were analyzed by the Wilcoxon signed rank test.
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