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Abstract
Glial cell line–derived neurotrophic factor (GDNF) is a powerful neuroprotective growth factor. However, systemic or intrath-
ecal administration of GDNF is associated with side effects. Here, we aimed to avoid this by restricting the transgene expres-
sion to the skeletal muscle by gene therapy. To specifically target most skeletal muscles in the mouse model of amyotrophic 
lateral sclerosis (ALS), SOD1G93A transgenic mice were intravenously injected with adeno-associated vectors coding for 
GDNF under the control of the desmin promoter. Treated and control SOD1G93A mice were evaluated by rotarod and nerve 
conduction tests from 8 to 20 weeks of age, and then histological and molecular analyses were performed. Muscle-specific 
GDNF expression delayed the progression of the disease in SOD1G93A female and male mice by preserving the neuromuscular 
function; increasing the number of innervated neuromuscular junctions, the survival of spinal motoneurons; and reducing 
glial reactivity in treated SOD1G93A mice. These beneficial actions are attributed to a paracrine protective mechanism from 
the muscle to the motoneurons by GDNF. Importantly, no adverse secondary effects were detected. These results highlight 
the potential of muscle GDNF-targeted expression for ALS therapy.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative 
disease without effective therapy currently available. Loss of 
spinal and cortical motoneurons (MN) leads to progressive 
muscular weakness, paralysis, and death in a few years [1, 2]. 
Most ALS cases are sporadic, with no genetic association. About 
10% of ALS cases are familial, associated with different genes, 
including Cu/Zn superoxide dismutase 1 (SOD1), hexanucleo-
tide repeat expansions in chromosome 9 open reading frame 
72 (C9ORF72), and TAR DNA-binding protein 43 (TARDP) 
among others [1–3]. Several physiopathological mechanisms 
have been identified, mostly using ALS murine models, in the 
disease process, including glutamatergic excitotoxicity, mito-
chondrial dysfunction, oxidative stress, altered axonal transport, 
proteasome dysfunction, synaptic deficits, neuroinflammation, 
and microglial activation, all leading to selective MN degenera-
tion [2, 4, 5]. The multiple events that contribute to MN death 
make particularly difficult developing effective therapies for this 
disease. After decades of research in pre-clinical models and 
numerous clinical trials, only two drugs are approved by the 
FDA, Riluzole, an inhibitor of synaptic glutamate release, and 
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Edaravone, a free radical scavenger, although they only prolong 
ALS patients’ life by 2–3 months [6–8].

The most successful therapeutic strategy in the transgenic 
SOD1 mice, the most used ALS animal model, is the tar-
geted knockdown of the mutant SOD1 gene, which has been 
accomplished through different strategies. One is by direct 
administration of antisense oligonucleotides into the CSF in 
rodent models [9], which is currently being tested in clinical 
trials [10]. Another is the use of AAV vectors driving RNA 
inhibition against SOD1, which significantly prolonged the 
life span in mutant SOD1 mice even if administered after 
the onset of the disease [11] and that were efficient also 
in control non-human primates [12]. And finally, viral vec-
tors have been also used to deliver gene editing tools to the 
same mouse model with significant delay in the disease 
onset and survival [13, 14]. However, only a very small 
percentage of ALS patients contain mutations to the SOD1 
gene. Thus, alternative strategies should be approached in 
order to find a general treatment for most ALS patients. It 
has been proposed that treatments acting simultaneously on 
several implicated mechanisms and targeting different cell 
types involved in neurodegeneration, will likely be more 
effective to improve the course of ALS. The progressive 
death of MN in ALS is preceded by failure of neuromuscular 
junctions (NMJ) and axonal retraction [15, 16], dependent 
upon defects in the interaction of motor axons with terminal 
Schwann cells and skeletal muscle fibers. Thus, for an effec-
tive therapy, it seems necessary to simultaneously enhance 
MN survival, maintain the integrity of the NMJ, and pro-
mote reinnervation of the muscles denervated during the 
initial phases of the disease [17].

In this regard, neurotrophic factors expressed by different 
cell types provide a balanced support essential for MN devel-
opment and survival [18–21]. Thus, several trophic factors that 
are involved in MN biology, such as insulin-like growth factor 
(IGF-1), vascular endothelial growth factor (VEGF), ciliary neu-
rotrophic factor (CNTF), and glial cell line-derived neurotrophic 
factor (GDNF), have been suggested as potential therapies for 
ALS [22–26]. Notably, the use of viral vectors encoding growth 
factors has been one of the most effective approaches to delay 
the progression of MN degeneration among the preclinical 
therapeutic assays conducted.

We focused this work on GDNF, a growth factor with 
neuroprotective effects on both dopamine and MN in vitro 
[27–29] and in vivo in different models of disease [21, 
30–33]. When administered into the spinal cord, GDNF pre-
served spinal MN in ALS rats, although NMJ innervation 
and lifespan were not improved, compared with untreated 
animals. Local muscle injection of an adeno-associated viral 
vector (AAV) encoding for GDNF in ALS mice or transplan-
tation of mesenchymal stem cells genetically engineered to 
overexpress GDNF in ALS rats provided some beneficial 
functional effects [23, 34–37]. On the other hand, systemic 

delivery of GDNF has secondary effects in the brain and 
causes body weight loss [38]. Indeed, clinical trials using 
GDNF have failed so far due to problems with pharma-
cokinetics and dose-limiting toxicity after CSF delivery 
(for review see Luz et al. [39]). Therefore, optimal deliv-
ery methods need to be explored. As a proof of concept, 
double transgenic animals expressing GDNF in the muscle 
and mutant SOD1 showed improved preservation of NMJ 
and spinal MN, probably due to retrograde transport, since 
GDNF does not cross the blood brain barrier. Thus, effec-
tive gene therapy for ALS would require distribution of the 
therapeutic gene throughout all the muscles in the body, only 
achievable by systemic delivery of a gene transfer vector 
capable of specifically transducing skeletal muscles. Here 
we report MN survival and maintenance of muscle inner-
vation in SOD1G93A mice by selectively upregulating the 
expression of GDNF in skeletal muscle using an AAV under 
the regulation of the human desmin promoter.

Methods

Transgenic Mice

Transgenic mice with the G93A human SOD1 mutation 
(C57bl6-Tg[SOD1-G93A]1Gur) were obtained from the 
Jackson Laboratory (Bar Harbor, ME, USA). Hemizygotes 
C57bl6 SOD1G93A males were obtained by crossing with 
C57bl6 females. The offspring was identified by PCR of 
DNA extracted from tail tissue. Experimental procedures 
were approved by the Ethics Committee of the Universi-
tat Autònoma de Barcelona. The following experimental 
groups of mice were used: SOD1G93A injected with AAV8-
hDesGDNF or AAV8-Mock, WT littermates treated with 
AAV8-hDesGDNF or AAV8-Mock (n = 15–19/condition, 
7–10 per each gender). To compensate the experimental 
groups, we allocated the animals according to weight and 
litter of origin. Animals were weighted every 4 weeks to 
monitor their overall health condition.

Virus Production and Injection

To isolate mouse GDNF cDNA sequence, total mRNA was 
obtained from an injured sciatic nerve of a WT adult mouse. 
Specific mRNA for mouse GDNF was amplified by RT-PCR 
using the following primers containing BamHI and NheI 
restriction sites: GDNF Fwd 5′-GGA​TCC​GAC​GCT​AGC​TGG​
ATG​GGA​TTC​GGG​CCAC-3′ and GDNF Rev 5′-GGA​TCC​
GAC​GCT​AGC​GGG​TCA​GAT​ACA​TCC​ACACC-3′. GDNF 
cDNA was confirmed by sequencing.

Mouse GDNF cDNA and firefly luciferase were cloned 
between AAV2 ITRs under the regulation of the human 
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desmin promoter (provided by G Lemke, Salk Institute, La 
Jolla, CA, USA). AAV8 and AAV9 viral stocks were pro-
duced by the Viral Production Unit of UAB-VHIR (www.​
viral​vector.​eu) by triple transfection into HEK293-AAV cells 
of the expression plasmids, Rep8Cap2 or Rep9Cap2 plasmids 
containing AAV genes (provided by J.M. Wilson, University 
of Pennsylvania, Philadelphia, USA), and pXX6 plasmid con-
taining adenoviral genes [40] needed as helper virus. AAV 
particles were purified by iodixanol gradient. Titration was 
evaluated by picogreen (Invitrogen) quantification and calcu-
lated as viral genomes per milliliter (vg/ml). Control serotype-
matching AAV empty vectors (mock) were used as control.

For intravenous administration, 1.8 × 1014 vg/kg of AAV8-
GDNF or AAV8-Mock in a total volume of 250 µl suspension 
were injected in the tail vein of 5-week-old mice.

In Vivo Imaging

Optical imaging studies were carried out with an IVIS Spec-
trum (Perkin Elmer, MA, USA) at the VHIR animal facility. 
Animals were anesthetized with isofluorane and shaved to 
minimize light absorbance. D-luciferine was intraperito-
neally injected at 150 mg/kg in 0.2 ml. Images were obtained 
for 5 min after luciferine administration using the following 
parameters: FOV 22 mm, binning 8, F-stop 1. Light radiance 
was quantified in photons/sec/cm2/steradian.

Electrophysiological Tests

Motor nerve conduction tests were performed every 4 weeks 
from 8 to 20 weeks of age. The sciatic nerve was stimulated by 
single pulses (Grass S88 stimulator) delivered through needle 
electrodes placed at the sciatic notch. The evoked compound 
muscle action potential (CMAP) was recorded from gastrocne-
mius (GM) and plantar interossei (PL) muscles with micronee-
dle electrodes [16]. Electromyographic signals were amplified 
and displayed on a digital oscilloscope (Tektronix 450S), for 
measuring the amplitude and the latency of the CMAP.

Motor unit number estimation (MUNE) was performed 
using the incremental technique [16, 41]. The sciatic nerve 
was stimulated with single pulses of increasing intensity pro-
ducing quantal increases in CMAP amplitude. Increments 
higher than 50 µV were considered due to recruitment of a 
new motor unit. The mean amplitude of single motor units was 
calculated from at least 15 consistent increases. The MUNE 
was calculated as the ratio of the CMAP maximal amplitude 
and the mean amplitude of motor unit action potentials.

Motor evoked potentials were evaluated to assess central 
motor pathways. Electrical stimuli of supramaximal intensity 
were delivered with needle electrodes placed subcutaneously 
over the skull overlaying the sensorimotor cortex, and the MEPs 
recorded from GM muscle using microneedle electrodes [16].

Locomotion Tests

Motor coordination, strength, and balance were evaluated by 
means of the Rotarod test in treated and untreated SOD1G93A 
animals (n = 6/group). Each mouse was placed three times in 
the rotarod turning at a constant speed of 14 rpm and the longest 
time until falling recorded. A maximum time of 180 s was set. 
The test was performed every other week from 8 to 20 weeks of 
age. Clinical disease onset for each mouse was determined as 
the first week when the maintenance time was lower than 180 s.

Histology

At 20 weeks of age, mice were transcardially perfused with 
4% paraformaldehyde in PBS and the lumbar spinal cord, 
tibial nerve, and gastrocnemius muscles were harvested. For 
spinal MN evaluation, spinal cords were postfixed during 4 h, 
cryopreserved in 30% sucrose in PBS, and 40 μm transverse 
sections cut using a cryotome (Leica). One every two slides 
of each animal were stained with cresyl violet. Motoneurons 
were identified by their localization in the ventral horn and 
following strict size and morphological criteria [16].

For NMJ labeling, the GM muscles were cryopre-
served in 30% sucrose in PBS and 60-μm longitudinal 
sections were serially cut with a cryotome and collected 
in sequential series of 10. Sections were blocked with 
PBS-Triton-FBS and incubated 48 h at 4 °C with primary 
antibodies anti-synaptophysin (1:500, AB130436, Abcam), 
anti-neurofilament 200 (NF200, 1:1000, AB5539, Mil-
lipore), and anti-S100β (1:1, 22,520, Immunostar). After 
washes, sections were incubated overnight with Alexa 594- 
conjugated secondary antibody (1:200; Life Science) and 
Alexa 488 conjugated α-bungarotoxin (1:200, B-13422, 
Life technologies). The proportion of innervated endplates 
was determined by classifying each endplate as either occu-
pied (when presynaptic terminals overly the endplate) or 
vacant (no presynaptic label in contact with the endplate). 
At least 4 fields totaling > 100 endplates were analyzed per 
muscle. For collateral sprouting, the number of sprouts per 
endplate was counted as the neurofilament-positive projec-
tions from pre-synaptic terminal or pre-terminal nodes on 
confocal z projections. For analysis, we considered both the 
total number of sprouts and the proportion of occupied end 
plates that were innervated by a collateral sprout.

For glial cell immunolabeling, transverse sections of 
L4-L5 cord segments were blocked with PBS-0.3%Triton-
10%Normal Donkey serum and 20 mM glycine and incu-
bated 24 h at 4 °C with primary antibodies anti-ionized 
calcium binding adapter molecule 1 (Iba-1, 1:1000; 019-
19741, Wako) for microglia. Overnight incubation with 
Alexa 488-conjugated secondary antibody (1:200; A21206, 
Invitrogen) and DAPI (1:2000; D9563-10MG, Sigma) 
counterstaining were used. Images were obtained with a 
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fluorescence microscope (Nikon Eclipse NI, Japan) and a 
region of interest centered in the ventral horn was selected 
to measure the integrated density of Iba-1 labeling using 
ImageJ software (NIH, Bethesda, MD).

Nucleic Acid Extraction and Real‑Time PCR

DNA was extracted from different tissues with 0.1 mg/ml 
of proteinase K (Roche Diagnostics), followed by phenol/
chloroform extraction. Real-time primers for cyclophilin 
B, as housekeeping gene, or desmin-luciferase construct, 
where the forward primer is located in the desmin promoter 
sequence and the reverse primer in the transgene sequence, 
are listed in Supplementary Table 1. Viral genome copies per 
cell were calculated using a standard curve generated from 
known amounts of plasmid DNA containing the Desmin-
luciferase sequence or a cyclophilin PCR product purified 
by Geneclean (Q-Biogene) in 10 ng/ml salmon sperm DNA 
(Sigma) and assuming that 1 mg of mouse genomic DNA 
contains 3 × 105 haploid genomes [42].

For RNA extraction, 1000 µl of Qiazol (Qiagen) were 
added, and tissue homogenized for 6 min with Tyssue Lyser 
LT (Qiagen) at 50 Hz twice. Then, samples were purified 
with chloroform, precipitated with isopropanol, washed with 
70% ethanol, and resuspended in 20 µl RNAse free water. 
The RNA concentration was measured using a NanoDrop 
ND-1000 (Thermo Scientific).

One microgram of RNA was reverse-transcribed using 
10 µmol/l DTT, 200 U M-MuLV reverse transcriptase (New 
England BioLabs), 10 U RNase Out Ribonuclease Inhibitor 
(Invitrogen), 1 µmol/l oligo(dT), and 1 µmol/l of random 
hexamers (BioLabs). The reverse transcription cycle condi-
tions were 25 °C for 10 min, 42 °C for 1 h, and 72 °C for 
10 min. We analyzed the mRNA expression of GDNF, RET, 
Nrg1tIII, and ErbB4, by means of specific primer sets (Sup-
plementary Table 1). Mouse 36B4 was used to normalize the 
expression levels of the different genes.

Gene-specific mRNA analysis was performed by SYBR-
green real-time PCR using the MyiQ5 real-time PCR detec-
tion system (Bio-Rad Laboratories). The thermal cycling 
conditions comprised 5-min polymerase activation at 95 °C, 
45 cycles of 15 s at 95 °C, 30 s at 60ºC, 30 s at 72 °C, and 5 s 
at 65 °C to 95 °C (increasing 0.5 °C every 5 s). Fluorescence 
detection was performed at the end of the PCR extension, 
and melting curves were analyzed by monitoring the fluo-
rescence of the SYBR Green signal.

Protein Extraction and Detection

Another part of the GM muscle and of the spinal cord were 
prepared for protein extraction and homogenized in modified 
RIPA buffer (50 mM Tris–HCl pH 7.5, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.2% SDS, 100 mM NaCl, 1 mM 

EDTA) adding 10 µl/ml of Protease Inhibitor cocktail (Sigma) 
and PhosphoSTOP phosphatase inhibitor cocktail (Roche). 
After clearance, protein concentration was determined by 
PierceTM BCA Protein Assay Kit (Thermo Scientific).

For Western blots, 20–60 μg of protein of each sample 
were loaded in SDS-poliacrylamide gels. The transfer buffer 
was 25 mM trizma-base, 192 mM glycine, 20% (v/v) metha-
nol, and pH 8.4. The membranes were blocked with 5% BSA 
in PBS plus 0.1% Tween-20 for 1 h, and then incubated 
with primary antibodies overnight. The primary antibod-
ies used were rabbit anti-GDNF (1:200, sc-328, Santa Cruz 
Biotechnology), goat anti-Ret (1:100, #AF482, R&D Sys-
tems), rabbit anti-phospho Akt T308 (1:500; #9275 Cell 
Signaling), rabbit anti-Akt (1:1000; #9272 Cell Signaling), 
rabbit anti-pErk 1/2 (1:500, #9101, Cell Signaling), rabbit 
anti-total Erk 1/2 (1:1000, #9102, Cell Signaling), rabbit 
anti-GAPDH (1:1000; #2118, Cell Signaling), and rab-
bit anti-actin (1:1000, #A2066, Sigma). Horseradish per-
oxidase–coupled secondary antibody (swine anti-rabbit or 
rabbit anti-goat, 1:10,000; #P0399 or # P0160, Dako) and 
Westar Eta C Ultra 2.0 ECL substrate (CYANAGEN) were 
added. Image density was quantified with Image LabTM 
software (Bio-Rad). Samples of a minimum of 3 animals per 
group were used, and at least 3 different blots were quanti-
fied for each marker.

Measurement of GDNF concentration in plasma, spinal cord, 
liver, and skeletal muscle homogenates was performed by a spe-
cific ELISA according to the manufacturer’s instructions (Aviva 
Systems Biology, OKCD05717). Plasma samples were diluted 
to one-third, and values for the different tissues were represented 
as ng GDNF/mg total protein (n = 3 per experimental condition, 
samples in duplicate).

For ex vivo luciferase activity quantification, protein extracts 
were obtained by lysing the tissues according to manufacturer’s 
instructions (Pierce Firefly Luciferase Flash Assay kit, Ther-
moFisher Scientific). Luminescence was read in VICTOR3 
(PerkinElmer). Transduction efficiency was expressed as values 
of luminescence per microgram protein.

Data Analysis

All experiments were performed by researchers blinded for 
the different treatments of each mouse group, and random 
allocation of animals in groups taking into account weight 
and litter. Data are expressed as mean ± SEM. Electrophysi-
ological and locomotion test results were statistically ana-
lyzed using one-way or repeated measurements ANOVA 
with Tukey post hoc test. For MUNE and MEP electrophysi-
ological results, Student’s t test was applied. For clinical 
disease, onset Log-rank (Mantel-Cox) test was applied. His-
tological and molecular biology data were analyzed using 
t-Student, one- or 2-way ANOVA with Tukey or Holm-Sídák 
post hoc tests.
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Results

Vector Biodistribution in Wild Type and ALS Mice

With the aim to prove specific delivery to skeletal muscles 
in ALS mice, we used the human desmin promoter driv-
ing the expression of firefly luciferase. We tested whether 
AAV vectors were able to transduce the affected muscles in 

the SOD1G93A mouse independently of disease status. Thus, 
we assessed biodistribution in the mice at 10 weeks of age, 
when the disease started to be evident, and at 15 weeks, 
when it has progressed to a clear phenotype. Via tail vein, 
we systemically administered 4 × 1013 viral genomes (vg)/kg 
of body weight in a volume of 250 µl of two different sero-
types of AAV vectors, AAV8 and AAV9, both described as 
efficient in transducing muscles from the circulation (n = 5 

Fig. 1   In vivo imaging assay of viral bio-distribution. (a) In  vivo 
luciferase biodistribution driven by human desmin promoter in 
SOD1G93A and WT mice. Intravenous administration of AAV8 and 
AAV9 coding for hDes-Luciferase efficiently transduced most skel-
etal muscles in mice, independently of genotype, gender and stage of 

disease. (b) Ex  vivo luciferase activity normalized by µg of protein 
showing high levels of expression in different skeletal muscles and 
heart, while liver and lung transduction are near background levels. 
GM gastrocnemius, QD quadriceps, TA tibialis anterior, dia dia-
phragm. Sex and genotypes were pooled
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per genotype and vector, including 2 males and 3 females 
per group). Animals were analyzed 5 weeks later by in vivo 
imaging of luciferase activity (Fig. 1a). We further con-
firmed the in vivo results by ex vivo luciferase activity in 
isolated tissues (Fig. 1b). Independently of gender, mouse 
genotype, or AAV serotype, we obtained high transduction 
in all skeletal muscles analyzed: gastrocnemius, quadriceps, 
tibialis anterior, and soleus, and in the heart (Fig. 1b) and 
tongue (data not shown). On the contrary, liver, lung, spinal 
cord, and brain showed near to background levels (Fig. 1b), 
although most viral particles ended in the liver, as shown by 
the number of vg/cell in the same tissues (Supplementary 
Fig. 1).

Intravenous Delivery of Desmin‑GDNF Vector 
Induces Expression in Skeletal Muscles

Mouse GDNF cDNA was retrotranscribed from mouse sci-
atic nerve and cloned into AAV2 backbone (Supplementary 
Fig. 2A). Its bioactivity was demonstrated by its ability 
to induce neurite outgrowth 10 days after transfection of 
PC12 cell line, widely used as a model for neural differ-
entiation (Supplementary Fig. 2B top). Quantitative PCR 
confirmed expression of GDNF (Supplementary Fig. 2C). 
The secretion of GDNF was verified by transfecting of 
HEK293 cells, the supernatant collected 4 days later and 
used to visualize neurite outgrowth of PC12 cells. Medium 
from mock-transfected cells was used as negative control 
(Supplementary Fig. 2B bottom).

The AAV8 serotype was chosen for the therapeutic 
assay due to a slightly better infection of this vector in the 
SOD1G93A mice. We intravenously administered a suspen-
sion of GDNF-Desmin-AAV8 (Fig. 2a) and mock-Desmin-
AAV8 vectors at 1.8 × 1014 vg/kg in 250 µl to 5-week-old 
SOD1G93A mice of C57/bl6 background, short before the 
disease onset, estimated at 6–7 weeks, based on electro-
physiological data (Mancuso et al., 2012). We increased the 
viral titers by almost 0.5 log, based on our recently published 
data in this model demonstrating the need of higher titers 
to achieve therapeutic effects from the muscle [43]. The 
experimental design is detailed in Fig. 2b. By quantitative 
PCR (Fig. 2c), immunohistochemistry (Fig. 2d) and Western 
blot (Fig. 2f, g) we found an increase in GDNF expression in 
gastrocnemius (GM) and in tibialis anterior (TA) muscles of 
treated animals. While we found significantly increased lev-
els of GDNF protein quantified by enzyme-linked immuno-
sorbent assay (ELISA) in TA muscles of treated than control 
mice (Fig. 2e), we did not detect differences in plasma, liver, 
and spinal cord (Supplementary Table 2). This confirms the 
tissue specificity of the desmin promoter, already demon-
strated in Fig. 1, and suggests that GDNF is poorly secreted 
from transduced muscles, probably due to the low secretory 
activity of this tissue compared to liver [44]. Consequently 

with overexpression of GDNF, we observed a slower pro-
gression of the locomotion decline in treated SOD1G93A 
mice as evaluated by the rotarod test (Fig. 2h; 6 mice/group; 
p < 0.05), as well as a delayed clinical disease onset (Fig. 2i) 
compared to control SOD1G93A (p = 0.05).

GDNF Overexpression in Skeletal Muscles Preserves 
Neuromuscular Function in SOD1G93A Mice

Animals treated with the therapeutic virus maintained con-
stant body weight through the study (Fig. 3a), without the 
reduction in body weight shown by non-treated SOD1G93A 
mice during the last 4 weeks of follow-up. Animal fur and 
other signs of welfare were checked every other week, and 
no changes were reported through the experiment except 
those attributed to the disease. Thus, no negative effect of 
systemic overexpression of GDNF was detected in WT or 
SOD1G93A animals, contrary to what was previously reported 
with systemic AAV-GDNF administration in mice [38], as 
well as in intracerebroventricular delivery in human patients 
and non-human primates [39].

Neuromuscular function was analyzed by electrophysi-
ological tests in the hindlimbs of SOD1G93A mice. No 
statistically significant differences were detected between 
genders (see also [45]); thus, we pooled results from male 
and female mice. The data showed significant preserva-
tion of the plantar (PL) and GM compound muscle action 
potential (CMAP) amplitude from weeks 12 and 8, respec-
tively, in treated SOD1G93A mice when compared to control 
SOD1G93A mice (Fig. 3 b and c). The higher CMAP ampli-
tude of hindlimb muscles was explained by an increase of 
the mean amplitude and the number of surviving motor 
units in treated animals (Fig. 3d, e). Motor unit number 
estimation (MUNE) provides quantitative information 
about the number of functional motor units in a muscle, 

Fig. 2   GDNF overexpression in skeletal muscles after intravenous 
administration of AAVhDes-GDNF. (a) Diagram of the viral con-
struct. (b) Experimental timeline: AAV8 vector containing the GDNF 
under the human desmin promoter was intravenously administered 
to 5 week-old WT and SODG93A mice. AAV8 Mock virus was used 
as control. Progression of the disease was analyzed by electrophysi-
ological and rotarod tests. Animals were euthanized at 20  weeks  
of age. (c) At the endpoint, GDNF expression was quantified by 
means of mRNA by quantitative RT-PCR in gastrocnemius mus-
cles (GM), by immunohistochemistry (d) in tibialis anterior muscles  
(TA; n = 3/group); by ELISA (e) in both muscles or by Western blot  
from whole GM muscle protein extracts (f) and normalized by relative  
amount of actin densitometry in WT mock treated mice (g). *Sta- 
tistical significance by 2-way ANOVA compared to SODG93A mock 
mice (*p  <  0.05; **p  <  0.01; ***p  <  0.001); #compared to WT 
mock mice (###p  <  0.001). Data are mean ± SEM. (h) GDNF over-
expression produced a delay in the rotarod performance decline of 
treated SOD1G93A mice compared to Mock treated mice (n = 6 mice 
per group; *p < 0.05). (i) Clinical onset of disease was also delayed 
(p = 0.05)

◂
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and it is crucial for the evaluation of progressive motor 
axonal loss in ALS [46, 47]. The distribution of motor units 
of the GM muscle grouped by amplitude of their action 

potential showed a higher number in most of the intervals 
(Fig. 3f). The amplitude of the motor evoked potentials 
(MEP) recorded in the GM muscles was also significantly 
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higher in treated SOD1G93A mice (Fig. 3g), indicating also 
higher preservation of central motor pathways. Moreover, 
motor function of ALS mice correlated with the levels of 
GDNF detected by both mRNA and ELISA in skeletal 

muscles (Supplementary Fig. 3A, B), as well as with the 
GM muscle mass of treated mice, which was close to that 
of WT animals, while untreated SOD1G93A mice showed 
marked muscle atrophy (data not shown).

Fig. 3   GDNF overexpression promotes motor functional improve-
ment of the SOD1G93A mice. a Body weight gain was stable during 
follow-up in the three mouse groups but not for the SODG93A mock 
group which declined from 20  weeks of age. Electrophysiological 
tests show that AAV8-GDNF administration produced a significant 
preservation of the CMAP amplitude of PL (b), and GM (c) muscles 
in the SOD1G93A mice along time. Electrophysiological estimation of 
motor unit number (MUNE) and mean amplitude of single motor unit 

potential (SMUA) of the PL (d) and GM (e) muscles shows preserva-
tion of more motor units and of larger size, confirmed by the ampli-
tude frequency distribution (f). (g) GDNF treatment increased the 
amplitude of the MEPs at 20 weeks of age compared to SOD Mock 
mice. Data are mean ± SEM. Sexes were pooled: n = 13 WT Mock, 
16 WT GDNF, 16 SOD Mock, 18 SOD GDNF, *p < 0.05 vs SOD 
Mock mice; #p < 0.05 vs WT mice; $p < 0.05 vs WT Mock
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GDNF Overexpression in Skeletal Muscles Promoted 
Motor Functional Improvement in Treated SOD1G93A 
Mice

Muscle-driven GDNF overexpression promoted a higher 
preservation of the number of occupied NMJ in the treated 
SOD1G93A group (55.8 ± 7.1%; p < 0.01) compared to the 
mock SOD1G93A group (33.2 ± 3.6%) (Fig. 4a), confirming 
the electrophysiological results of higher CMAP amplitude 
and MUNE values, although they were still lower than in 
WT animals.

GDNF cellular responses are mediated via a multicomponent 
receptor system consisting of a glycosyl-phosphatidylinositol-
anchored membrane protein (GFRa-1) that binds GDNF on the 
cell surface and facilitates its interaction with the transmem-
brane tyrosine kinase RET receptor [48, 49] to activate intracel-
lular signaling pathways via PI3K/AKT [50]. We found both 
Akt and Erk activation strongly downregulated in SOD1G93A 
mice, whereas GDNF treatment completely restored Akt and 
Erk phosphorylation levels compared to the mock treated group 
(Fig. 4b, c).

On the other hand, GDNF and other neurotrophic factors 
increase neuregulin 1 (Nrg1) activity in cultured MN and 
also in embryonic spinal cord [51–53]. Since we recently 
reported that muscle-directed Nrg1 type I gene therapy pro-
motes motor functional improvement in ALS mice ([43], 
we analyzed levels of Nrg1 and its receptors. We found that 
treatment with GDNF AAV vector significantly increased 
the expression of Nrg1 type I as well as expression of ErbB4 
receptor, by more than 10 times (p < 0.01; Fig. 4d) in the 
GM muscle of treated SOD1G93A and WT mice compared 
with mock treated mice. These results indicate a potent local 
paracrine action of the overexpressed GDNF in the skeletal 
muscle.

GDNF Overexpression in Skeletal Muscles Preserves 
Spinal MN and Reduces Neuroinflammation

GDNF production by muscle cells may be taken up by intra-
muscular motor axons and retrogradely transported to MN 
soma in the spinal cord. To confirm this hypothesis, we look 
for GDNF and its co-receptor expression. Whereas we did  
not find changes in GDNF levels in the spinal cord by either  
quantitative PCR (Fig. 5a), Western blot (Fig. 5b, c), or  
ELISA (Supplementary Table 2), we detected a significantly 
increased expression of GDNF RET receptor both as mRNA 
(Fig. 5a) and protein (Fig. 5d, e). On the other hand, GDNF 
treatment increased downstream signaling of Nrg1 type III 
and ErbB4 expression also in the spinal cord (Fig. 5a).

In agreement with molecular and functional results, we 
found a significant preservation of the number of MN in the 
ventral horn in treated SOD1G93A mice (16.6 ± 1.0 mean 
number of MN per ventral horn) compared to the SOD1G93A 

mock mice (9.3 ± 0.5; p < 0.001, n = 7–10 animals/group), 
although not reaching the values of WT mice (p < 0.01) 
(Fig. 5h, i). In addition, GDNF overexpression in muscles 
reduced also the inflammatory response in the lumbar spinal 
cord, with a significant decrease in the Iba1 immunoreac-
tivity displayed by microglial cells compared to SOD1G93A 
mock animals (Fig. 5c, d).

Altogether these data suggest that GDNF secreted from 
the muscles interacted through muscle innervation and medi-
ated retrograde communication with spinal MN, activating 
some of their survival pathways and protecting them from 
excitotoxicity and inflammation.

Discussion

GDNF is a potent neurotrophic factor that protects the cen-
tral and peripheral nervous system against degeneration, as 
demonstrated in several experimental models of neurode-
generative diseases, including Parkinson’s disease and ALS 
[27, 54]. However, in the case of ALS, the wide distribution 
of affected MN, both in the brain cortex and along the brain-
stem and spinal cord, implies that an appropriate treatment 
requires global biodistribution of the therapeutic factor to 
target tissues. GDNF direct injection into the CNS, as well 
as systemic delivery through the circulation, was found del-
eterious in ALS and other preclinical and clinical assays [38, 
39]. Here, by intravenous administration of an AAV vector 
under the regulation of the desmin promoter, we were able 
to reach most skeletal muscles and the heart, and to restrict 
its expression to the target tissue, which was enough to evade 
secondary effects, while achieving beneficial results in the 
ALS mice.

GDNF is one of the most potent survival factors for MN, 
and its mRNA was found increased in the initially dener-
vated muscles of ALS and other MN disease patients but 
tended to decline in advanced stages of the pathology, sug-
gesting that it represents a unspecific trophic response to 
ongoing denervation [55], but its effectiveness for treat-
ment of MN diseases appears to depend significantly upon 
muscle specific expression. By cross-breeding SOD1G93A 
mice with transgenic mice overexpressing GDNF either in 
skeletal muscle or in astrocytes, Li et al. [56] demonstrated 
that muscle-derived GDNF but not overexpression of GDNF 
in astrocytes resulted in neuroprotective effects. Similarly, 
intraspinal administration of lentiviral vector for GDNF did 
not prevent the loss of spinal MN and muscle denervation 
of the transgenic mice [57]. Approaches using stem cells 
genetically modified to release GDNF did not achieve func-
tional improvement when transplanted into the spinal cord 
of SOD1G93A rats [37], but delayed disease progression and 
increased the number of NMJ and MN at mid-stages of the 
disease when transplanted into several muscles [58].
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In consequence, different approaches have been investi-
gated to promote production of GDNF in skeletal muscles 
of SOD1G93A mouse model. Single injection or electropo-
ration of naked DNA in several muscles showed promis-
ing results [59, 60]. However, the neuroprotective effects 
of GDNF were more relevant when viral-mediated deliv-
ery into muscles was used. Adenovirus intramuscularly 
injected into neonatal mice resulted in GDNF expression 
not only in muscle cells but also in the spinal cord, due to 
retrograde axonal transport of the viral vector [34]. GDNF 
slightly delayed the onset of disease and the decline in 
motor functions, but GDNF expression declined over 
months of follow-up. Similarly, intramuscular delivery of 
GDNF by an AAV vector coding for a ubiquitous promoter 
led to stable expression of GDNF in a large number of 
myofibers and also in the anterior horn neurons, probably 
due to retrograde transport of the protein although retro-
grade transport of the vector cannot be discarded, since 
GDNF mRNA in the spinal cord was not checked [26, 35]. 
In the same study, injection of AAV-GDNF in the four-
limbs of the mice delayed the progression of motor dys-
function and prolonged the life span in the treated ALS 
mice [26]. Our strategy has more translatable relevance as 
applying a single systemic injection of AAV encoding the 
GDNF under desmin promoter allowed to target a larger 
number of skeletal muscles in the body and showed com-
paratively higher improvement of the functional evolution 
and of the MN preservation.

With this targeted approach, we demonstrate that GDNF 
overexpression increases MN survival and reduces glial 
reactivity in the spinal cord of treated SOD1G93A mice. We 
did not detect increased GDNF protein in spinal cord by 
either western blot or ELISA; thus, retrograde transport was 
not demonstrated. Nevertheless, activation of survival path-
ways in both skeletal muscle and spinal cord suggests a par-
acrine mechanism of protection from, at least, excitotoxicity 

and inflammation exerted by GDNF released from muscle 
cells, through induction of GDNF co-receptor in MN, and 
promoting other neurotrophic effects, particularly upregu-
lating Nrg1 and ErbB4 expression in both muscle and spi-
nal cord. Indeed, a positive feedback loop between Nrg1 
and GDNF appears to exist; with increased Nrg1 type I 
in muscle and type III in spinal cord, both Nrg1 isoforms 
found altered in ALS mice and patients [17, 43, 61]. GDNF-
induced increase of Nrg1 may have a dual beneficial effect. 
On one hand, Nrg1 type I expressed at the NMJ may act on 
terminal Schwann cells, which play a critical role for main-
taining muscle innervation and motor axon survival [62], as 
we previously demonstrated by gene therapy [17, 43]. On 
the other hand, Nrg1 type III in the spinal cord may promote 
MN survival and decrease neuroinflammation [63]. Interest-
ingly, short GDNF intrathecal treatment in aged rats restored 
GDNF and Nrg1 levels in muscles by ameliorating the neu-
romuscular dysfunction but did not inhibit the spinal cord 
microglial activation [64], probably because longer exposure 
to GDNF may be needed. According to our results, GDNF 
overexpression by targeting specifically skeletal muscles in 
other neuromuscular disturbances and in aging would be 
worth exploring.

In the SOD1G93A mouse, motor clinical signs are usu-
ally observed around 11–13 weeks of age, but quantitative 
analysis demonstrated denervation of the NMJ and decline 
of motor nerve conduction results by 6–7 weeks [15, 45], 
followed later by progressive degeneration of motor axons 
and loss of MN cell bodies in the spinal cord. This pattern 
suggests a “dying-back” mechanism for MN disease in the 
SOD1G93A mouse, where distal axonal degeneration occurs 
early during the disease, before neuronal degeneration and 
onset of symptoms [23]. According to this, GDNF applied 
at the NMJ but not in the soma compartment in microflu-
idic chambers of neuromuscular co-cultures facilitates axon 
growth and formation of active neuromuscular synapses 
[65]. Our data supports this hypothesis and provides a safe 
route for GDNF administration to ALS patients. Although 
this is only a proof-of-concept study, it suggests that treat-
ing the patients as early as possible, before the muscles start 
to be denervated and degenerating, may be necessary to 
achieve a therapeutic effect. Thus, identifying reliable bio-
markers of the disease is crucial to facilitate earlier interven-
tion and efficient treatments. For patients containing muta-
tions in the SOD1 gene, combining SOD1 inhibition with 
GDNF overexpression may be a possible therapy of choice.

In conclusion, we demonstrate here that muscle restricted 
GDNF expression at early stages of the disease is able to 
slow the progression of motor symptoms in SOD1G93A ani-
mals by preserving the neuromuscular function, reducing 
NMJ denervation, protecting MN, and also contributing to 
revert the microglial inflammatory environment of the ALS 
mice.

Fig. 4   Increased GDNF signaling preserves NMJ and activates sur-
vival pathways in muscle of treated SODG93A mice.  (a) Representa-
tive images of GM NMJ of WT and SOD1G93A mice, treated with 
AAV8-GDNF or mock vector (scale bar  =  100  µm). Histologi-
cal analysis showed increased proportion of innervated NMJ in the 
treated SOD1G93A mice compared to the Mock treated group (n = 5–7 
WT, 5 WT GDNF, 7–9 SOD Mock, 9–10 SOD GDNF male-female 
mice per group, one-way ANOVA, *p <   0.05 vs SOD Mock mice; 
#p  <  0.05 vs WT mice). GDNF overexpression increased (b) Akt 
phosphorylation (Thr308) and (c) Erk1/2 activation in the muscle of 
SOD1G93A treated animals, as demonstrated by Western blot. Quan-
tifications show relative phosphorylation compared to total protein 
and normalized by GAPDH and are represented by fold-change 
compared to WT Mock animals (2-way ANOVA, **p  <  0.01 vs 
SOD Mock mice). (d) mRNA expression analysis of Nrg1 type I and 
ErbB4 receptor shows an upregulation upon GDNF overexpression 
in treated SOD1G93A and WT mice compared to mock groups (2-way 
ANOVA, *p < 0.05 or **p < 0.01 vs SOD Mock mice; #p < 0.05 and 
##p < 0.01 vs WT mice)
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