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Abstract Neurotrophic factors (NTFs) are essential growth
factor proteins that support the development, survival, and
proper function of neurons. We have developed muscle pro-
genitor cell (MPC) populations expressing brain-derived neu-
rotrophic factor (BDNF), glial-derived neurotrophic factor
(GDNF), vascular endothelial growth factor (VEGF), or
insulin-like growth factor-1 (IGF-1). Transplantation of a
mixture of such MPC populations (MPC-MIX) into the hind
legs of SOD1 G93A transgenic mice (SOD1 mice), the com-
monly used model of ALS, delayed the onset of disease
symptoms by 30 days and prolonged the average lifespan by
13 days. Treated mice also showed a decrease in the degener-
ation of neuromuscular junction and an increase in axonal
survival. Cellular mechanism assays suggest a synergistic
rescue effect of NTFs that involves the AKT and BAD sig-
naling pathways. The results suggest that long-term delivery
of a mixture of several NTFs by the transplantation of
engineered MPC has a beneficial effect in the ALS mouse
model.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a motor neuron (MN)
disease characterized by a progressive degeneration of upper
and lower motor neurons, with ill-defined etiology and lack of
treatment. ALS has a worldwide prevalence of 1–2 per
100,000, mainly in adults (45–60 years of age). Death occurs
mostly within 3–5 years of the onset of the disease symptoms,
due to respiratory failure (Chen et al. 2013; Benkler et al.
2010). About 10% of ALS cases are inherited in an autosomal
dominant pattern. Out of these, 20 % are accounted for by
mutations in superoxide dismutase 1 (mSOD1) (Chen et al.
2013; Benkler et al. 2010). Most of the research, which aimed
to elucidate the disease mechanism, was performed on the
transgenic mSOD1 rodent models that express the human
SOD1 carrying the G93A mutation and develop ALS-like
symptoms. Since both sporadic and familial ALS demonstrate
a similar pathology, it is believed that a similar molecular
pathway accounts for the pathology in the mouse SOD1
model and in both forms of ALS in humans. There is a
consensus that SOD1 mutation provokes gain of toxicity
rather than loss of function in a non-cell autonomous process
(Brown and Robberecht. 2001). However, it is not yet clear
how gain of toxicity initiates the specific motor neurodegen-
eration process (Bosco et al. 2010; Pasinelli and Brown.
2006). The proposed toxic mechanisms mediating pathogen-
esis include glutamate excitotoxicity, ER stress, protein ag-
gregation and proteasome inhibition, mitochondrial dysfunc-
tion, oxidative stress, apoptotic mechanisms, axonal dysfunc-
tion, and alterations in the neurosecretory vesicles pathway
and in the axonal transport process (Benkler et al. 2010).
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Since neurotrophic factors (NTFs) are essential growth
factor proteins that support the proper function of neu-
rons, it was suggested that NTFs might be used to protect
the MN and impede the progress of the disease (Morren
and Galvez-Jimenez. 2012). Among the different NTFs,
brain-derived neurotrophic factor (BDNF) and glial-
derived neurotrophic factor (GDNF) were demonstrated
to enhance the survival of developing and adult MN both
in vivo and in vitro (Moreno-Igoa et al. 2012; Acsadi
et al. 2002; Suzuki et al. 2008; Moreno-Igoa et al. 2012;
Guillot et al. 2004). Insulin-like growth factor-1 (IGF-1)
and vascular endothelial growth factor (VEGF) also re-
vealed the capacity to prolong the survival of MN in
culture and in animal models of ALS (Beauverd et al.
2012; Carilho et al. 2013; Krakora et al. 2013; Azzouz
et al. 2004) .

Therefore, in the past few years, these four NTFs, and
several others, have been considered to be likely candi-
dates for ALS treatment (Krakora et al. 2012). Yet, possi-
bly because of the use of an inappropriate NTF or an
inefficient delivery system, these treatments failed or
yielded very limited improvement in clinical studies (Maz-
zini et al. 2010; Zurn et al. 2000; BDNF study group
1999).

Here, we used a cell therapy approach, whereby cells are
genetically manipulated to deliver NTFs into the affected
area. We used muscle progenitor cells (MPCs) which are of
special interest as they are an easily accessible cell type,
with well-characterized markers associated with the vari-
ous stages of differentiation. MPCs are also relatively
simple to clone and manipulate in culture (Yaffe. 1968,
1969; Sarig et al. 2006). It was shown that inoculation of
MPC into injured muscles facilitated regeneration, forming
multinucleated cross-striated mature fibers (Sarig et al.
2006). Furthermore, we have shown that a mixture of
genetically manipulated MPCs, expressing a combination
of the four NTFs (MPC-MIX) transplanted into a sciatic
nerve crush, had a marked synergetic effect in improving
motor function, nerve conduction, and inhibition of neuro-
muscular junction (NMJ) denervation (Dadon-Nachum
et al. 2012).

Based on emerging data indicating the effectiveness of
the skeletal muscle route of delivery, in this study, we
tested the rescue effect of NTFs ectopically secreted from
MPC, on motor neuron survival. We found that condi-
tioned medium (CM) of the combined MPC cell lines
expressing a mixture of the four NTFs (MPC-MIX) had a
synergistic effect on MN cell line survival after stress. A
synergistic rescue effect was also found in NMJ and MN
axons preservation after transplantation of MPC-MIX into
the muscles of SOD1 mice. Intramuscular transplantation
of MPC-MIX markedly delayed the onset of symptoms and
prolonged the life span of SOD1 mice.

Materials and Methods

Animals

SOD1 transgenic mice were obtained from Jackson Labora-
tories, Bar Harbor, USA. Mice were bred from original breed-
ing pairs over a 1-year period of time. All experimental
protocols were approved by the Tel Aviv University Commit-
tee of Animal Use for Research and Education. Newborn
litters were selected randomly for inclusion in control or
treatment groups. The animals were housed in standard con-
ditions: constant temperature (22 ° C), humidity (relative,
40 %), and a 12-h light/dark cycle and were allowed free
access to food and water. Male mice with hemizygous back-
ground were bred with control C57Bl females so that each
litter would generate hemizygous SOD1G93A transgenic
mice and littermate controls. Newborn mice were genotyped
by PCR analysis using the following primers; IL2 primers,
CTAGGCCACAGAATTGAAAGATCT and GTAGGTGG
AAATTCTAGCATCATCC, and the human SOD1G93A
primers, CATCAGCCCTAATCCATCTGA and CGCGAC
TAACAATCAAAGTGA. Genomic DNAwas extracted from
tail biopsies using the D-Tail DNA extraction kit (Syntezza
Bioscience, Jerusalem, Israel).

Production of Mouse MPC-NTF Cells

Mouse MPCs (Sarig et al. 2006) were used as a vehicle for
vectors expressing NTFs. The cells derived from ROSA 26
mice, harboring a β-gal transgene, were propagated in a
proliferation growth medium containing Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 100 mg/ml
streptomycin, 100 U/ml penicillin, 12.5 units/ml nystatin
(SPN, Biological Industries, Beit Haemek, Israel), 2 mM L-
glutamine (Biological Industries), and 10 % fetal calf serum
(Biological Industries). Following a change to the differentia-
tion medium, mononucleated cells ceased to proliferate and
they fused into multinucleated muscle fibers. Only proliferat-
ing mononucleated cells grown in the growth medium were
used for the present study. The human GDNF, VEGF, IGF-1,
and BDNF genes (Harvard Institute of Proteomics, Boston,
USA) were sub-cloned into the CMV expression vector
(Invitrogen, #K591-20), and stable transfection using
Lipofectamaine 2000 (Invitrogen) and Blastocidin for selec-
tion was done on MPC cultures, grown in the proliferation
growth medium.

Transplantation of MPC-NTF Cells

SOD1micewere injectedwith 106 control MPC (females n=8
and males n=8); MPC-MIX (2.5×105 cells from each of the
four MPC-NTFs, a total of 106 cells, females n=8 and males
n=8) or saline (females n=8 and males n=8) to the
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gastrocnemius muscles of both hind limbs at the age and 90,
104, and 118 days.

One day before each transplantation, the mice were
injected bilaterally with cardiotoxin (10 mg/ml suspended in
100 μl saline) to cause slight muscle fiber damage and regen-
eration and enhance the incorporation of the transplanted
myogenic cells into the multinucleated muscle fibers (Sarig
et al. 2006).

ELISA Analysis

All ELISA experiments were done in triplicates according to
manufacturer’s instructions kit (R&D Systems, Minneapolis,
MN, USA), and results were read at wavelengths of 450/540
using an ELISA reader (Powerwave X; Biotek Instruments,
Winooski, VT, USA). NTF secretion to the medium was
measured by ELISA analysis of cell supernatant collected
before and after transfection ofMPCs with the different NTFs.
Results were normalized to the amount of NTF secreted
before transfection.

To analyze NTF secretion in the hind limb muscles of
SOD-1 mice transplanted with the different MPCs, muscles
were removed and frozen in liquid nitrogen at 104 days of age,
2 weeks after transplantation. ELISA analysis was used to
detect the presence of the different NTFs in the muscle
extracts.

Immunocytochemistry

Cells grown on coverslips were fixed with 4 % paraformalde-
hyde. The following primary antibodies were used: rabbit α-
BDNF (1:100; Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), rabbit α-GDNF (1:100; Santa Cruz Biotechnolo-
gy), mouse α-IGF-1 (1:100; Santa Cruz Biotechnology), and
mouse α-VEGF (1:100; Santa Cruz Biotechnology). Second-
ary antibodies were Alexa Fluor 488 (1:500; Invitrogen) and
Alexa Fluor 568 (1:500; Invitrogen). Five random fields were
photographed at a magnification of ×100, and the percentage
of total 4,6-diamidino-2-phenylindole (DAPI)-positive nuclei
cells was quantified. The nuclei were counterstained with
DAPI (1:500; Sigma-Aldrich).

Sciatic Nerves Sections

Sciatic nerves of SOD-1 mice transplanted with MPC-GFP,
MPC-BDNF, MPC-GDNF, MPC-IGF-1, MPC-VEGF, or
MPC-MIX (n=4 males in each group) were removed, fixed
in 4 % PFA and cross-sectioned at 12 μm thickness on a Leica
cryostat. Sections were immunostained for NFH (#N4142
Sigma) and choline-acetyl transferase (CHAT) (#AB144P
Chemicon), and images were taken using a confocal micro-
scope Leica TCS SP5 II. The percent of NFH positive axons
co-stained for CHATwas calculated using the Imaris software.

Cells Viability Assay

Alamar blue 10 % (AbD Serotec, Kidlington, UK) was added
to the cells for 6 h. The assay was conducted in triplicates, and
results were read at wavelengths of 590 nm using a FLUOstar
device. Results were normalized to cells under the same
treatment in normoxia.

In the primary MN culture experiment, mice MNs were
cultured as described before (Arce et al. 1999; deLapeyriere
and Henderson 1997). Five thousand MNs were plated in 96-
well plates for 48 h before medium was changed to a mixed
conditioned medium (CM) collected from MPC expressing
BDNF, GDNF, IGF-1, or VEGF, or to CM from control MPC.
The CM was supplemented with or without 50 μM H2O2 to
induce stress conditions. After 24 h with CM, resazurin (Sig-
ma #R7017, 1.25 μg/ml) was added to the medium, and cell
viability wasmeasured 5–24 h afterwards using a fluorescence
reader at 560-nm excitation and 590-nm emission plate reader.
Results are presented as % of control (no H2O2). For the death
measurements, a mix of PI (P4170, Sigma, 0.2 μg/ml),
Hoechst 33258 (B2261, Sigma), and calcein-AM (C3100P,
Invitrogen, 1 μg/ml) was added to the medium for 30 min
before imaging by a fluorescent microscope. Analysis of the
percent of PI-positive nuclei was done by the CellProfiler
software (http://www.cellprofiler.org/).

Exposure of Cells to Hypoxia-Reoxygenation

Culture dish were placed in “hypoxia chamber” Billups-
Rothenberg Inc (CA, USA). After flushing the chamber with
nitrogen gas mixture ( 5 %O2, 10%CO2, 85%N2) the pO2 of
the culture media was reduced to 5 % within 20 min. After
flushing, the chamber seals tightly due to the O-ring and
clamp, and the cultures are maintained in low oxygen condi-
tions for 24–48 h.

Motor Function Measurements by Rotarod

Mice were tested for their ability to remain balanced on a rod
rotating at 12.5 rpm for up to 4 min. All subjects were tested
on a weekly basis starting at 80 days of age after three session
of training. Three consecutive runs on the rotarod from each
session were averaged and compared the performance of the
different groups.

Animal Survival

SOD1 mice of all experimental groups were maintained in the
colony until moribund. The date the animal became moribund
was recorded.
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Assessment of NMJs Innervations

To assess the NMJ innervation, hind limb muscles of SOD-1
mice which were transplanted with MPC-GFP, MPC-BDNF,
MPC-GDNF,MPC-IGF-1,MPC-VEGF,MPC-MIX, or saline
(n=4 males in each group) were removed and frozen in liquid
nitrogen at 120 days of age. The gastrocnemius muscles were
sectioned at 20 μm using a cryostat (Leica CM1850) and
placed on glass slides for staining. Over 50 stained slides from
each experimental group were examined.

Analysis of the Signal Transduction Pathways in NSC-34
Cells

Total protein was extracted and subjected to Western blot
analysis with antibodies against pAKT, AKT, pBAD, or
BAD (all from Cell Signaling, Danvers, MA, USA). Phos-
phorylation intensity was normalized to the total protein
intensity.

Statistics

Statistical analysis of data sets was carried out using SPSS for
Windows (version 10.0.1). Statistical significance for Fig. 4
(rotarod) was determined by repeated measures. Statistical
significance for Figs. 2 and 3 (NSC-34 cells and mice
survival) was determined by one-way ANOVA, followed by
Scheffe’s post hoc multiple comparisons. Error bars represent
the standard error of the mean (SEM). The Kaplan-Meier test
was employed to determine the statistical significance for the
survival test in Fig. 4. Significance was considered when
p<0.05.

Results

Genetically Modified Myogenic Cells Secrete NTFs

The SOD1 transgenic mouse model is associated with pro-
gressive neurodegeneration, NMJ disruption, and muscle at-
rophy. In an attempt to alleviate this degeneration process, we
delivered NTFs into the affected tissues of transgenic mice. To
this end, we produced a stock of several clonedMPCs derived
from the skeletal muscles of Rosa 26 mice ubiquitously ex-
pressing β-gal in all tissues (Sarig et al. 2006). Each popula-
tion ectopically expressed a single NTF: BDNF, GDNF, IGF-
1, VEGF, or GFP. The immunocytochemical study demon-
strated that almost 100 % of the genetically manipulated
MPCs strongly expressed these NTFs (Fig. 1a). NTF secretion
from the transfected cells was quantified by ELISA. The
secretion per million transformed MPCs was 1,049.6±
53.5 pg BDNF, 1,000.5±42.8 pg GDNF, 1,078.4±35.7 pg

IGF-1, and 774.7±9.8 pg VEGF (Fig. 1b). NTF expression or
secretion in untransfected MPCs was undetectable either by
immunostaining or ELISA.

Synergistic Protective Effects of Four NTFs in Motor Neuron
Culture

We have previously shown that rat myogenic L8 cells ex-
pressing NTFs acted synergistically to protect sciatic nerve
after injury (Dadon- Nachum et al. 2012). Here, we tested the
possible protective effect of various combinations of NTF
conditioned media (CM) harvested from mouse MPCs ex-
pressing the same four NTFs. For that purpose, we exposed
the motoneuron-like cell line NSC-34 to an hypoxic environ-
ment for 48 h, under 1 % oxygen, without serum. In this
hypoxic condition, only 43 % of the NSC-34 cells survived,
compared to cells grown in growth medium under regular
oxygen conditions (Fig. 2a). Treatment with CM collected
from MPC expressing only a single NTF (BDNF, GDNF,
IGF-1, or VEGF) or CM fromMPC-GFP did not demonstrate
a significant protective effect (Fig. 2a). Various combinations
of CM from MPC expressing two or three NTF together also
did not reveal a significant rescue effect. However, NSC-34
cells treated with a mixture of CM collected from cultures
expressing all four NTFs (MPC-MIX) showed marked pro-
tection: 85 % of the NSC-34 cells survived the hypoxic
environment (p<0.05 ANOVA; Fig. 2a). Thus, the combined
CM had a synergistic rescue effect in an MN cell line exposed
to stress conditions.

To further test the neuroprotective effect of the combined
four MPC-NTF CM on the survival of primary MN under
stress conditions, we exposed primary cultures of MN, isolat-
ed from mouse spinal cord to H2O2, and cell viability assays
were performed. First, we measured the extent of MN death
by propidium-iodide (PI) as percent of positive staining for
Hoechst but not to calcein-AM (Fig. 2b). Under control con-
ditions, without H2O2, less than 5 % of the MN were positive
for the death marker. There were no significant differences
between cells treated with CM and either of the transfected
MPCs. However, after exposure to 50 μM H2O2 for 24 h,
40.6 % of the MN treated with the MPC-GFP CM were PI
positive, while only 15.1 % of the MN treated with the MPC-
MIX CM were PI positive (Fig. 2c). Thus, under these condi-
tions, the CM harvest from the MPC-MIX showed a 2.6-fold
increase in the rescue effect. We observed a similar effect in a
complementary assay using Alamar blue (Fig. 2d). Here, we
found that about 80 % of the MNs died after 24-h exposure to
H2O2, while only 36.3 % of the MNs died in the presence of
MPC-MIX CM (about 3-fold). Only 20.8 % of the MN
survived in the presence of MPC-GFP CM (Fig. 2d). Thus,
the NTFs secreted from the transfected MPC-MIX provided
significant protection to primary MN culture exposed to oxi-
dative stress.
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In order to suggest a molecular mechanism for the
synergistic rescue effects seen in the NSC-34 cells, we
tested the AKT and BAD NTF signaling pathways that
play key roles in MN survival (Mograbi et al. 2001).
NSC-34 cells, incubated for 24 h in hypoxic conditions,
were treated with CM from MPC expressing a single NTF
or with combined CM taken from MPC expressing the four
NTFs (NPC-MIX). Protein extracts were subjected to

Western blot ana lys is us ing ant ibodies aga ins t
phosphorylated-AKT (p-AKT) and phosphorylated-BAD
(p-BAD). We found that the levels of p-AKT and p-BAD,
normalized to the total AKT and BAD levels, significantly
increased after exposure to the MPC-MIX CM (Fig. 3a, b).
Thus, the four NTFs have a positive synergistic effect on
the AKT and BAD survival-death signaling pathways in
the MN cell line.

Fig. 1 Genetically modified
myogenic cells secrete
neurotrophic factors. Mouse
myogenic cells transfected with
the indicated neurotrophic factor
genes express GDNF, IGF-1,
BDNF, and VEGF as observed by
immunocytochemistry (a). The
factors were secreted into the
medium as indicated by ELISA
(b)

Fig. 2 Combined CM of genetically modified mouse MPCs expressing
NTFs rescues NSC34 cells in culture. a NSC34 cells were exposed to an
hypoxic environment for 48 h in serum-free (SF) or with conditioned
medium collected from cells expressing only a single NTF, various
combinations of two or three NTFs, or a mixture of medium collected
from MPCs expressing all four NTFs (MPC-MIX). A clear synergistic
effect was observed in the group exposed to MPC-MIX conditioned
medium (CM) (*p<0.05 as determined by ANOVA test). bMNs primary
cultures were exposed to a mixture of CM collected fromMPCs express-
ing BDNF, GDNF, IGF-1, and VEGF or to CM collected from control

MPCs expressing GFP, with or without 50 μM H2O2, for 24 h. Stress-
induced death was assessed by live staining with calcein-AM (green, for
live cells), propidium-iodide (PI, red, for dead cells), and Hoechst (blue,
for nuclei). c The percent of dead cells was measured by the percent of
nuclei with PI staining (averages±SEM, ten fields from two wells for
each treatment, ***p<0.005). d Viability of MNs was assessed by the
fluorescent intensity of the metabolite of resazurin and is shown as a
percent of control (no H2O2) conditions (averages±SEM, n=3, *p<0.05)
(color figure online)
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MPC-MIX Synergistically Protect MN in SOD1 Transgenic
Mice

We have previously reported that in rats transplantedwithMPC-
MIX, 1 day after sciatic crush, the degeneration of the NMJs
was significantly reduced and the survival of the myelinated
motor axons was enhanced. We also found that the injection of
MPC-MIX synergistically alleviated symptoms and preserved
the compound muscle action potential (Dadon-Nachum et al.
2012). In order to assess the possible neuroprotective capacity
of MPC-MIX in the ALS mouse model, we transplanted MPCs
expressing a single NTF or a MPC-MIX to each hind limb
muscles of SOD1 mice. At the age of 90 days SOD1 mice with
MPC-GFP, MPC expressing single NTFs, or MPC-MIX were
transplanted intramuscularly. The histology of the muscles har-
vested 1 month later revealed the presence of a significant
amount of transplanted cells at the transplantation site.

Using ELISA, we measured the NTF levels in the extracts
of gastrocnemius muscles of SOD1 mice, 2 weeks after MPC-
MIX transplantation (in 104-day-old mice). We found a sig-
nificant increase in GDNF (24.2 vs 4.1 pg/mg, p<0.05) and
VEGF levels ( 36.66 vs 22.03 pg/mg, p<0.05), compared to
saline injected hind limbs muscles of the same mouse. The
BDNF levels were high in both cases (42.13 vs 43.56 pg/mg)
in the transplanted muscles. The IGF-1 levels were under our
detection limit.

In order to evaluate the effect of transplantedMPC-MIX on
NMJ disruption in the SOD1 mice, the numbers of intact
NMJs within the gastrocnemius muscles were counted
1 month after transplantation (120-day-old SOD1 mice).
NMJs were evaluated using staining with alpha bungarotoxin,
the postsynaptic marker for acetylcholine receptor, and with
antibodies against the presynaptic protein, synaptophysin. Co-
localization between these presynaptic and postsynaptic
markers was counted as intact innervated NMJs. SOD1 mice
treated with MPC-GFP revealed 62±10 % intact NMJs in the
gastrocnemius muscles. Similar results were observed in
SOD1 mice transplanted with MPC expressing single NTFs.

In contrast, SOD1 mice transplanted with MPC-MIX, showed
significantly better intact NMJ preservation (88±3 %,
p<0.01; Fig. 4a), indicating a synergistic protective effect by
the transplantation of MPC expressing several NTFs.

We also monitored the axonal motor neuron survival in
SOD1 mice 2 weeks after transplantation of MPC-GFP, MPC
expressing single NTFs, orMPC-MIX. The sciatic nerve cross
sections were immunostained for the MN-specific enzyme
CHAT and antibodies for neurofilament that recognize both
sensory and MN axons (Fig. 4b). An unbiased count using an
Imaris-coloc module was conducted to calculate the percent-
age of MN survival out of the total axons in the sciatic nerve
(the number of neurofilament axons that were also positive to
CHAT). The sections of the sciatic nerve of SOD1 mice
showed a significant decrease in the number of MN axons
compared to the sections of WT mice. However, SOD1 mice
transplanted with MPC-MIX showed a 6-fold increase in MN
axon survival (9.3±0.8 %) compared to SOD1 mice
transplanted with MPC-GFP (1.5±0.3 %). Transplantation
of MPC expressing a single NTF showed variable rescue
effects (GDNF, 3.8 %; IGF-1, 5.2 %; BDNF, 6.4 %; VEGF,
8.9 %, Fig. 4c).

It should be noted that animals in the groups transplanted
with a single NTFwere injected in each hind leg with a total of
106 cells expressing one NTF, whereas mice receiving a
mixture of all four NTFs (MPC-MIX) were injected in the
hind legs only 2.5×105 cells expressing each NTF. The fact
that we found an increase of axonal preservation of 9.3 % in
the MPC-MIX group superseding the highest increase ob-
served for any of the groups injected with MPC expressing a
single NTF, indicates a synergistic effect.

Intramuscular Transplantation of Myogenic Cells, Expressing
NTFs Delayed the Onset of Motor Symptoms and Prolonged
the Life Span of SOD1 Mice

After we found that the rescue effects of the NTFs were
enhanced when they are co-expressed, we tested the effect

Fig. 3 MPC-MIX conditioned medium synergistically increases AKT
and BAD phosphorylation. NSC-34 cells were exposed to an hypoxic
environment in the presence of CM collected from cells expressing only a

single NTF (BDNF, GDNF, IGF-1, or VEGF) or a mixture of all four
NTFs. The results suggest that the combination of four NTFs synergisti-
cally raises the phosphorylation of AKT (a) and BAD (b) (n=3, *p<0.01)
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ofMPC-MIX on the onset of the disease symptoms and on the
survival of SOD mice.

In this ALS mouse model, the preclinical symptoms such
as reduced electrical nerve conductivity begin 40 days post-
natally. The symptoms slowly progress and motor function
begins to deteriorate at around 100 days. Full clinically visible
symptoms appear at the age of 120 days. From the onset of
clinical symptoms, the disease progresses very rapidly and the
mice die at an average age of 155 days (Mohajeri, et al. 1999).
At the age of 90 days, we transplanted the MPC-MIX and
repeated the treatment at the age of 104 and 118 days. The 35
male and 27 female mice were each randomly distributed, and
MPC-MIX cells were transplanted into the gastrocnemius.
Motor function deterioration was measured weekly by rotarod
test, from day 80 (Fig. 5a).

As an indication for the onset of symptoms, we measured
the number of mice that showed 20% or more reduction in the
rotarod performance. We observed a 20 % reduction after 117
and 114 days in the saline-treated mice and the MPC-GFP-

transplanted mice, respectively, while the MPC-MIX
transplanted mice showed 20 % reduction in motor function
only at 144 days of age (Fig. 5b, c). Thus, transplanting MPC-
MIX delayed the onset of motor symptoms in SOD1 mice by
30 days. No significant gender difference was observed.

One of the most important parameters in the evaluation of
the potential clinical relevance of treatments for ALS is
whether the treatment can increase the animals’ life span.
While the average life span of the saline-injected group was
142 and the MPC-GFP-treated group was 139 days, the aver-
age survival time of the MPC-MIX transplanted mice was
152 days (p<0.05, Fig. 6a, b). Compared to the onset of the
symptoms in the MSC-GFP control group (day 114), the
survival of the MPC-MIX group was increased by 52 %
compared to the survival of the MPC-GFP treated mice (38
vs 25).

No significant difference was observed between the
saline- and MPC-GFP-treated groups nor were gender
differences observed.

Fig. 4 Intramuscular injection of myogenic cells that secrete the four
NTFs suppressed NMJ denervation in SOD1 mice. a SOD1 mice,
120 days old, were transplanted in the hind muscles gastrocnemious with
the indicated MPCs. One month later, sections from the hind leg were
double-stained using alpha bungarotoxin and antisynaptophysin antibod-
ies to measure NMJ integrity. Quantification of intact NMJs is presented
(n=4, means±SEM, *p<0.01, determined by Student’s t test). b One

month after transplantation of MPCs expressing either GFP, single NTF,
or a mixture of NTFs, the sciatic nerves were stained for the MN-specific
enzyme choline-acetyl transferase (CHAT, green) and the neuronal mark-
er NFH (red) (scale bar, 50μm). c The percent of NFH positive axons co-
stained for CHAT is shown in the graph (averages±SEM, n=4, *p<0.05,
***p<0.005 compared to GFP) (color figure online)
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Discussion

In this study, we show an improvement in the motor functions
and an increase in the life span of SOD1 mice after intramus-
cular transplantation of MPCs expressing four NTFs. Our
results indicate a synergistic rescue effect of these NTFs on
MN-like cell cultures, as well as on NMJ preservation and
inhibition of MN axon degeneration after intramuscular trans-
plantation, in SOD1 mice. Moreover, the disease time course is
shorter in MPC-MIX than in MPC-GFP-treated mice group (8
vs 25 days). We speculate that the insertion of these NTFs into
the muscles protects the MNs against the toxic effect of the
mutated SOD. The nerves probably absorbed the factors and
can withstand damage until the mutated gene destroys the
MNs. The increased damage over this threshold causes paral-
ysis, and themice die from the inability to reachwater and food.

We find this data very encouraging since the increase of the
survival is, of course, the goal of the ALS treatment. However,
improvement in the quality of life and shortage of the disease
duration is also an important achievement.

The efficacy of various NTFs in models of motor neuron
pathologies has previously been reported (Hedlund et al. 2007;
Morren and Galvez-Jimenez. 2012). However, the specific
effect of the various NTFs and the optimal mode of delivery
are not agreed upon. We chose to test the combined effect of
four NTFs—BDNF, GDNF, IGF-1, and VEGF, that have been
demonstrated to be involved in MN therapy. As the mode of
delivery, we chose genetically modified MPCs. These cells are
attractive candidates as they can integrate into the target muscle
tissue and secrete the NTFs into the affected site. In addition,
such cells are potential candidates for autologous cell transplan-
tation and thus eliminate or reduce the risk of immune rejection.

Fig. 5 Transplantation of MPC-
MIX delays the onset of
symptoms in SOD1 mice. Mouse
MPC-MIX were injected into
SOD1 mice (n=8) on days 90,
104, 118. a Rotarod performance
(p<0.01 as determined by
repeated measurements). b
Percentage of mice free of
symptoms (less than 20 %
reduction on rotarod). c Average
age of onset of symptoms
(**p<0.01)

Fig. 6 Transplantation of MPC-
MIX increases the life span of
SOD1 mice. a Kaplan-Meier
curve demonstrates an increase in
the life span of SOD1 mice
transplanted with MPC-MIX
(**p<0.01 as determined by
ANOVA test). b The average
survival of the three treated SOD1
mice group; the MPC-MIX group
is significantly higher (p<0.05)
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In ALS, the pathological changes in motor axons and nerve
terminals appear to precede MN degeneration and clinical
symptoms. This raises the possibility that the disease process
start distally at the NMJ and progresses toward the cell body
(Dadon-Nachum et al. 2011; Fischer et al. 2004; Krakora et al.
2012; Marcuzzo et al. 2011; Rocha et al. 2013). Thus, ectopic
expression of NTFs at the distal sites may provide an effective
therapeutic approach. Indeed, the possible role of muscle in
ALS is highlighted by the therapeutic benefit demonstrated for
muscle-targeted treatment (Acsadi et al. 2002; Mohajeri et al.
1999). Treatments to rescue motor neurons according to a
“dying forward” model of MN pathology in ALS have dem-
onstrated only limited success in SOD1 mice and in humans.
If cell body degeneration occurs later than axonal degenera-
tion, early intervention could potentially prevent the loss of
the MNs (Sagot et al. 1998).

Consistent with this, Li et al. (2007) demonstrated that
ectopic expression of GDNF in the skeletal muscle (Myo-
GDNF transgenic mice) significantly delayed the onset of
the disease and increased the life span of SOD1 mice by
17 days (Li et al. 2007). The muscle-derived GDNF led to
an increase in the survival of spinal MNs. In contrast, ectopic
expression of GDNF in astrocytes in the CNS (GFAP-GDNF
mice) was much less effective.

BDNFwas shown to decrease the loss of motor units and to
contribute to the maintenance of muscle mass when adminis-
tered to the hind limb muscles of mice after peripheral nerve
injury (Ozdinler and Macklis. 2006). Overexpression of
GDNF and/or IGF-1 in the muscle of SOD1 mice resulted in
hyperinnervation of the muscle by MNs (Li et al. 2007; Wang
et al. 2002; Saenger et al. 2012).

ALS is a complex disease that is probably the result of a
multistep process, ultimately leading to MN degeneration and
the clinical symptoms. Since each NTF may have a unique
and essential role in the survival and maintenance of the MNs,
it was of interest to explore their combined effect. Indeed, we
have already demonstrated the synergetic effect of cell popu-
lations of the rat myogenic cell line L8, genetically modified
to express and secrete BDNF, GDNF, IGF-1, or VEGF in a rat
model of sciatic nerve crush—the most commonly studied
nerve injury paradigm. Implantation of a mixture of cells
harboring together the four NTFs, accelerated the recovery
of the motor function, preserved the compound muscle action
potential (CMAP), and inhibited the degeneration of the neu-
romuscular junctions (Dadon-Nachum et al. 2012). Here,
using NSC-34 cells, we show that MPC-MIX synergistically
activate the signaling rescue effects through the involvement
of the AKT and BAD pathways which are associated with
cellular survival pathways, by inhibiting apoptotic processes.

As ALS is a multifaceted disease, additional signaling
pathways are most likely also involved. Among these are
probably stress and apoptotic pathways that would need to
be inhibited (Perlson et al. 2009).

Recent studies by Krakora et al. (2013) have noted that
intramuscular transplantation of human mesenchymal stromal
cells, engineered to express high levels of the same four NTFs
that we used, ameliorated the symptoms, and increased the
survival of SOD1 rats. Moreover, they showed a synergistic
effect in the combined application of GDNF and VEGF
(Krakora et al. 2013). Our study, using other cell types, also
demonstrated the synergistic effect of the combined treatment.

It is of obvious interest to quantitate the optimal blend of
the four NTFs studied here and additional NTFs, in the alle-
viation of the course of ALS, and perhaps of other neuronal
insults. It is important to note that we found a significant
easing of the symptoms and increased survival rates after
transplantation of NTF secreting cells into the gastrocnemius
muscles of the hind limbs, although in ALS, most of the other
muscles are also affected. It is very reasonable to surmise that
cell injections into various other muscles, including respirato-
rymuscles, will result in amelioration of symptom conditions .
Caspases, or cysteine-aspartic proteases, are a family of cys-
teine proteases that play essential roles in apoptosis (pro-
grammed cell death), necrosis, and inflammation. It is there-
fore of interest to find out whether the addition of caspase and
apoptotic inhibitors to the NTF mixture will augment the
rescue effect.

In conclusion, the findings of the present study indicate that
cloned populations of modified muscle progenitor cells ex-
pressing a mixture of four NTFs can provide a supportive
environment essential for the rescue of motor neurons and
alleviate denervation. These protective cells lead to the delay
in the onset of ALS symptoms and improve the survival of
NM cells in culture and in a mouse model of ALS. Our
findings suggest a new strategy for ALS treatment based on
using mixture of NTFs. Future studies should be targeted at
improving the cellular delivery system in order to deliver the
secreted NTFs to the affected muscles.
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