J Mol Neurosci (2016) 58:46–58
DOI 10.1007/s12031-015-0695-2

Multifactorial Gene Therapy Enhancing the Glutamate Uptake
System and Reducing Oxidative Stress Delays Symptom Onset
and Prolongs Survival in the SOD1-G93A ALS Mouse Model
Chen Benkler 1 & Yael Barhum 1 & Tali Ben-Zur 1 & Daniel Offen 1,2

Received: 20 October 2015 / Accepted: 30 November 2015 / Published online: 21 December 2015
# Springer Science+Business Media New York 2015

Abstract The 150-year-long search for treatments of
amyotrophic lateral sclerosis (ALS) is still fueled by
frustration over the shortcomings of available therapeutics. Contributing to the therapeutic limitations might be
the targeting of a single aspect of this multifactorialmultisystemic disease. In an attempt to overcome this,
we devised a novel multifactorial-cocktail treatment,
using lentiviruses encoding: EAAT2, GDH2, and
NRF2, that act synergistically to address the band and
width of the effected excito-oxidative axis, reducing
extracellular-glutamate and glutamate availability while
improving the metabolic state and the anti-oxidant response. This strategy yielded particularly impressive results, as all three genes together but not separately
prolonged survival in ALS mice by an average of 19–
22 days. This was accompanied by improvement in every parameter evaluated, including body-weight loss, reflex score, neurologic score, and motor performance. We
hope to provide a novel strategy to slow down disease
progression and alleviate symptoms of patients suffering
from ALS.
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Introduction
For some, it begins with severe muscle weakness or uncharacteristic clumsiness, for others with speech slurring and difficulties swallowing, for all, a dreaded diagnosis. Affecting
over 450,000 people worldwide, amyotrophic lateral sclerosis
(ALS) is a fatal, rapidly progressive, neurodegenerative disease characterized by loss of motor neurons in the motor cortex, brainstem, and spinal cord. This motor neuron degeneration results in weakness, muscle atrophy, fasciculations, and
paralysis, a process culminating in death due to respiratory
failure within 2–5 years of clinical onset (Charles and Swash
2001; Oliveira and Pereira 2009). ALS affects seemingly
healthy individuals in the prime of their life; approximately
90 % of those affected have no family history of the disease.
The remaining 5–10 % of patients present with the familial
form of the disease, of those 20 % are linked to mutations in
the superoxide-dismutase 1 (SOD1) gene (Rosen et al. 1993;
Benkler et al. 2013a, b).
Transgenic mice and rats overexpressing the mutant form
of the human SOD1 gene develop a pathophysiological condition resembling the human disease on the clinical as well as
molecular levels (Gurney et al. 1994; Wong et al. 1995;
Howland et al. 2002; Bendotti and Carri 2004; Cozzolino
et al. 2008).
Despite the apparent selectivity for motor neurons in ALS,
the involvement of non-neuronal cells is now well-established
(Boillée et al. 2006; Ilieva et al. 2009; Wan et al. 2009;
Benkler et al. 2013a, b). Astrocytes outnumber their neuronal
counterparts tenfold and perform many functions crucial to the
well-being of the central nervous system (CNS) (Pekny and
Nilsson 2005; Brambilla et al. 2013). Multiple astrocytic properties have been described as compromised in ALS (Rothstein
et al. 1996; Nagai et al. 2007; Yamanaka et al. 2008; Benkler
et al. 2013a, b). The etiology of ALS has yet to be uncovered.
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However, it is now believed that ALS is a multifactorialmultisystemic condition, in which numerous pathogenic pathways are involved. The astrocytic deficits are only one of
these pathological mechanisms; other pathways include deficits in neurotrophic factors, toxic intracellular protein
misfolding and aggregations, mitochondrial dysfunction, neuroinflammation, and genetic factors (Van Damme et al. 2005;
Xiao et al. 2006; Cronin et al 2008; Rothstein 2009; Benkler
et al. 2013a, b).
Perhaps two of the most prominent hypotheses regarding
ALS progression involve glutamate-excitotoxicity and glutamate dependent and independent oxidative stress (Coyle and
Puttfarcken 1993; Kruman et al. 1999; Van Damme et al.
2005; Rothstein 2009; Barber and Shaw 2010). The search
for treatments for ALS has been fueled in part by frustration
over the shortcomings of currently available treatments. We
postulated that in order to effectively treat this challenging
multifactorial disease we had to tailor a multifactorial treatment that would be capable of addressing several factors
influencing the disease progression.
To this end, we selected three pathways: compromised astrocytic glutamate uptake, reduced glutamate metabolism, and
increased sensitivity to oxidative stress which together form
the major pathological foundation of the excito-oxidative axis.
For each pathway, we selected a single gene located at the top
of its pathway, in a manner that would facilitate influencing
the entire pathway by addressing that particular gene. The
excitatory amino-acid transporter 2 (EAAT2) was assigned
to the glutamate uptake pathway; thus, EAAT2 overexpression would reduce the amount and duration of synaptic glutamate thereby reducing excitotoxicity (Heath and Shaw 2002;
Rothstein et al. 2005). Glutamate-dehydrogenase 2 (GDH2)
was assigned to the glutamate metabolism pathway; overexpression of GDH2 would reduce the systemic glutamate bioavailability, further reducing excitotoxicity (Palmada and
Centelles 1998; Plaitakis and Zaganas 2001; Mastorodemos
et al. 2005; Spanaki et al. 2010). The secondary damage of
glutamate-excitotoxicity is mediated by oxidative stress. The
oxidative stress pathway was allocated the nuclear-factor
(erythroid-derived 2) related factor 2 (NRF2) gene, a key regulator of the entire cellular anti-oxidant and anti-inflammatory
pathways (Van Damme et al. 2005; Van Den Bosch and
Robberecht 2008; Vargas and Johnson 2009; Hybertson
et al. 2011).
Here, we show that using lentiviral (LV) vectors to increase
the expression levels of these three genes has a therapeutic
effect in cellular and mouse models of ALS. We demonstrated
that both in vitro and in vivo, a synergistic relationship exists
between the three genes. In the SOD1-G93A ALS mouse
model, this treatment delays weight loss, preserves hindlimb
reflex and motor function, as well as protects neurological
function. Furthermore, this cocktail treatment delayed the onset of symptoms and significantly prolonged the survival of
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treated ALS mice. Our findings reveal that this may well be a
valuable genetic-based approach for treating ALS.

Materials and Methods
Identification of Transgenic Mice Expressing the Human
Mutant Superoxide Dismutase Mice overexpressing the human mutant superoxide dismutase 1 (SOD1G93A) were purchased from Jackson Laboratories (Bar Harbor, ME, USA).
The SOD1G93A transgenic mouse model was developed and
characterized as a model for ALS by Gurney et al. (1994). The
animals were housed in standard conditions: constant temperature (22 ± 1 °C), humidity (relative, 40 %), and a 12-h light/
dark cycle, and were allowed free access to food and water.
Male mice with hemizygous for the mutant SOD1G93A transgene, which gives rise to a dominant disease phenotype, 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:
C TA G G C C A C A G A AT T G A A A G AT C T a n d
GTAGGTGGAAATTCTAGCATCATCC, and the human
SOD1G93Aprimers: CATCAGCCCTAATCCATCTGA and
CGCGACTAACAATCAAAGTGA. Genomic DNA was extracted from tail biopsies using the D-Tail DNA extraction kit
(Syntezza Bioscience, Jerusalem, Israel). The experiments
were performed in accordance with local and international
regulations, and were approved by the Tel Aviv University
Ethical Committee. Every effort was made to reduce the number of animals used and to minimize their suffering.
Lentiviral Vector Cloning The lentiviral vectors LV-EAAT2,
LV-NRF2, LV-GDH2, and LV-GFP were constructed using
the ViraPower Promoterless Lentiviral Gateway® Kit
(Invitrogen, San Diego, CA, USA) according to the manufacturer’s protocol. The cytomegalovirus (CMV) promoter from
pIRES2/AcGFP1 cDNA (Clontech, Palo Alto, CA, USA) was
cloned into pENTR™5′-TOPO® (Invitrogen). To overexpress the three genes, we used plasmids procured from
source bioscience (http://www.lifesciences.sourcebioscience.
com): EAAT2 (IOH:42832), NRF2 (IOH14493), and GDH2
(IOH27063). GFP gene was used as a control vector (LVGFP). The constructs were cloned into the pCR®8/GW/
TOPO® (Invitrogen). The final expression constructs were
obtained by recombination of the entry clone harboring the
CMV promoter, the entry clone harboring the expression gene
of interest, and pLenti6/R4R2/V5-DEST (Invitrogen). The
ability of the LV vectors to express the gene of interest was
evaluated using real-time PCR and protein functional tests.
The lentiviral load was determined using the Lenti-X p24
Rapid Titer Kit and the manufacturer’s recommended procedure. The viral titer was determined using the resulting p24
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standard curve and the sample OD. The p24 content was converted into infectious units using the manufacturer’s recommended formulas, with 1 ng of p24 considered equivalent to 1.
25 × 107 lentiviral particle (LP). And 1 infectious unit considered equivalent to 1 in every 1000 LPs.
Lentiviral Administration to SOD1-G93A Mice At the age
of 65 days, SOD1-G93A mice received either lentiviruses
carrying GFP, one of the three genes or a mixture of lentiviruses carrying EAAT2, GDH2, and NRF2. A non-viral saline
control was also evaluated. All mice were injected both intracisternally and intra-muscularly into the gastrocnemius muscles of both hind limbs. Mice received a total viral load of
5 × 108 infectious viral particles, half of the viral load was
administered intra-cisternally and a quarter into each hind
limb. For the experiments evaluating the LV synergistic effect
(Fig. 3), we evaluated between five and seven male mice per
treatment group and six to eight female mice per treatment
group. For all other experiments, 12 animals were evaluated
in the male and female saline group as well as the female GFP
group, 13 animals were evaluated in the male GFP and MIX
groups, and 15 animals were evaluated in the female MIX
group. The differences in the group sizes are due to animals
that were lost, injured, or did not recover from the viral administration procedure as determined by a blinded observer.
Primary Cultures of Mouse Cortical Astrocytes Astrocyte
primary cultures were prepared from the cortex of newborn
mouse as previously described (Benkler et al. 2013a, b).
Briefly, the cortex tissue was dissected from newborn mice
(postnatal days 1–3) and the meninges removed. Purified tissues were mechanically dissociated and digested by incubation with 1/5 V/V trypsin and 50 μg/ml DNAse. At this point,
the tissue was mechanically dissociated once more to ensure
full dissociation into single cells. The cells were plated at a
density of 104 cells/cm2. Cell cultures were grown in complete medium and maintained at 37 °C and 5 % CO2. The cells
were allowed to proliferate until confluence was achieved. At
this point, microglia cells were eliminated by shaking at
250 rpm for 18 h on a horizontal orbital shaker followed by
removal of the microglia containing medium. SOD1-G93A
astrocytes were transduced at an MOI of 100 in the presence
of 6 μg/ml Polybrenne. The lentiviral load was determined
using the Lenti-X p24 Rapid Titer Kit and the manufacturer’s
recommended procedure. The viral titer was determined using
the resulting p24 standard curve and the sample OD. The p24
content was converted into infectious units using the manufacturer’s recommended formulas, with 1 ng of p24 considered equivalent to 1.25 × 107 lentiviral particle (LP). And 1
infectious unit considered equivalent to 1 in every 1000 LPs.
Real-Time Semi-quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Real-time semi
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quantitative PCR of the desired genes was performed in a
StepOnePlus™ Real Time PCR System using Sybr green
PCR master mix and the following primers: NRF2:
AACCAGTGGATCTGCCAACTACTC Forward, NRF2:
C T G C G C C A A A A G C T G C AT R e v e r s e , E A AT 2 :
TTGGCTAGAGGAACCCAAG Forward, EAAT2:
CAGGATGACACCAAACACCGT Reverse, GDH2:
GATGGTGGAGGGCTTCTTCG Forward, GDH2:
TTCTGCTCCTCGCTTTCCTG Reverse. GAPDH served
as an internal control as it is considered a valid reference gene
for transcription profiling.
Activity Assays [3H] D-aspartate uptake assay was performed
as previously described (Benkler et al. 2013a, b). When indicated, the cell cultures transfected with LVs 72 h prior to
evaluation. GDH2 activity assay was performed using
Glutamate Dehydrogenase Activity Colorimetric Assay Kit
(BioVision) in accordance with the manufacturer’s instructions. NRF2 activity was evaluated using the Active motif
Nuclear Extract Kit and TransAM NRF2 activity kit following
the manufacturer’s recommended protocol. At least three independent experiments were performed, each in duplicates or
triplicate.
Differentiation of NSC-34 Cells and Co-culturing with
SOD1-G93A Astrocytes These protocols were performed as
previously described (Benkler et al. 2013a, b). In brief, the
differentiation of the NSC-34 was induced by replacing the
complete medium with differentiation medium (Dulbecco’s
Modified Eagle’s Medium 1:1 plus Ham’s F12 (DMEM:F12), Biological Industries, Beit Haemek, Israel), supplemented with 1 % fetal bovine serum (Biological Industries),
100 μg/ml streptomycin, 100 U/ml penicillin, 12.5 units/ml
nystatin (SPN; Biological Industries), 2 mM l-glutamine
(Biological Industries), and 1 % modified Eagle’s medium
non-essential amino acids (Biological Industries). NSC-34
cells are considered fully differentiated after exposure to differentiation medium for 10 days. Differentiated NSC-34
(NSC-34D) cells survive in differentiation medium and could
be serially passaged at least three times without loss of viability. When indicated, NSC-34 transgene expression was induced 24 h prior to co-culturing using doxycycline (1 μg/
ml). The astrocytes were LV-transfected 72 h prior to co-culturing. Cellular viability was assessed using Alamar Blue®
(Invitrogen). At least three independent experiments were
performed.
Lentiviral Administration to SOD1-G93A Mice At the age
of 65 days, SOD1-G93A mice received either lentiviruses
carrying GFP, one of the three genes, or a mixture of
lentiviruses carrying EAAT2, GDH2, and NRF2. A nonviral saline control was also evaluated. All mice were
injected both intracisternally and intra-muscularly into the
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gastrocnemius muscles of both hind limbs. Mice received
a total viral load of 5 × 108 infectious viral particles, half
of the viral load was administered intracisternally and a
quarter into each hind limb. For the experiments evaluating the LV synergistic effect (Fig. 3), we evaluated between five and seven male mice per treatment group and
six to eight female mice per treatment group. For all other
experiments, 12 animals were evaluated in the male and
female saline group as well as the female GFP group, 13
animals were evaluated in the male GFP and MIX groups,
and 15 animals were evaluated in the female MIX group.
The differences in the group sizes are due to animals that
were lost, injured, or did not recover from the viral administration procedure as determined by a blinded
observer.

Neurological Score Evaluation by Ladder Testing of SOD1
Mice To evaluate the animal’s overall neurological state, we
performed a neurological scoring based on the ladder test
which is an extension of the hanger test. The ladder is placed
at a 45° angle; after a brief training period, when placed on the
ladder, healthy mice quickly and efficiently climb up the ladder. As the disease progresses, the animals’ ability to climb is
hindered beginning with leg tremors and developing up until
the point where the mice can simply not climb up the ladder at
all. From the age of 80 days, the mice were evaluated for their
neurological score twice weekly by a blinded observer. The
mice were scored based on their performance on the ladder
test with a score of 12 representing completely healthy mice
and 0 correlating with disease end stage. The score was determined using the guidelines described in below by a blinded
observer.
Score and behavioral manifestation
Score 0: Pre-symptomatic, no visible difficulties climbing
the ladder
Score 1: Early stage tremors, climbing speed not effected
Score 2: Increased tremors, difficulty in closing hind leg
fingers around the stages of the ladder
Score 3: One of the hind legs begins to occasionally miss the
stages of the ladder, climbing speed not affected
Score 4: Both of the hind legs begin to occasionally miss the
stages of the ladder, climbing speed not affected
Score 5: One of the hind legs occasionally misses the stages
of the ladder, climbing speed affected
Score 6: Both of the hind legs occasionally miss the stages of
the ladder, climbing speed affected
Score 7: Climbing speed clearly affected, medium to slow
speed, hind legs show symptoms
Score 8: Slow climbing speed, symptoms clearly visible in
hind legs but not in front legs
Score 9: Slow climbing speed, symptoms visible in hind legs
as well as in front legs
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Score 10: The mouse climbs up the ladder very slowly and
misses the stages of the ladder with all legs
Score 11: The mouse barely climbs up the ladder
Score 12: The mouse does not move once placed on the
ladder

Hindlimb Reflex Measurement of SOD1 Mice When lifted
by their tails, healthy mice reflexively extend their legs backwards to improve their balance. As the disease progresses,
SOD1 G93A ALS mice begin to lose their ability to extend
their legs and this reflexive extension is gradually lost. From
the age of 70 days, the mice were evaluated weekly for their
hind leg reflexes by a blinded observer. Each leg was given a
score of 0 to 100 (100 being fully extended leg, 75 represents
extension of the leg of no more then 3/4 of full extension, 25
represents extension of the leg of no more than half of full
extension, 25 represents extension of the leg of no more then
1/4 of full extension, and 0 no extension reflex observed). As
the disease progresses bilaterally but not symmetrically, the
animals score was the combined score given to each leg.

Motor Function Measurement by Rotarod of SOD1 Mice
From the age of 80 days, motor function of the mice was
evaluated using rotarod. The speed of the rod accelerated over
the duration of 4 min reaching a maximal speed of 12.5 rpm.

Symptom Onset Evaluation of SOD1 Mice The clinical
condition of the mice was monitored daily starting at 40 days.
The onset of clinical signs was scored by following the animal’s weight loss. The age of clinical onset was determined by
the age (in days) at which the mice loss 5 % of their body
weight (compared to peak weight).

End-Stage Analysis To determine disease end stage in a reliable and ethical fashion, end stage was defined by the inability
of mice to right themselves within 30 s of being placed on
their sides.

Statistical Analysis Statistical analysis of the data sets was
carried out with the aid of SPSS for Windows.
Unless otherwise specified, statistical significance was determined by one-way (or two-way as appropriate) analysis of
variance (ANOVA) with repeated measures followed by
Dunnett’s post hoc test. Survival and symptom onset was
evaluated using Kaplan-Meier analysis. All data are presented
as mean ± standard error of the mean (SEM), error bars represent SEM, and minimal significance level was set at p < 0.05.
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Results
Transduction of Astrocytes with LVs Harboring
the EAAT2, GDH2, or NRF2 Genes Enhances
the Expression and Function of the Gene of Interest
Prior to utilizing the LVs in any functional in vivo experiments, we first sought to determine their effectiveness in an
in vitro model of ALS. Due to the predominantly astrocytic
expression pattern and the nature of these genes, we selected
primary astrocyte cultures as our in vitro model. To more
closely resemble the disease, we chose to transfect primary
astrocytes derived from mice expressing the SOD1-G93A
ALS causing mutation (Benkler et al. 2013a, b). Seventytwo hours following transduction of the astrocytes with LVGFP, approximately 90 % of the cells robustly expressed GFP
(Fig. 1a, b). Transduction with LV-EAAT2 significantly increased the EAAT2 mRNA expression levels (2.6 ± 0.4-fold)
as well as the astrocytic glutamate-uptake capabilities by
352.5 ± 32.9 % (p < 0.05, Fig. 1d, e). Similar results were obtained when evaluating the GDH2 mRNA (1.9 ± 0.3-fold increase) and activity levels (350.5 ± 3.2 % increase) of LVGDH2 transfected astrocytes (p < 0.05, Fig. 1f, g). LV-NRF2
transduction increased the mRNA (2.3 ± 0.3-fold) and the
function of NRF2 (238.2 ± 21.3 %). Interestingly, we found
that NRF2 mRNA and activity levels were slightly increased
in response to LV-GFP transduction. We believe that this increase is attributed to the stress caused by the transduction
process (1.6 ± 0.2 and 119.7 ± 7.6 %-fold, respectively.
p < 0.05, Fig. 1h, i). Taking into account the transcription factor nature of NRF2, we evaluated the mRNA levels of two
NRF2 downstream genes: GCLM and NQO1. We found that
LV-NRF2 transduction significantly increased the expression
levels of both genes (2.1 ± 0.3 and 2.3 ± 0.3-fold respectively,
p < 0.05, Fig. 1j, k). Cell viability was not affected by transduction with any of the LVs (Fig. 1c).

Expression of the Genes EAAT2, GDH2, and NRF2
in Astrocytes Synergistically Increases Their
Neuroprotective Capacities
In an attempt to examine the possible synergistic effect between the genes, we conducted in vitro experiments in primary cortical astrocytes and NSC-34 cells (neuroblastoma
(N18TG2) × spinal cord hybrid) which are widely used as a
model system for motor neurons (Cashman et al. 1992; Eggett
et al. 2000; Weishaupt et al. 2006; Matusica et al. 2008). To
further enhance the motor neuronal traits of these cells, we
utilized a well-established differentiation protocol (Cashman
et al. 1992; Eggett et al. 2000; Weishaupt et al. 2006; Matusica
et al. 2008). Differentiated NSC-34 cells present with typical
morphological changes consistent with motor neuron
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maturation (data not shown) and increased sensitivity to
glutamate-excitotoxicity (Benkler et al. 2013a, b).
To examine the sensitivity of NSC-34 cells to an insult
incorporating glutamatergic and oxidative components, we
exposed the cells to a range of glutamate concentrations (0–
9 mM) as well as a range of H2O2 concentrations (0–50 nM).
We then exposed the NSC-34 cells to a variety of mixed glutamate and H2O2 concentrations and selected a combination
of excitatory and oxidative (excito-oxidative) insults at a concentration that significantly hindered the neuronal viability
(44.4 ± 0.3 %) without affecting the astrocytic viability (data
not shown). Furthermore, the astrocytic viability was not influenced by the transduction procedure or by combining the
transduction with excito-oxidative insult (Fig. 2b).
Primary SOD1-G93A astrocytes were transfected with LVs
72 h prior to incubation with differentiated NSC-34 cells.
NSC-34 cell expression of SOD1-G93A was induced 24 h
prior to co-culturing with astrocytes (data not shown). This
co-culture system was exposed to the excito-oxidative insult
(Fig. 2a).
Transduction of SOD1-G93A astrocytes with one of the
three genes, EAAT2, GDH2, or NRF2, slightly elevated their
neuroprotective potential by an additional 5–10 % on top of
the protection provided by control-untransduced astrocytes
(Fig. 2c). Transduction of the astrocytes with different combinations of two of the three genes increased their neuroprotective effect, on top of the protection provided by control astrocytes, even further (LV-EAAT2-GDH2 10.8 ± 0.6 %, LVEAAT2-NRF2 12.1 ± 2.7 %, and LV-GDH2-NRF2 10.1
± 0.5 % added neuroprotection, Fig. 2c).
However, the highest neuroprotective effect by far was
achieved by transduction of the astrocytes with all three genes
simultaneously, with the neuronal survival reaching approximately 90 % overall viability (26.2 ± 0.3 % increased neuroprotection in addition to the protection provided by the different combinations of two out of the three genes, Fig. 2c).
A comparable protective effect was demonstrated when the
transduced astrocytes were incubated with NSC-34 cell overexpressing the WT rather than the mutated form of SOD1
(Fig. 2d).
Combined Treatment with LV-EAAT2, LV-GDH2,
and LV-NRF2 Has a Therapeutic Effect in SOD1-G93A
Mice
We next sought to evaluate whether the synergistic effect observed in our in vitro experiments also exists in treated mice.
The LVs were administered to the mice via direct intracisternal injections combined with hind-leg intra-muscular injection. We found that only treatment with all three genes
combined preserved the animals’ neurological score and
weight. Sixty days after treatment, male mice treated with all
three genes had an average neurological score of 2.3 ± 0.3
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Fig. 1 Transduction of SOD1-G93A astrocytes with lentiviral vectors.
Light microscopy images of control (a) and GFP-transfected (b) SOD1G93A astrocytes. Transduction of SOD1 G93A astrocytes with lentiviral
vectors encoding several different genes did not affect the astrocytic viability (c). Transduction of SOD1-G93A astrocytes with lentiviral vectors
encoding for EAAT2 increases the astrocytic EAAT2 mRNA expression
levels (d) as well as the astrocytic glutamate uptake velocity (e). Transduction of SOD1-G93A astrocytes with lentiviral vectors encoding for

points higher and weighed 6.1 ± 0.3 % more than their salinetreated counterparts (Fig. 3a, c), whereas female mice treated
with all three genes had a neurological score of 1.5 ± 0.3 points
higher than their saline-treated counterparts (Fig. 3b).
However, at this age, female mice did not yet exhibit accelerated weight loss. The weight of treated females was not significantly different than their saline-treated counterparts (at
this age we could only observe a trend towards weight preservation, Fig. 3d). Taken together, the in vitro and in vivo
results suggest a strong therapeutic potential of treatment combining LV-EAAT2, LV-GDH2, and LV-NRF2 (MIX). Based
on this outcome, we proceeded with a large-scale in vivo
study, with mice randomly distributed into three treatment
groups: saline, LV-GFP, and LV-MIX.
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GDH2 increases the astrocytic GDH2 mRNA expression levels (f) as well
as the astrocytic GDH2 activity (g). Transduction of SOD1-G93A astrocytes with lentiviral vectors encoding for NRF2 increases the astrocytic
NRF2 mRNA expression levels (h), the astrocytic NRF2 activity (i), as
well as the mRNA expression levels of two NRF2 downstream genes:
GCLM (j) and NQO1 (k). a, b scale bar, 100 μm. *p < 0.05, **p < 0.01,
***p < 0.001

Fig. 2 Transduction with LV-EAAT2, LV-GDH2, and LV-NRF2 (LV-
MIX) synergistically increases the neuroprotective potential of SOD1G93A astrocytes. A schematic representation of the co-culturing
procedure. This procedure was performed using a transwell system,
where the astrocytes were plated on a membrane and transfected with
the viruses; the astrocyte containing membrane was subsequently
transferred to a well containing the motor neurons for the duration of
the toxic stress and then removed to allow clear AlamarBlue viability
assessment of the astrocytes and the motor neurons separately.
Transduction or exposure to excito-oxidative stress did not affect the
astrocytic viability (b). Transduction with LV-MIX synergistically
increased the neuroprotection from excito-oxidative stress provided by
SOD1-G93A astrocytes to SOD1-G93A (c) or WT (d) overexpressing
NSC-34 cells. *p < 0.05 compared to NSC-34 only; **p < 0.05 compared
to NSC-34 only and to control astrocytes; +p < 0.05 compared to NSC-34
only, control astrocytes, and single LV transfected astrocytes; #p < 0.05
compared to NSC-34 only, control astrocytes, and single or double LV
transfected astrocytes
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Fig. 3 Combined treatment with
LV-EAAT2, LV-GDH2, and LVNRF2 has a therapeutic effect not
achieved by treatment with each
gene individually. Combined
treatment preserved male (a) and
female (b) neurological score and
body weight (c, d, respectively).
*p < 0.05, **p < 0.001

One of the best predictors of clinical success in the preclinical stage of any ALS based treatment is considered to be
the treatment’s ability to preserve the animal’s weight. Mice
treated with saline or GFP lost 15 % of their weight at the age
of 141.1 ± 4.7 and 147.6 ± 1.9 days (p > 0.05) in males and
152.2 ± 4.3, 152.8 ± 3.6 days in females, respectively.
Treatment with the LV-MIX significantly delay weight loss in
both male and female mice reaching the same level of weight
loss at the ages of 159.8 ± 2.8 and 172.1 ± 2.6 days, respectively
(p < 0.001, Fig. 4a, b). Furthermore, mice treated with saline or
GFP lost 50 % of their hindlimb reflex at the ages of 117.9 ± 5.8
and 121.04 ± 4.03 days in males, and 127.05 ± 11.04, 127.8
± 3.9 days in females, respectively. The MIX treatment significantly delays 50 % loss of hindlimb reflex in both male and
female mice by 20–28 days (male, 142.6 ± 1.5; females, 155.4
± 3.3, p < 0.001, Fig. 4c, d). Similarly, MIX treatment delayed
the loss of motor function (as indicate by 20 % reduction in
rotarod performance) by up to 3 weeks (males: saline 116.6
± 4.4, GFP 123.7 ± 2.4, MIX 133.8 ± 1.1; females: saline 126.5
± 4.2, GFP 127.6 ± 2.4, MIX 158.5 ± 1.6, p < 0.001, Fig. 4e–f).
To evaluate the overall motor symptom change in the mice,
we used the ladder test. Mice treated with saline or GFP reached
a neurological score of 8 (out of 12), the earliest time point and
highest score at which the mice exhibit clear, significant neurological deficits at the ages of 112.9 ± 4.7, 121.9 ± 2.3 days in
males and 125.7 ± 4.8, 130.7 ± 4.3 days in females, respectively.
Our treatment was able to significantly delay this neurological
deficit in both male and female mice by at least 12 days (134.2
± 1.3 and 159.2 ± 2.5 days, respectively. p < 0.001, Fig. 4g, h).
To further evaluate the therapeutic potential of LV-MIX,
we assessed its ability to delay the onset of clinical symptoms.

In male mice, symptoms became clearly observable at the age
of 131.7 ± 5.03 and 133.5 ± 2.3 in mice treated with saline or
LV-GFP, respectively. In female mice, the symptoms begin at
a slightly older age, females treated with saline or GFP
showed symptoms at 142.5 ± 3.8 and 144.1 ± 3.5 days respectively. Treatment with LV-MIX significantly delayed the onset
of symptoms in both male and female mice (with symptom
onset at 144.9 ± 3.01 and 158.2 ± 2.9 days, respectively
p < 0.01, Fig. 5c, d).
Perhaps one of the most important parameters to evaluate is
the treatment’s ability to increase lifespan. LV-MIX prolonged
survival in male mice by 18.9 ± 4.8 and 12.5 ± 2.4 days, and in
females by 21.7 ± 4.3 and 21.8 ± 3.2 days compared to mice
treated with saline or GFP, respectively (p < 0.005, Fig. 5e, h).
Taken together, these results highlight that the latent therapeutic potential emerging from combining these three treatment elements achieved much more by working together than
they could by each treatment on its own.
Combined Treatment with LV-EAAT2, LV-GDH2,
and LV-NRF2 Has a Synergistic Neuroprotective Effect
in SOD1-G93A Mice
To evaluate whether the therapeutic effect of this treatment is
mediated through a neuroprotective pathway, we evaluated
the survival of the motor neurons themselves within the spinal
cords. To this end, we sacrificed mice 60 days following treatment and evaluated the number of motor neurons that survived in the spinal cord samples. We found that treatment with
LV-GFP slightly increased the number of motor neurons in the
spinal cord sections compared to saline. However, treatment
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Fig. 4 Combined treatment with LV-EAAT2, LV-GDH2, and LV-NRF2
(LV-MIX) has a potent therapeutic effect in SOD1-G93A mice. Compared to saline or LV-GFP, injection of LV-MIX preserved body weight

(male a; female b), hind-leg reflex (male c; female d), motor function
(male e; female f), and neurological score (male g; female e)

with each of the individual genes significantly increased the
number of motor neurons compared to both saline and LVGFP, while treatment with all three genes increased the motor
neuron count even more than each of the individual genes (an
almost 2-fold increase compared to saline, Fig. 6). This effect
further strengthens the synergistic interaction we observed
between these three genes, both in vitro (Fig. 2) and in vivo
(Figs. 3 and 6).

multisystemic disease with a range of pathways and cell types
affected, leading to the demise of motor neurons closely
followed by muscle paralysis and, ultimately, death.
Treatments addressing a single pathologic factor, such as glutamate toxicity and oxidative stress, yielded limited results
over the past few decades (Bensimon et al. 1994; Lacomblez
et al. 1996; Gordon et al. 2007; Orrell et al. 2007; Turner and
Talbot 2008; de Carvalho et al. 2010; Polymenidou and
Cleveland 2011; Bialer 2012). This prompted our belief that
in order to effectively treat a multifactorial disease such as
ALS we might have to devise a multifactorial treatment capable of addressing several factors influencing the disease progression. To this end, we selected three key factors, EAAT2,
GDH2, and NRF2 genes. Together, these genes address the

Discussion
ALS was once thought of as an exclusively neuronal disease
whereas now it is well recognized as a multifactorial-
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band and width of the excito-oxidative axis affecting many of
the degenerative processes involved in ALS.
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The neuroprotective effect observed in this study emphasizes the feasibility and efficacy of combined genetic
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Fig. 5

Combined treatment with LV-EAAT2, LV-GDH2, and LV-NRF2
(LV-MIX) significantly delays symptom onset and prolongs the survival
of SOD1-G93A mice. Compared to saline or LV-GFP, injection of LVMIX significantly delayed symptom onset (a–d). a Kaplan-Meier analysis of male symptom onset; b mean age of symptom onset in male mice. c
Kaplan-Meier analysis of female symptom onset; d mean age of symptom
onset in female mice (*p < 0.05, **p < 0.01). Injection of LV-MIX significantly prolonged survival in male (e, f) and female (g–h) SOD1-G93A
mice. e Kaplan-Meier analysis of male survival; f mean age of death in
male mice. g Kaplan-Meier analysis of female survival; h mean age of
death in female mice (*p < 0.001)

treatment with EAAT2, GDH2, and NRF2 for ALS.
Furthermore, our study suggests that this combined treatment
approach might be a promising therapeutic strategy for the
treatment of numerous multifactorial neurological diseases.
To our knowledge, this is the first preclinical study to show
the therapeutic effect of combined genetic treatments addressing the excito-oxidative path in ALS.
To up-regulate the expression and function of EAAT2,
GDH2, and NRF2 genes, we selected a viral-based strategy.
Genetically engineered LVs encoding EAAT2, GDH2, or
NRF2 carried the genes to their target, where the gene was
incorporated into the nuclear DNA and subsequently
overexpressed in the target cell. In our mice studies, the LVs
were injected simultaneously into the cisterna-magna and both
hindlimb muscles of each mouse. Our treatment was delivered
at two individual distinct locations: the cisterna magna and the
gastrocnemius muscles—the former was used to target the
upper motor neurons whereas the latter improves the chances
of sufficient gene expression in the lower motor neurons. It
has been previously shown that viral- and cellular-mediated
treatments delivered to the intra muscular space of mutant
SOD1 mice are capable of providing some symptomatic relief
as well as delayed disease onset, prolonged life, and

Fig. 6 Treatment with EAAT2, NRF2, and GDH2 preserves motor
neuron viability. The mice were injected with saline, lentiviruses
containing GFP, one of the three genes individually, or a mixture of all
three types of lentiviruses containing the three genes: EAAT2, NRF2, and
GDH2 (MIX). (*p < 0.001, #p < 0.05 as determined by ANOVA, n = 4
animals and 12–14 spinal cord slices)
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moderated disease progression (Wang et al. 2002; Kaspar et
al. 2003; Azzouz et al. 2004; Ralph et al. 2005; Suzuki et al.
2008; Benkler et al. 2013a, b). Evidence of LV infection in the
spinal cord of treated mice could be detected over 2 months
following transduction. These LVs were found to infect motor
neuron and astrocyte cells alike. However, due to the nature of
the selected genes, their predominantly astrocytic expression
pattern combined with their natural function, we believed that
the bulk of the neuroprotective effect would ultimately be
attributed to transfected astrocytes. Furthermore, this treatment strategy was designed to compensate primarily for astrocytic deficits, including those observed in our earlier research (Rothstein et al. 1995, 1996; Bendotti and Carri
2004; Vargas et al. 2006, 2008; Yamanaka et al. 2008;
Vargas and Johnson 2009; Calkins et al. 2010; Benkler et al.
2013a, b). Unfortunately, in the case of ALS, classic drug
treatments have failed to provide significant relief to the patients; furthermore, long-term drug intervention can at best act
to alleviate symptoms and are inadequate in the long run due
to resulting significant side effects and diminished effectiveness. Indeed, current options fail to reduce progressive cell
death, repair disease inflicted cells, or replace lost cells with
healthy ones. Based on ongoing research, we believe that gene
therapy-based treatments offer promise for long-term neuroprotection and neurorestoration.
When evaluating the neuroprotective effect of LV-MIX, the
presence of SOD1-G93A was only one element of the toxic
insult, which was supplemented by glutamatergic and oxidative insults. Using this system, we evaluated the neuroprotective potential that LV-MIX transfected astrocytes exert towards the motor neuron-like cell line, NSC-34. To emulate
the disease model even further, we used not only SOD1G93A expressing astrocytes but also NSC-34 expressing
SOD1-G93A. We found that although each single gene increased the astrocytic neuroprotective potential, their individual effect as well as the effect of every partial combination
could not possibly compare to the combined synergistic neuroprotective effect provided by all three genes combined. We
thought that this increased synergistic potential clearly outweighs the potential complications that could arise from the
combination. This belief was further strengthened when we
evaluated the results obtained from SOD1-G93A mice. One of
the major advantages of this rescue cocktail is that it is compatible with many additional therapeutic options, including
classic drug treatments if those were to eventually develop,
as well as with alternative gene therapy-based treatments such
as sustained expression of neurotrophic factors. Combined
treatment with multiple factors could in the long run prove
beneficial to the patient and improve the overall
effectiveness of the overall treatment. It is noteworthy that
Vargas et al. (2008) reported that overexpression of NRF2
on its own, in every single mouse astrocyte, delayed the onset
of symptoms and prolonged the survival of ALS mice, an
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effect we did not observe with LV-NRF2 on its own, at the age
tested. We speculate that this may be due to the extreme robustness of NRF2 expression in the Vargas et al. experiment.
This result, however, does not diminish the observed synergistic effect we described, as the synergistic effect far
outweighed the individual neuroprotective effect of NRF2,
despite the use of 3-fold higher LV-NRF2 levels in mice treated with LV-NRF2 alone.
In contrast with the situation with NRF2, genetic astrocytic
overexpression of EAAT2 on its own was not sufficient to
postpone the onset of paralysis or prolong survival of ALS
mice (Guo et al. 2003). The latter study supports the results of
our study. LV-EAAT2 on its own was not sufficient to provide
a therapeutic effect, whereas adding EAAT2 to the treatment
regime increased the synergistic therapeutic effect of the
treatment.
Neurodegenerative disorders represent some of modern
medicines greatest challenges as most remain not only incurable but mostly untreatable. Our results demonstrate that treatment with EAAT2, NRF2, and GDH2 possesses a strong neuroprotective potential in cell and animal models of excitooxidative toxicity as well as in the mouse model of the rapidly
progressive neurodegenerative disease ALS. Furthermore, our
results demonstrate the importance of the synergistic effect
provided by the combined treatment of these three genes and
strengthen the therapeutic concept of multifactorial therapy to
treat a multifactorial disease..
We hope that our study might provide a novel therapeutic
strategy for slowing down the disease progression and alleviating the symptoms of patients suffering from ALS and potentially other neurodegenerative diseases involving excitooxidative toxicity.
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