
INVITED REVIEW ABSTRACT: Motor neuron diseases (MND), such as amyotrophic lateral
sclerosis (ALS) and spinal muscular atrophy (SMA), are progressive neuro-
degenerative diseases that share the common characteristic of upper and/or
lower motor neuron degeneration. Therapeutic strategies for MND are de-
signed to confer neuroprotection, using trophic factors, anti-apoptotic pro-
teins, as well as antioxidants and anti-excitotoxicity agents. Although a large
number of therapeutic clinical trials have been attempted, none has been
shown satisfactory for MND at this time. A variety of strategies have
emerged for motor neuron gene transfer. Application of these approaches
has yielded therapeutic results in cell culture and animal models, including
the SOD1 models of ALS. In this study we describe the gene-based treat-
ment of MND in general, examining the potential viral vector candidates,
gene delivery strategies, and main therapeutic approaches currently at-
tempted. Finally, we discuss future directions and potential strategies for
more effective motor neuron gene delivery and clinical translation.
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Motor neuron diseases (MND) are progressive neu-
rodegenerative disorders with different etiologies
and clinical variability, but a common final event:
loss of upper and/or lower motor neurons. Amyo-
trophic lateral sclerosis (ALS) and spinal muscular
atrophy (SMA) are the most frequent forms of MND
and therefore the most studied.100,144,184,185 Al-
though a variety of therapeutic trials in ALS and
SMA are ongoing, available treatments remain mar-

ginally effective. A detailed understanding of the
pathogenesis of MND remains elusive, and this gap
continues to impede the elaboration of specific treat-
ment strategies. Nonetheless, based on our limited
insight into the pathogenesis of the MNDs, a variety
of approaches have emerged. Although these are not
likely to be curative, they may provide life-prolong-
ing treatments. Gene-based treatment has several
advantages over alternative paradigms that may de-
liver these therapies for MND.5,29,167

AMYOTROPHIC LATERAL SCLEROSIS

ALS, also known as Lou Gehrig’s disease or adult
motor neuron disease, was first described by Charcot
in 1869 and is the most common form of MND. ALS
is characterized by a progressive degeneration of
lower and upper motor neurons in the cerebral
cortex, brainstem, and spinal cord. In turn, this neu-
ronal loss causes weakness, spasticity, and muscular
atrophy that may evolve to paralysis. The disease
culminates in death within 2–5 years of onset, gen-
erally due to respiratory failure. To date, ALS re-
mains untreatable and all therapeutic trials are
merely palliative.47,100,184,185

ALS is a multifactorial disease, with etiological
heterogeneity and a high variability of clinical pre-
sentation. The sporadic form (SALS) is widely pre-
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dominant, including approximately 90% of all cases,
whereas the familial variant (FALS) affects less than
10% of these patients and is usually autosomal-dom-
inant.61,184,185

Close to 20% of familial cases have been found to
have mutations in the copper–zinc (Cu/Zn) super-
oxide dismutase-1 (SOD1) gene on chromosome
21q.91,163 Over 100 different mutations of the SOD1
gene have already been described and several trans-
genic animal models for the SOD1 gene mutation
have been created.77,161

No satisfactory treatment is available for ALS at
this time. Patient care focuses on symptomatic treat-
ment and physical therapy. Assisted ventilation and
nutrition can transiently overcome the loss of upper
airway and respiratory muscular control. A large
number of therapeutic trials have been attempted.
Nonetheless, it was not until 1996 that the first drug
approved by the FDA for the treatment of patients
with ALS reached the market. Riluzole is an anti-
glutamatergic substance that blocks the presynaptic
release of glutamate.103,104 The efficacy of riluzole is
questionable, however, with minimal therapeutic
benefits.177

SPINAL MUSCULAR ATROPHY

SMA is the generic name for a heterogeneous group
of diseases characterized by the degeneration of mo-
tor neurons in the anterior horn of the spinal cord
and the brainstem (lower motor neurons), causing
progressive muscle weakness and atrophy. Like ALS,
SMA is invariably fatal. SMA remains one of the most
frequent genetic causes of death in childhood.43,144

The classification of SMA is controversial and
includes several forms, separated according to age of
onset, severity of symptoms, and evolution. Pediatric
SMA can be roughly divided into three forms: type 1,
severe, infantile, also known as Werdnig–Hoffmann
disease; type 2, the intermediate form; and type 3,
mild, juvenile, also called Kugelberg–Welander dis-
ease. Adult SMA includes distinct complex syn-
dromes. One example is Kennedy’s syndrome, also
known as progressive spinal and bulbar muscular
atrophy.43,46,90,100

The childhood forms, although phenotypically
different, are recessive autosomal disorders. The ma-
jority are caused by homozygous deletion or muta-
tions in the telomeric copy of the survival motor
neuron gene (SMN1) on chromosome 5q, which
codes the functional copy of the SMN protein.
Kennedy’s disease, by contrast, is an X-linked reces-
sive disorder and its molecular basis resides in the
expansion of a trinucleotide (CAG) repeat in the

androgen receptor gene.66,90,100,170 As with ALS, clin-
ical trials have made no significant impact on SMA
survival.

RESEARCH

Research using animal models that reproduce the
phenotype of MND has provided substantial insight
into the human disease over the past decade.21,58

There are many different mouse models for ALS,
including those with spontaneous mutations, such as
the motor neuron degenerative (mnd) mouse, the
wasted mouse, the wobbler mouse, and the progres-
sive motor neuronopathy (pmn) mouse; and geneti-
cally engineered mice, such as the SOD1 transgenic
mouse and the transgenic mouse that overexpresses
mutant neurofilaments. Although all these models
are complementary and very helpful, the complex
etiology of ALS remains unclear and more studies
are required to provide therapies capable of prevent-
ing or slowing the disease course.197

In the case of SMA, as SMN is a highly expressed
protein essential for survival, the development of
animal models is extremely difficult. For example,
the attempt to create a complete SMN knockout in
mice was hampered by its embryonic lethality.172 In
fact, the age at onset of disease is a challenge among
all the different mice models of MND. More re-
cently, the creation of several mouse models, includ-
ing the novel SMN knockout mouse,66,144 has facili-
tated improved understanding of SMA and the
development of therapeutic strategies.

Currently gene therapy is among the most prom-
ising treatments for ALS5,29,59,133 and SMA.13,55,110

This review focuses on the gene-based treatment of
motor neuron diseases in general, surveying the po-
tential viral vector candidates, delivery strategies,
and main therapeutic approaches that have
emerged. Finally, recent progress and potential fu-
ture strategies toward an effective motor neuron
gene therapy are also discussed, with emphasis on
ALS and SMA.

PATHOGENESIS

Several mechanisms have been postulated to explain
motor neuron death in ALS. However, none of these
is completely satisfactory to elucidate the entire pro-
cess.58,177,184 Among the proposed mechanisms, glu-
tamatergic oxidation and excitotoxicity have been
explored in the greatest depth. This mechanism pos-
tulates that an excess of glutamate outside of the
motor neuron, probably caused by inefficient clear-
ance (e.g., altered metabolism or defective function
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of glutamate transporters), leads to an increase in
levels of free intracellular calcium, resulting in a
cascade of damaging processes by the generation of
free radicals.47,177 Conversely, the oxidative stress
that occurs due to mutations in the SOD1 gene can
result in more accumulation of glutamate in the
neural tissue and more excitotoxicity. In addition,
the oxidative lesion damages the membranes of the
neurons and, consequently, blocks cellular func-
tions. The role of glia in this mechanism remains
controversial. Reactive oxygen and reactive nitrogen
species (ROS and RNS) may derive from activated
glia. However, the presence of oxidants can also lead
to inflammatory reactions and activate glial
cells.7,17,82,128

Neurofilament aggregation within the cell body
and proximal axon of motor neurons has also been
proposed as a possible mechanism. As with glial
activation, whether these aggregates are a cause or
effect of the underlying pathophysiological process
is unclear. These deposits can also lead to axonal
transport defects that culminate in neuronal death.
Conversely, they may result from a perturbation of
axonal transport.107,164,177,204

Whether the problem resides in neurons or as-
trocytes remains an open question. Some evidence
supports the idea that reactive astrocytes cause mo-
tor neuron death by a nerve growth factor (NGF)–
mediated mechanism involving nitric oxide and per-
oxynitrite formation.45 In fact, astrogliosis is a
common finding in ALS patients and ALS transgenic
mice. However, it remains undetermined whether
this is a primary finding or a consequent event upon
the oxidative stress in motor neurons.169 A neuroin-
flammatory process with the accumulation of reac-
tive microglial cells is also observed in the degener-
ating areas and may contribute to motor neuron
degeneration.86,218 Finally, a significant body of liter-
ature supports the downregulation of the excitatory
amino acid transporter 2 (EAAT2), expressed
mainly in astrocytes, as a cause of motor neuron
excitotoxicity.17,40,73

Apoptosis, triggered by a mitochondrial-depen-
dent pathway or induced by glutamatergic oxidation,
leads to motor neuron death in model systems and
plays an important role in the pathogenesis of
ALS.153 Apoptosis involves the activation of a specific
intracellular cascade that culminates in DNA frag-
mentation and chromatin clumping. Proteases
known as caspases are a critical precursor to the
cascade that leads to DNA fragmentation. The re-
lease of mitochondrial contents can activate this
caspase cascade. The overexpression and functional-
ity of different caspases reported in the mutant

SOD1, and findings of abnormal mitochondrial mor-
phology are evidence corroborating the role of mo-
tor neuron apoptosis in ALS.75,112,123,149,164,203 In the
SOD1 mouse model of ALS, caspase-1 and caspase-3
are sequentially activated.199 Caspase-9 activation, cy-
toplasmic cytochrome c, and mitochondrial Bax
translocation have also been documented in the
SOD1 mouse spinal cord.75 In addition, expression of
a mutant caspase-1 protein65 as well as the intraven-
tricular injection of caspase inhibitors,112 both capa-
ble of inhibiting MN apoptosis, improve the survival
of SOD1 mutant animals.

Finally, autoimmune disease9 and viral infec-
tion23 have also been implicated as possible mecha-
nisms for motor neuron degeneration in ALS. In
fact, at present it remains undetermined which pro-
cess is dominant and whether one of these mecha-
nisms gives rise to the others. The cascade of events
that leads motor neurons to death is complex and
these events are all linked. For this reason, gene
therapy approaches to ALS have, for the most part,
focused on inhibiting the final common pathway of
motor neuron death, apoptosis. The therapeutic
transgenes employed to achieve this end have in-
cluded intracellular inhibitors of pro-apoptotic cas-
cades and neurotrophic factors. As will be discussed,
attempts have also been made to inhibit motor neu-
ron excitotoxicity and downregulate the expression
of mutant genes in familial forms of ALS.

In contrast to idiopathic ALS, the mechanisms of
SMA appear to have been better elucidated. Like
ALS, a preponderance of data suggest that a pro-
grammed neuronal death (apoptosis) plays the ma-
jor role in this disorder. Indeed, the specific gene
that causes SMA has been identified. Deletion or
mutations in the SMN1 gene leads to motor neuron
apoptosis, forming the pathogenesis of SMA. It was
demonstrated that SMN delays the onset of apopto-
sis and that the C terminal of hSMN is important for
its cell-death inhibitory function.200 However, the
reasons that motor neuron degeneration occurs se-
lectively in the spinal cord are not yet under-
stood.46,66,90,144,170 More importantly, the develop-
mental time window for the critical insult to the
motor neuron is not clearly understood. Although it
is tempting to believe that SMN1 replacement in
motor neurons will prevent motor neuron degener-
ation, this approach is doomed to failure if the ab-
sence of SMN initiates a delayed deterioration in
utero.129 Similarly, it is not entirely clear that SMN
deficiency in motor neurons is the cause of their
death. Despite these theoretical concerns, SMA gene
therapy focuses on SMN1 replacement in motor neu-
rons as a first-pass approach.

304 Motor Neuron Diseases and Gene Therapy MUSCLE & NERVE March 2006



Thus, whereas the molecular mechanisms under-
lying MND are not entirely clear, all forms of ALS
and SMA have a common outcome: motor neuron
injury and death. We believe that the most effective
treatments will derive from a better understanding
of the possible genetic, toxic, inflammatory, devel-
opmental, and infectious etiologies of this process.
However, given the tremendous human cost associ-
ated with motor neuron diseases, attempts at em-
ploying less specific strategies are not only warranted
but imperative.

GENE THERAPY

Human gene therapy using viral vectors has gained
considerable attention over the past two decades.
Gene therapy is considered one of the most promis-
ing approaches for disorders that currently lack ef-
fective treatment, including inherited and acquired
diseases. Although its original concept was focused
on the treatment of inherited genetic diseases, the
current status of gene therapy shows cancer as the
major indication in clinical trials (Journal of Gene
Medicine clinical trial site: http://www.wiley.co.uk/
genetherapy/clinical). Gene therapy presents an ex-
citing prospect for treatment of neurodegenerative
disorders, including MND, that also urgently need
an effective treatment.

Viral Vectors. In order to achieve efficient gene de-
livery, viral vector genomes encode a functional gene
expression cassette. The expression cassette is the
coding region (DNA sequence that contains the
transgene), flanked by the regulatory elements nec-
essary for its transcription (promoter and polyade-
nylation signal). Promoters drive and can even re-
strict gene expression to certain cell types, whereas
the polyadenylation (polyA) sequence is involved in
the end of the transcription process. Expression cas-
settes may be simple, double, or multigenic, for the
expression of one or more genes of interest, accord-
ing to the required therapy and the cloning capacity
of each vector.

In theory, a viral vector candidate for the treat-
ment of MND should be able to deliver therapeutic
genes to motor neurons, while preserving motor
function. It is also desirable for the vector to be
capable of retrograde transport and to mediate long-
term gene expression.167 Retrograde axonal trans-
port provides a direct conduit through which a virus
can move from the periphery into the central ner-
vous system, bypassing the blood–brain barrier. Neu-
rotropic viruses have employed this evolutionary
strategy to avoid the immune system, passing into

the immunoprivileged compartment of the central
nervous system (CNS). This mechanism can be
equally employed to deliver therapeutic genes to
threatened motor neurons. Vectors derived from
adenovirus, herpes simplex virus (HSV), adeno-asso-
ciated virus (AAV), and lentivirus are potential can-
didates for the treatment of neurodegenerative dis-
orders, because they can transduce neurons in vitro
and in vivo.4,52,69,72,142

Delivery of genes, trophic factors, anti-apoptotics,
antioxidants, and other drugs has been used exten-
sively in animal models to prevent or restore neuron
damage. We will discuss the therapeutic strategies,
delivery methods, and candidate genes that are
emerging for a gene-based treatment of MND.154

Adenoviral Vectors. Adenoviral vectors are non-
enveloped, double-stranded DNA viral vectors. They
have been one of the most widely used vehicles for
gene delivery. Many studies conducted in the early
1990s characterized the neural tropism of adenoviral
vectors in vitro and in vivo.4,16,42,51,108 Although ade-
novirus is not known to infect the CNS, work with
adenoviral vectors has demonstrated their capacity
to undergo retrograde axonal transport.36,37,39,131,137

In a therapeutic context, several investigators de-
scribed the use of adenoviral vectors encoding dif-
ferent neurotrophic factors, by intramuscular injec-
tion of these vectors in newborn normal rats, pmn
mutant mice, or SMA mutant mice.19,32,70,78,79,110 In
most reports, investigators used the same recombi-
nant adenoviral vector construction, but different
neurotrophic factor genes driven by the Rous sar-
coma virus (RSV) long-terminal repeat (LTR) pro-
moter showing therapeutic effects such as neuropro-
tection and improved lifespan.

Vectors based on human adenovirus serotypes 2
and 5 continue to show increasing promise as gene
therapy delivery vehicles. However, the host immune
response remains a major safety issue in the context
of adenoviral-mediated human gene therapy, mak-
ing clinical application of these vectors in the ner-
vous system questionable.117,118 The immune re-
sponse to adenoviral vectors also plays a critical role
in turning off CNS gene expression mediated by
these vectors.192 Thus, different investigators have
reported varying durations of gene expression by
these vectors in the CNS.

The recent development of new generations of
adenoviral vectors might help to overcome this prob-
lem. Helper-dependent adenoviral vectors have
demonstrated reduced toxicity, as well as increased
cloning capacity and prolonged transgene expres-
sion, making them viable for use in the future.181

Nonetheless, at present, this vector system has
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proven somewhat cumbersome. These difficulties
are justified if an increased cloning capacity is re-
quired by the need for larger therapeutic genes. At
present, most of the therapeutic expression cassettes
that have been developed for application to MND
remain small enough to accommodate in other vec-
tor systems. The need for a large cloning capacity for
the delivery of the dystrophin gene in neuromuscular
gene therapy of Duchenne’s muscular dystrophy has
driven the continued development of this class of
vectors.

HSV Vectors. Vectors derived from herpes sim-
plex virus type 1 (HSV-1), a natural neurotropic, en-
veloped, double-stranded DNA virus, are promising for
gene therapy applications. This virus has the advan-
tages of a large cloning capacity and the potential to
remain in a latent state within neurons. Further, be-
cause HSV-1 naturally infects nerve terminals and the
sensory neurons of the dorsal root ganglia, it has
evolved effective mechanisms for retrograde transport.
Vectors derived from HSV-1 have been generated and
demonstrated to infect neurons in vitro and in vivo,
and undergo retrograde transport.62,69,113,121,151 The
tendency to infect sensory neurons lends HSV to ap-
plication in the treatment of pain and sensory neurop-
athies. Nonetheless, these vectors are capable of motor
neuron gene delivery.

Together, these characteristics, including the
possibility of insertion of multiple genes, are advan-
tageous for the development of delivery systems for
the treatment of MND.148 Progress has been made to
overcome immunity and transgene expression is-
sues, supporting the use of these vectors as therapeu-
tic candidates for the treatment of MND.143,151 The
ability of the herpes latency promoter to drive gene
expression while the virus remains in a quiescent
state in the neuron has created hope that sustained
gene expression can be achieved in the nervous
system through HSV vectors.155,168 However, at
present, sustained expression has remained difficult
to achieve.

It is also critical to point out that application of
viral vectors to large-scale human therapy will re-
quire the production of large quantities of vector.
This so-called “scaleability” problem may undermine
therapies based on elegant vector systems that are
hard to “scale up.” Proponents of HSV vectors point
out that these vectors have been widely employed in
a variety of clinical trials and have proven relatively
easy to produce in large quantities.

AAV Vectors. Adeno-associated viral vectors (AAV)
are based on the adeno-associated virus, a single-
stranded DNA, nonpathogenic, defective member of
the Parvoviridae family, genus dependovirus. These vi-

ruses require a helper virus to infect hosts, which can
be either adenovirus, HSV, or vaccinia virus. Recombi-
nant AAV (rAAV) vectors are capable of transducing
numerous dividing and nondividing cell types. They
promote prolonged in vivo gene expression and are,
for the most part, nonpathogenic in the wild-type,
giving them an attractive safety profile. Despite their
low immunogenicity, some immune response has been
reported against the vector capsid and the transgene.
An intensive effort is currently being made to improve
AAV vector systems in safety, stability, and regulation of
gene expression.217

To date, eight different serotypes have been de-
scribed, which display different tissue tropisms and
patterns of transduction.50,189 For this reason, the vast
majority of clinical trials ongoing and planned for ap-
plication to neurodegenerative diseases are based on
AAV vectors. The clinical protocol for Canavan’s dis-
ease, using AAV-aspartoacylase (ASPA), was the pio-
neering approved clinical use of AAV vectors in the
human brain.92 Other examples of approved protocols
include the ongoing phase I clinical trials for Parkin-
son’s disease, using AAV–hAADC (aromatic-l-amino
acid decarboxylase) and AAV–GAD (glutamic acid de-
carboxylase), as well as the use of AAV–NGF for Alz-
heimer’s disease (Journal of Gene Medicine clinical trial
site: http://www.wiley.co.uk/genetherapy/clinical). It
is hoped that all these clinical trials will be able to
confirm the safety of AAV vectors in the human CNS.

Serotype 2 (rAAV2) is the most studied and,
therefore the most used, in in vivo studies and clin-
ical trials. Experiments comparing the transduction
efficiency of distinct serotypes in the neonatal and
adult CNS of rats and mice have shown distinct
patterns of gene expression, depending on the sero-
type, the promoter, and the injected area of brain.
After intrastriatal injection, for example, whereas
rAAV2 transduces predominantly neurons,18,127 sero-
types 1, 4, and 5 show a broader tropism, also trans-
ducing astrocytes and ependymal cells.52,201

Furthermore, the ability of these vectors to be
transported retrogradely both in the CNS95 and pe-
ripheral nervous system38,39,119 makes them even
more appropriate and attractive candidates for gene
therapy for MND. Nonetheless, in our experience,
rAAV remote delivery has proven less reliable than
HSV and adenoviral vectors.

Lentiviral Vectors. Lentiviral vectors are among
the most promising viral vectors for clinical applica-
tions for neurodegenerative diseases. They combine
advantages of midrange cloning capacity with stable
gene expression and an attractive safety profile due
to a minimal inflammatory response to the vectors.
In addition, as discussed in what follows, the mem-
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brane capsule of lentiviral vectors renders alterations
in tropism relatively easy. Lentiviral vectors are based
on the single-stranded RNA (ssRNA) lentiviruses,
which are a subclass of retrovirus. They are able to
transduce both dividing and nondividing cells, in-
cluding neurons, to integrate transgenes of interest
into their target cells, promoting long-term gene
expression. They can also be retrogradely trans-
ported depending on the specific glycoprotein ex-
pressed on the envelope.12,126,141,142 Currently, vec-
tor systems derived from different lentiviruses are
under development, and a series of improvements
have been made in these vectors, making them both
safer and more efficacious.

The most widely used lentiviral vectors for gene
transfer to the CNS are based on human immuno-
deficiency virus type 1 (HIV-1). Besides HIV-1, vec-
tors derived from other lentiviruses, such as the non-
primate equine infectious anemia virus (EIAV) and
feline immunodeficiency virus (FIV), represent
other options of gene transfer vector systems to the
CNS.14,152

Lentiviral vectors are usually pseudotyped with
the vesicular stomatitis virus G glycoprotein (VSV-G)
envelope, but the use of alternative envelopes is of
interest and has been explored in the engineering of
new vectors. The lentipseudotyping strategy is dis-
cussed in greater detail in a later section focused on
targeted vectors.

The large-scale production of AAV and lentiviral
vectors remains to be established. The production of
these vectors requires stable packaging cell lines.
Moreover, in the case of AAV vectors, the low vector
solubility and aggregation of concentrated vector are
other challenges in production.

MOTOR NEURON GENE DELIVERY

Theoretically, gene transfer to upper and lower mo-
tor neurons can be achieved either by direct injec-
tion into the brain and spinal cord, remote delivery
using a vector that can be retrogradely transported,
or by ex vivo gene transfer (Fig. 1). These methods
of delivery overcome the challenge that the blood–
brain barrier represents to the passage of therapeu-
tic macromolecules into the CNS. However, the fea-
sibility of these techniques of administration is
hampered by other difficulties.

Direct Injection. All the vectors just described are
capable of neuronal gene delivery in vivo. Direct
injection can reliably deliver high titers of vector into
the targeted region. Further, because remote deliv-
ery paradigms depend on axonal transport, they are

effective for motor neuron gene delivery, but not
glial gene delivery. If the core defect of MND proves
to be glial, remote delivery will be insufficient. The
inherent lack of specificity created by direct injec-
tion can be overcome through the modification of
vector tropism or the development of cell-type–spe-
cific expression cassettes through specific promot-
ers. Furthermore, a variety of data suggest that prac-
tical remote delivery may not be possible in human
MND patients.87,90,107,139,204 First, axonal transport
may be impaired in MND, preventing adequate de-
livery in symptomatic patients. Second, there are
inherent disadvantages to the remote delivery, as
discussed in greater detail in the next section.

We have demonstrated effective gene transfer
after direct spinal cord injection with three different
vectors, including adenoviral NGF in normal rats,35

AAV2 vectors, and a rabies G (RabG) protein–
pseudotyped lentiviral vector in SOD1 transgenic
mice188 (Fig. 2). Nonetheless, direct injection of the
human spinal cord remains a daunting challenge
with serious potential morbidity. However, taking
into account the grave prognosis of MND patients
and the imperative for practical clinical translation
in the near future, we have begun work to develop

FIGURE 1. Schematic diagram showing methods for gene-based
motor neuron therapies. Therapeutic transgenes can be deliv-
ered to upper and lower motor neurons in the brain and spinal
cord by direct injection; remote gene transfer (using a vector that
can be retrogradely transported from muscles and peripheral
nerves), or by ex vivo gene delivery of cells engineered in vitro.
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the tools and techniques to make restorative spinal
cord surgery possible.

Remote Delivery. As just discussed, several types of
viral vectors are capable of migrating by retrograde
axonal transport to the cell body of projection neu-
rons, after internalization at the axon terminal36,38

(Fig. 3). This noninvasive remote gene delivery, that
is, from sites outside the CNS (muscle or peripheral
nerves), might be applicable to the future clinical
treatments of a variety of neurodegenerative dis-
eases. In addition, direct intraparenchymal spinal
injection of vectors capable of retrograde axonal
movement provides a strategy that is potentially ca-
pable of gene delivery to both upper and lower
motor neurons.

Despite the fact that some investigators have de-
scribed abnormal axonal transport in the SOD1 mu-
tant mouse,139 other groups have achieved successful
delivery using this method.131,157,212 Both routes of
administration, intramuscular and intraneural, have
been used extensively in animal models. Both must
overcome real challenges for human gene therapy,
due to larger muscle volume and the length of hu-
man motor neuron axons. Furthermore, the high
binding affinity of some vectors in muscle and the
limited binding affinity at synaptic terminals reduce
neuronal uptake and retrograde axonal transport,
especially of AAV vectors.50,83,124

Progress in vector design, by restricting the bind-
ing affinity and enhancing the delivery to target
cells, might optimize these techniques to make them

more feasible for human application.
Intramuscular Delivery. The feasibility of this

method of gene delivery using viral vectors has pre-
viously been described using normal animals. For
example, Kahn and colleagues94 constructed adeno-
viral vectors encoding genes for various neurotro-
phic factors and demonstrated axonal transport in
spinal motor neurons after intramuscular injection.
Yamamura and collaborators211 also reported gene
expression in the anterior-horn motor neurons after
intramuscular inoculation with an HSV vector.

Recently, the many successful attempts using an-
imal models of MND have encouraged the use of this
route of delivery. Among others, Wang and col-
leagues202 showed gene expression and neuroprotec-
tive effects in muscle and anterior-horn motor neu-
rons after intramuscular injection of an AAV–GDNF
(glial cell line–derived neurotrophic factor) vector
in a transgenic animal model of ALS. Lesbordes et
al.110 demonstrated that intramuscular injection of
adenoviral vector–cardiotrophin-1 (CT-1) improved
therapeutic effects in a mouse model of SMA. Kaspar
and colleagues96 also achieved retrograde viral deliv-
ery and neuroprotective effects by intramuscular in-
jection of AAV vectors encoding insulin-like growth
factor 1 (IGF-1) in a mouse model of ALS. Finally,
Mazarakis and Azzouz used pseudotyped EIAV to
achieve gene expression in the spinal cord, after

FIGURE 2. Direct gene delivery of an advanced generation vec-
tor into the cervical spinal cord of a SOD1 transgenic mouse.
Effective motor neuron gene expression can be achieved in the
cervical spinal cord of mutant mice through intraparenchymal
injection without deleterious behavioral effects, reduced survival,
or substantial inflammation, using an EIAV vector. X-gal staining
showing the transduced area by the EIAV–LacZ vector.

FIGURE 3. Schematic representation of peripheral viral vector
uptake. Adenoviral vectors, adeno-associated viral vectors, and
RabG-pseudotyped lentiviral vectors can be retrogradely trans-
ported to the cell body of motor neurons (MN) and deliver ther-
apeutic transgenes. In ALS, axonal defects may limit remote
gene delivery. Enhanced uptake and retrograde transport
achieved through vector pseudotyping may be required to over-
come these defects.
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multiple or single intramuscular injections of lenti-
viral vectors, in different approaches.13,15,157 At-
tempts have been made in some of these experi-
ments to demonstrate the importance of retrograde
vector delivery for therapy. However, some of the
observed therapeutic effects may result from retro-
grade transport of the transgene product rather than
the vector itself. Nonetheless, this potential dual
mechanism for therapy represents an advantage for
intramuscular delivery strategies.

As previously alluded to, whereas the intramus-
cular approach has shown efficacy with different
vector systems in mouse models, it faces a difficult
challenge in translation to humans. The nerves of
humans, particularly those that innervate the distal
extremities and diaphragm, are extremely long.
More importantly, the muscle mass of humans vastly
exceeds that of the mouse, requiring vector diffusion
across long distances to achieve uptake at the neu-
romuscular junction. To date, there are no data to
support the feasibility of this approach in a large-
animal model.

Intraneural Delivery. In order to avoid the prob-
lem of muscle binding and uptake, but more impor-
tantly to concentrate vector in a region with many
motor axons, we have experimented with injections
directly into the peripheral nervous system. Al-
though less invasive than spinal cord surgery, this
approach still carries potential morbidity. Further-
more, the majority of viral uptake is likely to occur at
the synaptic terminal rather than the axon itself.
Thus, the precise mechanism whereby vectors enter
axons is unclear.

We previously demonstrated that sciatic nerve
injection resulted in significantly higher adenoviral
gene expression in spinal cord neurons as compared

with intramuscular or subcutaneous injection.36

More recently, we confirmed the role of axonal
transport in remote delivery of adenoviral and AAV
vectors, through colchicine inhibition, after intran-
eural injection.39 Subsequently, we also demon-
strated remote delivery of AAV genes to the spinal
cord following peripheral nerve injection38 (Fig. 4).
Finally, we reported EIAV gene expression in cervi-
cal spinal cord motor neurons of SOD1 mice after
brachial plexus injection187 (Fig. 5). Together, these
distinct approaches point to the potential of this
methodology for minimally invasive spinal cord mo-
tor neuron gene therapy.

Ex Vivo Gene Therapy. In ex vivo gene therapy, cells
are genetically modified and then transplanted into
the region of injury. The use of this strategy has been
explored for the treatment of different neurodegen-
erative diseases, including MND, by grafting cells
that can secrete neurotrophic factors and thus con-

FIGURE 4. Adeno-associated viral vector gene expression in the
spinal cord after remote delivery by sciatic nerve injection. Anti–
green fluorescent protein (anti-GFP) immunofluorescence re-
veals GFP-positive ventral horn motor neurons, after intraneural
injection of rAAV.GFP.

FIGURE 5. Remote delivery of a RabG-pseudotyped EIAV vector
in a SOD1 transgenic mouse. (A) Photomicrograph showing
gene expression of RabG.EIAV.LacZ vector. �-Galactosidase
expression in cervical spinal cord motor neurons (arrows). (B)
Macroscopic view of the injection site (brachial plexus) and the
remote delivery site (cervical spinal cord).
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fer neuroprotection. This approach can also over-
come the difficulties that arise from the systemic
delivery of these molecules.193

Encapsulated baby hamster kidney (BHK) cells
genetically engineered to release hCNTF were im-
planted in pmn mutant mice, resulting in therapeutic
effects, including an increase in mean survival of the
animals and reduction of motor neuron loss.166 A
phase I study involving six ALS patients also demon-
strated the feasibility of the ex vivo gene delivery
technique. Patients were intrathecally implanted
with polymer capsules containing engineered BHK
cells. These capsules were demonstrated to release
CNTF. Consequently, measurable CNTF levels were
detected in the cerebrospinal fluid for at least 17
weeks posttransplantation.3 In another approach,
myoblasts retrovirally transduced with GDNF were
implanted into hindlimb muscles of SOD1 mutant
mice; GDNF gene delivery prevented motoneuron
loss and disease progression.138

Ex vivo gene transfer has also been applied
through spinal cord transplant. Recently, efforts
have been made to integrate the application of stem
cell derivatives and gene transfer through ex vivo
gene transfer. Klein and collaborators98 demon-
strated that astrocytes derived from human neural
progenitors could be induced to secrete GDNF after
ex vivo lentiviral vector–mediated GDNF gene deliv-
ery. These cells were shown to survive for up to 11
weeks and integrate into the gray and white matter
of the spinal cord in SOD1 mutant rats. GDNF-
producing astrocytes resulted in upregulation of
choline acetyltransferase staining, suggesting physi-
ological activity of the trophic factor. However, as
with direct injection for in vivo gene transfer, tech-
niques for direct spinal cord injection must exist to
render this approach feasible for human applica-
tion.

TARGETED VECTOR

Targeted gene therapy is a strategy that consists in
creating vectors that can achieve restricted cell pop-
ulations. It aims at increasing the specificity and
safety of gene therapy, avoiding vector diffusion to
unsuitable structures.22 Vectors can be genetically
engineered to ablate their natural tropism and con-
fer new binding specificity. In the context of remote
delivery for MND gene therapy, the goal is to en-
hance vector uptake at the neuromuscular junction
through increased motor neuron affinity and limit-
ing muscle affinity.

Currently, targeting strategies include modifica-
tions of the vector’s capsid or incorporation of tran-

scriptional elements into viral genomes to restrict
the expression of therapeutic genes to certain target
cells. The use of cell-specific promoters,22,102 as well
as enhancers of genes for motor neuron–specific
expression10,196 are improvements that might also
optimize the targeted gene expression strategy.

Lentipseudotyping. Because of their lipid mem-
brane capsule, lentiviral vectors can be easily tar-
geted through the insertion of envelope glycopro-
teins. These vectors are usually pseudotyped with the
vesicular stomatitis virus G glycoprotein (VSV-G).
VSV-G–pseudotyped lentivectors do not undergo re-
liable retrograde transport.96 However, the use of
alternative envelopes may allow the targeting of spe-
cific cell types. For example, when injected into the
muscle, RabG-pseudotyped lentiviral vectors are ret-
rogradely transported and transduce motor neurons
of lumbar spinal cord, in contrast to VSV-G vectors
that transduce exclusively muscle at the site of injec-
tion.126 Another work from the same investigators
described additional lentipseudotyped vectors with
distinct transduction patterns and retrograde trans-
port ability, when injected into the brain or spinal
cord.207

Recently, we reported the neurotropism of novel
HIV-1–based lentiviral vectors pseudotyped with gly-
coproteins from different members of the Rhab-
doviridae family, Lyssavirus genus (rabies virus, Euro-
pean bat Lyssavirus, Lagos bat Lyssavirus, and
Duvenhage). We demonstrated their neuronal gene
transfer in vitro191 and their retrograde transport in
vivo, after sciatic nerve injection (Fig. 6).

AAV Pseudotyping. Because their genomes are al-
most identical, the serotype-specific differences of
transduction observed with AAV vectors are due to
differences in their capsids and receptors required
for attachment and internalization of these vec-
tors.165 The use of capsids of other serotypes rather
than AAV2 is an alternative that may provide advan-
tages to this vector system.41,156,174

Burger and collaborators41 designed the hybrid
serotypes rAAV2/1, rAAV2/2, and rAAV2/5, and
reported an almost exclusive neurotropism for all
of them after injection into distinct regions of the
CNS, with differences just in distribution. More
recently, Shevtsova and colleagues174 described
the better performance and increased spread of
serotype 5 capsid in the brain compared to the
serotype 2 capsid.

Neurotropic Peptides. Targeted gene delivery can
also be achieved using peptides with selective affinity
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for motor neurons, such as the nontoxic tetanus
toxin C-fragment that avidly binds to peripheral neu-
rons.63 Some studies have demonstrated the feasibil-
ity and the advantages of this strategy. Nonviral
neuronal gene delivery mediated by the nontoxic
tetanus toxin C-fragment has been demonstrated.99

Neuronal targeting of cardiotrophin-1 has been
achieved through C-fragment coupling.33 Finally, an
SMN:tetanus toxin C-fragment fusion protein was
developed for the targeted delivery of the SMN pro-
tein to motor neurons.64 The selective retargeting to
neurons using targeted adenoviral vectors with the
tetanus toxin C-fragment was also achieved after in-
tramuscular injection.171

In addition to chemically modifying the coats of
viral vectors to create novel motor neuron targeting
strategies, protein capsids can be altered through
alterations in the genes encoding the capsid pro-
teins. Alteration in AAV tropism has been achieved
by inserting oligonucleotides into the cap gene of
AAV2 vectors. This modification can be done by
peptide insertion into the VP2208 and VP3 protein.175

We have recently employed phage display to identify
short peptides with selective motor neuron binding
properties60,116 and inserted it into the VP3 capsid
protein of AAV2.53

THERAPEUTIC TRANSGENES

Because the molecular mechanisms of motor neu-
ron diseases remain incompletely understood, the
goals of gene therapy strategies have been focused
on neuroprotection through trophic factors, anti-
apoptotic proteins, and antioxidants and anti-excito-
toxicity genes.5,59 The better understood molecular

genetics of SMA have motivated SMN1 gene replace-
ment strategies that have shown promise.13 Similarly,
an understanding of the molecular genetics of the
SOD1 mutant variant of familial ALS has motivated a
selective vector-mediated gene knockdown.134,157,158

Trophic Factors. Neurotrophins and other trophic
factors are molecules that promote several effects in
neurons such as differentiation, maintenance of
function, synaptic plasticity, survival, and regenera-
tion. Their receptors are the high-affinity members
of the family of receptor tyrosine kinases (trks; trk A,
B, and C) and a low-affinity receptor, the p75 neu-
rotrophin receptor (p75NTR). These receptors are
expressed almost exclusively in the nervous system.
Some neurotrophic factors are able to bind to mul-
tiple distinct receptors.54,71,193

Several studies have demonstrated alterations in
neurotrophins and their receptors in ALS57,140 that
may be relevant in the development of therapeutic
strategies. However, the up- or downregulation of
neurotrophic factors does not appear to be a major
cause, but rather a consequence of ALS, contribut-
ing to neuronal death. Nonetheless, therapy with
neurotrophins has been extensively explored in
MND models due to their neuroprotective effects.

The use of viral vectors encoding neurotrophic
factors to protect motor neurons from acute death
has been applied exhaustively in a variety of models.
However, different studies using viral vectors to de-
liver these neurotrophins in vivo have identified lim-
itations in their effectiveness, such as short half-life
of the neurotrophic factors, poor access due the
presence of the blood–brain barrier, insufficient or

FIGURE 6. LacZ gene expression following intraneural injection of a Lagos-pseudotyped HIV-based lentiviral vector. Dorsal root ganglia
(DRGs) �-galactosidase expression revealed by X-gal staining, after remote delivery into the sciatic nerve of a normal adult rat.
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nonspecific delivery, and adverse effects.20,31,193 Even
so, a number of neurotrophic factors have been
demonstrated to promote therapeutic benefits,
prompting the development of clinical trials.

Brain-Derived Neurotrophic Factor. Brain-derived
neurotrophic factor (BDNF), among other neuro-
protective properties, can prevent glutamate-
induced neurotoxicity, an important mechanism in-
volved in the pathogenesis of ALS.114,176 A phase III
study involving subcutaneous delivery of BDNF
failed to demonstrate clinical benefit in patients with
ALS.8 Likewise, intrathecal administration of BDNF
also failed to show treatment efficacy in ALS pa-
tients, as reported in a phase I/II trial.145 Defects in
delivery have been proposed to underlie the gulf
between activity in models and the clinical setting.
Viral gene transfer has been applied in an attempt to
enhance delivery. Pretreatment with adenoviral vec-
tor–BDNF prevented the death of axotomized facial
motoneurons in newborn rats.70 BDNF has not been
applied using more practical, advanced generation
vector systems.

Cardiotrophin-1. Cardiotrophin-1 (CT-1) is a
muscle-derived cytokine that has been shown to pre-
vent or delay motor axonal degeneration in different
mouse models of MND, including pmn,32 wobbler,136

SOD1,34 and SMA mutant mice (carrying a deletion
of Smn exon 7).110 Most of these studies explored
the use of adenoviral vectors encoding the CT-1
gene, after intramuscular injection, and demon-
strated neuroprotection. Indeed, in the SMA ap-
proach, the investigators also pointed out the neu-
roprotective role of CT-1 during the postnatal
period, in addition to its previously reported role
during the embryonic period.147 As discussed earlier,
because neurotrophic factors can themselves be
taken up and delivered through retrograde axonal
transport, intramuscular vector injection may result
in gene- or gene product–mediated effects on motor
neurons.

Ciliary Neurotrophic Factor. Ciliary neurotrophic
factor (CNTF), a member of the same family of
CT-1, promotes motor neuron survival in vitro and
in vivo like other neurotrophic factors.97,120,166 CNTF
has also been shown to effectively reduce motor
neuron degeneration in animal models such as pmn
mice.173

The systemic delivery of recombinant human
CNTF has failed to demonstrate efficacy. A placebo-
controlled trial in 570 patients with ALS showed no
beneficial effects, but rather side effects at all tested
doses.132 However, a phase I study using an ex vivo
gene delivery approach demonstrated measurable
levels of CNTF without deleterious side effects. In

this study, encapsulated BHK cells were modified to
secrete hCNTF and implanted into the lumbar in-
trathecal space of six ALS patients.3

Vector systems to deliver CNTF, such as adenovi-
ral and lentiviral vectors, have been shown to be
successful in achieving neuroprotection. In the ad-
enoviral study, the investigators compared different
routes of administration of adenoviral vector–CNTF
in pmn mutant mice. While intramuscular and intra-
venous injections resulted in transduction of skeletal
muscle fibers and hepatocytes, increased lifespan,
and reduction in motor axonal degeneration, the
intracerebroventricular injection resulted in trans-
gene expression restricted to ependymal cells and
no neuroprotective effects.80 In the other study, tet-
racycline-regulated lentiviral vectors were used to
investigate the dose-dependent neuroprotective ef-
fect of CNTF. Using a quinolinic acid (QA) rat
model of Huntington’s disease, the researchers
showed that, in QA-lesioned rats, gene-controlled
delivery of CNTF was associated with reduction of
the motor deficit.160

Recently, conflicting data have emerged from
studies on endogenous CNTF in clinical MND. Some
postmortem investigations and CNTF measurements
in the cervical enlargement of the spinal cord have
attributed motor neuron loss to decreased CNTF
expression in the spinal cord of ALS patients.6,109,146

By contrast, it has been demonstrated that CNTF
serum levels are increased in patients with ALS.89

Moreover, gene expression of CNTF is upregulated
in degenerating spinal motor neurons from autop-
sied patients with SALS.93 Therefore, although
CNTF might have potential therapeutic utility in
ALS and other neurodegenerative diseases, its role
in the pathogenesis of ALS remains unclear.

Glial Cell Line–Derived Neurotrophic Factor. Glial
cell line–derived neurotrophic factor (GDNF) was
discovered over a decade ago and is currently con-
sidered to be one of the most potent neuroprotec-
tive molecules.26,28,85,219 Consequently, viral vector–
mediated delivery of GDNF has been applied to the
CNS in a variety of animal models of neurodegen-
erative diseases, including ALS.

Many different groups have reported the efficacy of
GDNF gene delivery using the SOD1(G93A) transgenic
mouse model of ALS. Intramuscular injections of ad-
enoviral vector–GDNF1,122 and AAV–GDNF96,119,202 at
different ages before the disease onset, conferred neu-
roprotective effects, delayed disease onset, and pro-
longed survival of animals (Fig. 7). Also, as reported
previously, the ex vivo gene delivery of GDNF using
myoblasts retrovirally transduced and implanted into
hindlimb muscles, prevented motor neuron degener-
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ation and delayed the progression of disease in ALS
mice.138 However, although direct injection of lentivi-
ral GDNF into the spinal cord promoted long-term
expression in motor neurons, it did not prevent motor
neuron loss and muscle denervation in transgenic
mice.76

Zhao and collaborators219 used the glial fibrilla-
tory acidic protein (GFAP)–specific promoter to ex-
press GDNF in astrocytes of transgenic mice, dem-
onstrating its effects on motor neuron survival. They
achieved restricted gene expression predominantly
in astrocytes throughout the brain and spinal cord.
The overexpression of GDNF prevented pro-
grammed cell death during development and pro-
tected facial motoneurons following axotomy.

For a detailed description of GDNF experimental
models the reader is referred to recent articles by
Bohn and colleagues.27,28

Insulin-Like Growth Factor 1. The neuroprotec-
tive role of insulin-like growth factor 1 (IGF-1) was
reported over a decade ago.111 IGF-1 has the distinct
advantage of direct trophic effects on both muscle
and motor neurons. Because diffuse muscle atrophy

affects MND patients, this dual effect has generated
significant enthusiasm for the application of IGF-1.
However, to date, studies addressing the efficacy of
this trophic factor in the treatment of MND have had
conflicting results.24,133,135

Recent placebo-controlled studies showed re-
combinant human IGF-1 to be a modestly effective
drug treatment for ALS. Although one investigation,
a European trial, found no satisfactory clinical ef-
fects,30 a North American trial showed slowing of
disease progression in patients treated with recom-
binant IGF-1.105 Other clinical trials are currently in
progress.

Kaspar and colleagues96 reported efficient re-
mote AAV-mediated IGF-1 gene delivery followed
intramuscular injections, promoting prolonged sur-
vival and delaying disease progression in SOD1 mu-
tant animals (Fig. 7). In an in vitro model of ALS,
experiments suggested that motor neurons express-
ing the IGF-1 gene may be capable of protecting
bystander neurons through secretion of the fac-
tor.198 We have also constructed RabG.EIAV vectors
for the delivery of the IGF-1 gene. This vector has

FIGURE 7. Survival analysis of G93A SOD1 transgenic mice after different treatments. Kaplan–Meier graph demonstrates increase in
lifespan of SOD1 mice, after intramuscular injection of Ad–GDNF (red), AAV–IGF-1 (green), EIAV–VEGF (blue), or EIAV-mediating
expression of RNAi targeted to the human SOD1 gene (orange). Untreated SOD1 animals survive an average of 135 days (black). 1:
Acsadi et al.1; 2: Kaspar et al.96; 3: Azzouz et al.15; 4: Ralph et al.157
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proven to induce motor neuron axon elongation
and neuroprotection in vitro.190 In addition, this
vector sporadically prolonged survival in the SOD1/
G93A model after intramuscular remote injections at
relatively low titers.

Nerve Growth Factor. Nerve growth factor
(NGF) was one of the first members of the neuro-
trophic factor family to be described.54,193 Although
NGF levels were decreased postmortem in cerebral
motor cortex and the dorsal spinal cord of ALS
patients, levels in the lateral column of spinal cord
were increased.6 This paradoxical observation has
been attributed to deleterious reactive astrocyte pro-
duction.150

In early experiments, we demonstrated the feasi-
bility of adenoviral-mediated NGF gene delivery and
expression in the spinal cord for application to spi-
nal cord injury.35 Despite NGF’s neuroprotective ac-
tivity, it has not been successfully applied for ALS
treatment. In fact, the suggestion that motor neuron
death is exacerbated by reactive astrocyte NGF secre-
tion has prompted the proposal that NGF gene si-
lencing, rather than delivery, should be applied in
ALS.194

Neurotrophin-3. Like NGF and BDNF, neurotro-
phin-3 (NT-3) is a member of the neurotrophin
family. The intramuscular administration of an ad-
enoviral vector coding for NT-3 in pmn mutant mice
resulted in beneficial effects, including increased
survival, reduction of motor axon loss, improvement
in neuromuscular function, and efficient reinnerva-
tion of muscle fibers.79 However, since these initial
experiments, NT-3 has not been explored exten-
sively for motor neuron protection. It is important to
consider that NT-3 utilizes the trk C receptor, which
is not abundantly expressed in either normal or ALS
spinal cord motor neurons.57

Vascular Endothelial Growth Factor. As implied
by its name, vascular endothelial growth factor
(VEGF) was originally described in the context of
angiogenesis. However, recent observations have
demonstrated that this trophic factor has potent di-
rect neuroprotective properties.15,48,74,106,182,183

Because of its mixed vascular and neurotrophic
effects, VEGF can exercise direct and indirect pro-
tective effects. VEGF can act directly on motor neu-
rons as a neurotrophic factor and also regulate
blood supply to these cells.182 Some studies revealed
that reduced levels of VEGF can predispose mice
and humans to ALS, suggesting a role for VEGF in
the pathogenesis of ALS.48 This hypothesis was cor-
roborated by the observation that VEGF�/�–knock-in
mice developed degeneration of adult motor neu-
rons and symptoms similar to those of ALS.106

Two different study approaches pointed out its
neuroprotective effect and its application in ALS
treatment. The first study demonstrated that direct
intracerebroventricular delivery of recombinant
VEGF was able to delay disease onset, improve motor
performance, and prolong survival in two rat models
of ALS. Moreover, the investigators showed that
rVEGF was anterogradely transported in peripheral
axons, protecting cervical motoneurons and preserv-
ing neuromuscular junctions.183 More recently, Az-
zouz and colleagues15 pointed out its neuroprotec-
tive effect and its application in ALS treatment.
Intramuscular injection of RabG-pseudotyped EIAV–
VEGF resulted in retrograde transport and motor
neuron delivery of VEGF, promoting prolonged sur-
vival in an ALS mouse model (Fig. 7).

Summary. Although therapeutic application of
protein trophic factors has yielded disappointing re-
sults in clinical trials, gene delivery may overcome
the barrier of sustained and targeted delivery. The
combination of two or more factors may also im-
prove the chances of success with this strategy.24,78,97

Anti-Apoptotic Proteins. Apoptosis plays an impor-
tant role in neuronal cell death and is considered to
be one of the main possible causes of MND.153,170,200

The apoptotic mechanism is driven by a family of
proteases (caspases) and controlled by a family of
proteins (Bcl-2), including Bcl-xL, which regulates
the cell death repressor activity in the apoptotic
pathway. The downregulation of Bcl-2 has been dem-
onstrated in ALS123 and SMA.180 Because anti-apop-
totic proteins function in the intracellular space,
gene transfer provides the advantage of circumvent-
ing the need for uptake across the neuronal mem-
brane.

Bcl-2 and Bcl-xL. The Bcl-2 family includes both
anti-apoptotic and pro-apoptotic members. Bcl-2
family proteins regulate apoptosis by the mitochon-
drial pathway. Bcl-xL is a member of the Bcl-2 family
of proteins and is the dominant inhibitor of apopto-
sis in cell death repressor activity.2,159 The anti-apop-
totic activity of both molecules, Bcl-2 and Bcl-xL, has
been achieved in vitro and in vivo, making their
therapeutic use an attractive tool to confer neuro-
protection.

Adenoviral vector–Bcl-xL125 and AAV–Bcl-xL67

gene delivery have been shown to prevent apoptosis
in vitro. These results were obtained in normal pri-
mary rat neuronal cultures,125 as well as in cultured
motor neurons (Fig. 8) and in a glutamate-induced
apoptosis neuroblastoma cell model.67

Adenoviral vector–Bcl-2 and AAV–Bcl-2 have also
been applied to achieve neuroprotective effects in
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animal models of ALS. Yamashita and co-workers212

used intramuscular injection of adenoviral vector–
Bcl-2 into the tongue of mutant SOD1 transgenic
mice to induce Bcl-2 expression in motor neurons of
the hypoglossal nuclei by retrograde transport of the
vector. They reported that Bcl-2 expression was able
to promote motor neuron survival213 by regulating
caspase-1 activation and retarding the release of the
pro-apoptotic protein cytochrome c into the cy-
tosol.214 Using the same SOD1 transgenic mice, Az-
zouz and collaborators11 also demonstrated Bcl-2 ex-
pression in motor neurons, as well as increased
motor neuron survival, after intraspinal injection of
an rAAV–Bcl-2 vector. Furthermore, the investiga-
tors reported a delay in the onset of disease, without
increase in lifespan.

X-Linked Inhibitor of Apoptosis Protein/Neuronal Ap-
optosis Inhibitory Protein. The inhibitors of apopto-
sis proteins (IAPs) regulate both the upstream “ini-
tiator” caspase (caspase-9) as well as downstream
“effector” caspases (caspase-3 and -7). Seven mem-
bers of the IAP family have been identified. They are
the neuronal apoptosis inhibitory protein (NAIP),
X-linked inhibitor of apoptosis protein (XIAP),
c-IAP1 (HIAP-1), c-IAP2 (HIAP-2), survivin, livin,
and Ts-IAP.115 Transfer of the NAIP and XIAP genes
has proven to have a therapeutic effect in a variety of
neurodegenerative disease animal models. In the
four-vessel occlusion model, adenoviral vector–
mediated delivery of IAPs has been shown to prevent
CA-1 neuronal death209 and associated behavioral
deficit.210 Vector-mediated XIAP delivery was able
to protect axotomy-induced apoptosis in retinal gan-
glion.101 It was also reported that NAIP gene delivery
reduced 6-hydroxydopamine–induced apoptosis in
the rat substantia nigra.49

IAPs are considered stronger and, thus, are po-
tential candidates for anti-apoptotic treatment strat-
egies, as we showed in an in vitro model of ALS.
Using a glutamate-induced model of excitotoxicity,
we demonstrated that the reduction in cell death was
associated with the neuroprotective effects of the
adenoviral vector–XIAP.GFP vector present in the
primary cultured motor neurons.68

Anti-Excitotoxicity. Excitatory Amino Acid Trans-
porter 2. Excitotoxicity and glutamate-induced apo-
ptosis has been considered a major mechanism in the
pathogenesis of ALS.154,177,185 Increased concentra-
tions of glutamate in the cerebrospinal fluid of ALS
patients, decreased levels in the glial glutamate trans-
porter EAAT2 in the spinal cord and motor cortex of
ALS patients, as well as reports of loss of function of
EAAT2 in transgenic SOD1 models, provide substantial
support for the involvement of this mechanism.84,88

Engineered cells overexpressing EAAT2 have
been used to deliver EAAT2 gene in vitro and thus
confer neuroprotection of motor neurons against
glutamate toxicity.206 More recently, AAV and lenti-
viral vector systems have been developed to deliver
EAAT2 gene in vitro and in vivo.81,205 Both studies
showed that EAAT2 can be delivered to motor neu-
rons, but have not yet demonstrated a neuroprotec-
tive effect in ALS mouse models.

In fact, because EAAT2 is naturally expressed in
astrocytes, targeted delivery is an approach that may
be considered in this case. A gene transfer protocol
utilizing rAAV vector to drive expression of EAAT2
by the GFAP-specific promoter has been proposed.
The GFAP promoter is particularly active in the re-
active astrocytes present in the spinal cord of ALS
patients (Paola Leone, personal communication).

FIGURE 8. Cultured motor neurons transduced by an AAV–Bcl-xL.GFP vector. (A) E15 primary rat motor neurons in vitro (Phase). (B)
GFP expression, after transduction with an AAV–Bcl-xL.GFP vector.
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OTHER STRATEGIES

Gene Silencing. RNA Interference. Traditionally,
gene transfer has provided a means for correction of
genetic mutations and the restoration of genes or
proteins that they encode. However, RNA interfer-
ence (RNAi) is emerging as an exciting therapeutic
approach for the treatment of several genetic disor-
ders, selectively silencing the expression of mutant,
but not wild-type, genes.44 RNAi is an evolutionary
conserved process by which double-stranded RNA
degrades messenger RNA where there is homology,
silencing posttranscriptional gene expression.44,216

The potential of RNAi as a therapy for ALS was
demonstrated by selective inhibition of the mutant
SOD1 form, using small interfering RNA (siRNA)
sequences with this specificity.56,215

Improvements on the “vectorization” of siRNA
and the targeted delivery of viral vectors will make
this technology more practical for application to
neurodegenerative diseases. Two very recent ap-
proaches using lentiviral vectors, which can integrate
the host genome and thus provide long-term gene
expression, showed success in silencing the SOD1
gene in SOD1 models of ALS.157,158 Furthermore, the
investigators demonstrated a significant increase in
the lifespan of SOD1 mutant animals157 (Fig. 7). A
third study also showed the benefit of siRNA therapy
for ALS, after retrograde transport of an AAV vector
to the spinal cord following intramuscular injec-
tion.134

A distinct alternative for silencing gene expres-
sion is the antisense peptide nucleic acid (PNA).
Systemic intraperitoneal administration of this anti-
sense PNA to SOD1 mutant mice conferred signifi-
cant reduction in p75 neurotrophin receptor gene
expression.17,194 Because this approach would be ex-
pected to damp neurotrophic activity, it further sup-
ports the idea that NGF may contribute to motor
neuron degeneration.

Gene Replacement. The direct replacement of de-
fective genes is ideal to treat SMA by increasing the
expression of functional SMN protein from the
SMN2 gene. This approach has been attempted re-
cently using a lentiviral vector expressing human
SMN. The ability of this system to restore SMN pro-
tein levels in both SMA type 1 fibroblasts and in SMA
mice, has been demonstrated after multiple intra-
muscular injections of a RabG–EIAV vector.13

Stem Cell Therapy. Ex vivo gene therapy, em-
ploying stem cell derivatives genetically engi-
neered to enhance neurotrophic factors, has al-
ready been discussed. In addition, several reports

have suggested that stem cell therapy, in which
degenerated neurons are replaced in order to pro-
mote recovery in the areas of motor neurons loss,
is also a good strategy for the treatment of neuro-
degenerative diseases, such as Parkinson’s and
Huntington’s diseases and, more recently, ALS
and SMA. A recent study has demonstrated the
functionality of motor neurons derived from em-
bryonic stem cells, supporting the idea of cell
replacement.130 However, many challenges limit
the success of the stem cell therapy. Besides clin-
ical safety and ethical issues concerning the use of
embryonic stem cells, the ability of these cells to
migrate, survive, and become functional in the
environment where they will be grafted has to be
considered.178,179 In addition, stem cell– derived
neurons must integrate into a functioning network
forming afferent and efferent synapses. In order to
reproduce the neuromuscular junction, the axons
of these transplanted cells must cross the white
matter of the ventral spinal cord. This white mat-
ter contains molecules that suppress axonal
growth. Further, these axons can be misdirected
into the white matter tracks. Thus, strategies are
required that can guide these axons into the ven-
tral horn. Viral gene transfer has been used to
guide axons in the corpus callosum and spinal
cord.162 An alternative approach is grafting of
adult stem cells, in order to help “sick” neurons to
recover.186

TOWARD THE CLINIC

Neurodegenerative disorders are progressive debili-
tating diseases that usually have a dire outcome, due
to the loss of neural tissue. There remain no effective
treatments for this group of disorders. Gene therapy
employing neuroprotective approaches is an excit-
ing strategy that may prevent neuronal death. Ex
vivo growth factor gene therapies involving CNTF
gene delivery for Huntington’s disease,25 as well as
NGF for Alzheimer’s disease,195 are examples of
growth factor phase I clinical trials that have been
recently performed for neurodegenerative disor-
ders.

The present review has emphasized different
therapeutic strategies focusing on neuroprotection
for MND. A preponderance of evidence supports the
feasibility of this approach in animal models, espe-
cially in SOD1 models of ALS. However, these models
reproduce only the FALS, which affects 10% or less
of ALS patients and, among these, only about 20%
have the mutation in the SOD1 gene. Moreover,
none of these strategies has been tested in humans.
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Practical barriers to gene-based treatment in hu-
mans include the duration of gene expression, the
distribution of gene expression (targeting of gene
delivery and broad distribution), and the safety of
the system (random insertion into human genome,
insertion into germ cell lines and inflammatory in-
jury to tissue). The appropriate routes for delivery
and control of gene expression remain as significant
obstacles. We have begun delivery experiments in
large-animal models to investigate the limits of direct
and remote injections. The availability of sufficient
resources to “scale-up” vectors for human applica-
tion on a large scale will similarly limit application to
MND.

FUTURE DIRECTIONS

The development of practical gene-based therapy
for MND requires a better understanding of the
pathophysiology of these diseases. For example, the
reasons for this selective motor neuron vulnerability
may hold important keys to novel neuroprotective
strategies. Targeting the early steps of these diseases
may be the key to preventing motor neuron damage,
instead of correcting damage that has already oc-
curred. Toward this end, better diagnostic aids may
be required. Microarray technology may provide di-
rect information on the genes leading to neurode-
generation.93 Unlocking the specific mechanisms of
MND may provide novel therapeutic target genes.
Finally, the co-delivery of therapeutic agents may
provide synergistic or additive effects.24,59,78,97 Re-
gardless of these improvements, variations of the
strategies discussed are likely to be subjected to clin-
ical trials over the next decade.
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