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Abstract. Childhood spinal muscular atrophy (SMA) is an
autosomal disorder caused by mutations in the survival motor
neuron (SMN) gene. Although SMN is a ubiquitously expres-
sed protein, mutations in SMN specifically cause the targeted
deterioration of a-motor neurones of the spinal cord. This
results in the progressive wasting of the voluntary muscles of
the limbs and trunk. Although there is currently no treatment
or cure for SMA, several lines of investigation are underway.
These include a) screens for small compounds that modulate
disease phenotype, b) gene therapy and c¢) stem cell therapy. In
this review, we discuss the current state of stem cell research,
concentrating on recent advances and highlighting areas where
more research is needed. We also discuss the implications of
this research for SMA.
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1. Introduction

Childhood spinal muscular atrophy (SMA) is a common
recessive autosomal disorder characterised by deterioration
of a-motor neurones in the spinal cord and brain stem nuclei,
with consequent muscle wasting and paralysis of the limbs and
trunk (1). The disease is caused by deletion or mutations of the
telomeric copy (SMN1) of the survival motor neuron (SMN)

Correspondence to: Dr Philip J. Young, Clinical Neurobiology,
Institute of Biomedical and Clinical Science, Peninsula Medical
School, St. Luke's Campus, Exeter, EX1 2LU, UK

E-mail: philip.young@pms.ac.uk

Key words: spinal muscular atrophy, stem cell research, replacement
therapy

gene located on chromosome 5q13, resulting in a marked
reduction in SMN protein (1). Absolute SMN protein levels
are ultimately governed by the number of remaining centro-
meric copies (SMN2) of the SMN gene, which is able to
produce only a fraction of identical full-length transcripts in
comparison to SMNI1 (1-3). Increased copy numbers of SMN2
and the subsequent increased production of full-length SMN
protein manifest as progressively milder forms of the disease
(1-3).

The clinical features of SMA result from skeletal muscle
denervation (4). The disorder can be subdivided into three
groups according to age of onset, the severity of symptoms
(assessed by the achievement of motor milestones) and age at
death (1,2,5-8). SMA type I (Werdnig-Hoffmann disease) is
the most severe form, typically describing infants diagnosed
before six months of age experiencing such profound weakness
as to render them incapable of ever achieving an independent
sitting posture, with death by age two (1,3). SMA type II is
intermediate in severity, with an average age of onset earlier
than 18 months (1,3). Type II infants can usually survive
beyond the first two years and sit independently; however,
they are generally too weak to ever walk unaided. Individuals
with SMA type III (Kugelberg-Welander disease), the mildest
form of the disorder, experience weakness after 18 months but
are able to maintain a standing posture and walk (1,3). These
children have a normal life expectancy (1,3).

In spite of worldwide efforts, there is as yet no cure for
SMA (9-11). Principal approaches to finding an effective
treatment or indeed a cure have been aimed at either
manipulating the genetic material implicated in the patho-
physiology of SMA, or at restoring the lost or damaged motor
neurones via cellular replacement (9-11).

This study focuses on stem cell therapy as a potential
treatment for SMA, reviewing relevant studies as well as
considering the major issues associated with the implemen-
tation of this therapy in clinical practice.

2. Overview of stem cells

Stem cells are immature precursor cells that are able to self-
renew and to create multiple mature cell types, depending on
their origin (12). This capacity for differentiation can be
further described as totipotent, pluripotent or unipotent,
depending on whether the cells are able to produce any cell
type, several cell types, or only one cell type, respectively
(12). Pluripotent embryonic stem cells are obtained from the
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inner-cell mass of cultured embryos at the blastocyst stage of
development, and are the underpinning of the majority of
research conducted on cellular therapy (13). Although some
adult tissues do harbour stem cells, they tend to be fewer in
number, proliferate less, and are less potent compared to
embryonic stem cells (13).

3. Stem cell-derived motor neurone generation and its
therapeutic potential

The fundamental rationale for the use of stem cells in degen-
erative disorders such as SMA is that these progenitors can
potentially differentiate into mature cell lines under the
influence of developmental signals appropriate to that cell
type (12).

The generation of motor neurones, the affected cell type
in SMA, has been achieved in the lab by exposing mouse
embryonic stem cells to retinoic acid (RA) and nerve growth
factor (NGF). These together target Sonic hedgehog (Shh), a
developmental morphogen, and convert spinal progenitors to
motor neurones (14,15). In one well-cited study, when treated
cells were injected into the spinal cord of an embryonic chick,
they migrated to the proper location on the ventral horn.
Some were even able to extend into the periphery and form
neuromuscular junctions on target muscle fibres (14). This
research strongly suggests that embryonic stem cells could be
made to replicate normal developmental pathways for the
effective generation of motor neurones.

To be considered a feasible therapy, lab-generated motor
neurones must firstly be able to survive within the spinal
cord once implanted, and secondly to extend axons through
proximate white matter into the periphery to re-innervate
appropriate target tissue (16-18).

Kerr et al, in 2003, were unable to establish functional
neuromuscular junctions in the host nervous system (19). In
this study, rats were infected with Neuroadapted Sindbis
virus, an RNA virus known to induce hind leg paralysis in
rodents (19). Once paralysed, the rats were subjected to the
transplantation of motor neurones derived from a stem cell
source and assessed for restoration of function (19). Notably,
the paralysed rats did display some functional recovery,
despite the lack of evidence of synapse formation (19). These
researchers speculated that the partial recovery was not due
to the re-establishment of stem cell-derived motor neurones,
but rather to the protective and restorative effect of trophic
factors secreted by donor motor neurones on the host cells
(19). Indeed, brain-derived neurotrophic factor and trans-
forming growth factor-a, two factors known to be implicated
in the survival and axonal growth of motor neurones, were
found in moderate-to-increased levels in the rats, strongly
suggesting that some degree of neurotrophic support had taken
place (19).

Other studies have also investigated the potential of
cellular therapy to stop motor neurone degeneration and re-
establish function in animals with neurodegenerative disease
or spinal cord injury.

In 2004, Harper et al studied embryonic stem cell-derived
motor neurones in an in vitro environment, as well as after
transplantation into paralysed rats (16). They found that motor
neurones derived from stem cells were able to grow axons,

form neuromuscular junctions and induce muscle contraction
in vitro (16). Three months after transplantation into the rats,
approximately 3000 of the original 12,000 neurones had
survived. Of these, only 75 (approximately 2.4%) had grown
axons through the surrounding white matter of the spinal
cord into the periphery, even after treatment with blockers of
myelin-mediated axonal inhibition (16). In addition, there
was no evidence of neuromuscular junction formation by the
transplanted motor axons in vivo and, accordingly, no
electrophysical or functional recovery of the paralysed rats
(16).

It was not until 2006 that a study by Despande et al
confirmed that stem cell-derived motor neurones were able to
restore function in paralysed rats through the formation of
neuromuscular junctions in vivo (18). As in the other studies,
pluripotent stem cells were firstly directed to differentiate into
committed motor neurone progenitors by the use of RA and a
chemical agonist of Shh (18). To promote axon regeneration
once transplanted, other agents were administered to the stem
cell-derived motor neurones to stimulate axonal growth and
survival, as well as to prevent the inhibitory effects of myelin.
These were dibutyryl cyclic adenosine monophosphate
(dbcAMP) and rolipram (a phosphodiesterase inhibitor),
respectively. In contrast to the other studies, glial cell-derived
neurotrophic factor (GDNF), a vigorous stimulator of motor
axonal growth, was also applied in order to direct axons
distally to form neuromuscular junctions. Initial findings
revealed a significant increase in the number of functioning
motor neurones in the rats that had received all treatments,
compared to control animals in which various stages of
the process had been omitted (18). In addition, four months
after transplantation, the fully-treated rats demonstrated an
improvement in hind limb grip strength of approximately 50%
(18).

4. Discussion: prospects and considerations for future use
of cellular transplantation in SMA

To date, there is no cure for individuals affected with SMA
(10,11,20), yet the US National Institutes of Health have
declared SMA to be the genetic condition closest to an
effectual treatment or cure (10,11,20). Stem cell therapy, if
successful, could theoretically delay onset and advancement
of the disease, as well as potentially restoring lost function
(10,11,20).

Specific features of SMA make this condition particularly
suitable for future cellular replacement therapy techniques. In
contrast to other neurodegenerative disorders such as spinal
cord injury or stroke, where a multifaceted pathology affects
many targets, only the spinal motor neurones are affected
in SMA; hence, the target for therapy has been identified
(10,11,20). In addition, the environment around the spinal
cord in SMA individuals is more favourable for a potential
graft (10,11,20). Type I infants would almost certainly have a
better supply of blood and growth factors to the area than
would be seen in, for instance, spinal cord injury, because
these newborns are growing rapidly (10,11,20). Furthermore,
the distance travelled by any sprouting axons from the
transplanted motor neurones to reach affected muscle would
be shorter in SMA than in other neurodegenerative diseases,
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owing to the fact that this pathology primarily affects infants
and children (10,11,20). Thus, synapses with host muscle
would form sooner, leading to an earlier improvement in
function.

Various studies on stem cell therapy have already garnered
significant attention for their impact on the treatment of
diseases such as Alzheimer's, Parkinson's and type I diabetes
mellitus (13). Scientific research on the use of stem cells to
help preserve or reinstate vulnerable motor neurones has
been progressing rapidly (11); however, there are still con-
siderable obstacles to be overcome and other issues to be
addressed before this potential therapy can be of benefit to
SMA patients.

Controversy surrounding the use of stem cells, particularly
those of embryonic origin, has been well documented (13).
Opposition from various religious and political quarters will
clearly need to be addressed in order to aid the scientific
community in the quest for a viable stem cell therapy (13).

As is evident from the abovementioned studies, rodent
models of neurodegenerative diseases such as SMA have
given researchers the opportunity to test the potential of
cellular transplantation (21). While the results from these
studies have been promising, the current challenge involves
confirming these findings in models using larger animals to
determine whether neurones can reconnect over extended
distances, as well as to ascertain the safety of the treatments.
With this in mind, the pig (Sus scrofa) SMN gene has recently
be identified and characterised (22).

In addition, since knowledge of the developmental biology
related to inducing the motor neurone lineage is key to the use
of human embryonic stem cells, it is essential that this process
be defined and perfected before implementation, as has been
done in mouse cells (10,18).

Other targets for stem cell therapy in SMA must also be
contemplated. Some authorities suggest that stem cells could
additionally be used to prevent muscle atrophy or replace lost
muscle (23). Arguments for this approach use the reasoning
that SMA is a disease of both muscle and nerve, so to attempt
the recovery of one without the concurrent recovery of the
other is not beneficial in the long term (23).

To conclude, it appears that in the near future cellular
replacement therapy could indeed be the answer for patients
with SMA. It is also evident that, like many other new or
innovative potential therapies, the approach is still far from
being implemented in a clinical setting. It is imperative that
more research be conducted, both in the areas discussed
above and on other therapeutic strategies, to provide hope to
the sufferers of this common genetic disorder and their
families.
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