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Abstract
Multiple System Atrophy (MSA) is a neurodegenerative disease presenting with motor
abnormalities including akinesia, rigidity and postural instability. Whilst improved diagnostic
criteria have aided accurate diagnosis of MSA, understanding of neuropathological aspects
underlying MSA was bolstered by the identification of alpha-synuclein (α-syn) as the primary
constituent of the abnormal protein aggregations observed in the brains of MSA patients. The
generation of transgenic animal models of MSA coupled with an increasing understanding of the
biochemical structure and function of α-syn has highlighted a number of key pathological
pathways thought to underlie the neurodegeneration observed in MSA. This review will
summarize key findings in the field, discuss current areas of debate and describe current
experimental approaches towards disease-modifying therapies.

INTRODUCTION
A common feature among a number of neurological disorders is the abnormal aggregation of
a natively soluble protein as observed with amyloid beta in Alzheimer’s disease1 and
huntingtin protein in Huntington’s Disease2. Similarly, a particular group of
neurodegenerative disorders is characterized by the abnormal accumulation of α-synuclein
(α-syn); termed the ‘α-synucleinopathies’, this group includes Parkinson’s Disease (PD),
Dementia with Lewy Bodies (DLB) and Multiple System Atrophy (MSA)3. While PD and
DLB have received much scientific attention in recent years, research into MSA has
continued in the relative background. A stark indication of the relative levels of research
being conducted into these different disorders can be seen in a simple PubMed search, which
recently returned close to 60,000 results when searching for “Parkinson’s Disease” but a
mere 3,765 results for “Multiple System Atrophy”. However, despite this apparent
underrepresentation of MSA, a considerable amount of progress has been made in this field,
largely due to the cross-disease application of the understanding of key neurodegenerative
pathways, and in particular, the pathological role of α-syn.
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This review will focus on MSA and describe recent efforts to improve the clinical diagnosis
of the disorder, as well as discussing the impact that transgenic animal models have had on
unraveling key pathological mechanisms underlying the disease. Finally, we will discuss
how a greater understanding of these mechanisms is advancing the development of disease-
modifying therapeutic interventions.

The clinico-pathological characteristics of MSA
The term MSA was coined in 1969 to encompass three previously distinct
neurodegenerative disorders, striatonigral degeneration, olivopontocerebellar ataxia, and
“Shy-Drager syndrome”4. MSA is a progressive neurodegenerative disorder with an
estimated annual world-wide incidence of about 0·6/100 000, rising to 3/100 000 in the 50
years+ population5–7. The mean age of disease onset is around 60 years and the mean
survival ranges from 7–9 years following the appearance of clinical symptoms8. Since its
initial classification as a single, albeit pleomorphic, disease entity a great deal of research
has gone into understanding the clinical characteristics of MSA.

MSA is characterized clinically by symptoms that can be subdivided into pyramidal,
extrapyramidal, cerebellar and autonomic categories. Extrapyramidal motor abnormalities
such as bradykinesia, rigidity and postural instability, are classed as either Parkinsonian-type
(MSA-P) or cerebellar (MSA-C) and reflect damage to the basal ganglia (striato-nigral
degeneration) or cerebellum (olivo-pontocerebellar atrophy), respectively6, 9–13.
Additionally, MSA patients develop behavioral alterations such as depression and executive
dysfunction that suggest frontal lobe impairment14–18. Recent epidemiological studies in
North America6 and Japan19 have suggested an ethnic variation with regards to the
incidence rates of MSA-P or MSA-C. The North American Study reported 60% of their
patients as having MSA-P and 13% exhibiting MSA-C6. In contrast, the Japanese study
reported a much higher percentage of patients (83.8%) exhibiting MSA-C features with only
16.2% of patients being categorized as MSA-P19. The underlying cause of this variability
remains undetermined but may involve genetic or environmental factors, or a combination
thereof. Autonomic dysfunction, most commonly urogenital, gastrointestinal and
cardiovascular dysfunction in the form of orthostatic hypotension, eventually develops in
both MSA-P and MSA-C patients20.

Current therapeutic interventions for MSA are aimed at the treatment of symptoms such as
hypotension, erectile dysfunction and gastrointestinal dysfunction, rather than at the
underlying pathology itself 21–25. Many MSA-P patients present to the clinic with symptoms
resembling PD including postural or resting tremor. Such patients are often prescribed
Levodopa to which they are largely irresponsive, although it should be noted that some
reports have suggested a minimal, if short-lived, beneficial effect of Levodopa
administration in some MSA patients20, 26–28.

Given the wide range of clinical features associated with MSA, a great deal of effort has
been focused on the development of reliable clinical diagnostic criteria for the disease. The
Consensus Criteria currently employed to aid in the diagnosis of MSA was first proposed in
199810 and allowed for the diagnosis of definite, probable, and possible MSA based on a
combination of neuropathology and the presentation of autonomic and cerebellar
dysfunction and parkinsonian features. The MSA Consensus Criteria also included a list of
exclusion criteria, including family history of a similar disorder. The presence of criteria
listed in the Diagnostic and Statistical Manual of Mental Disorders for dementia or
hallucinations unrelated to medication also ruled out a diagnosis of MSA10. These MSA
Consensus Criteria were revised and updated in 2008 to include the use of neuroimaging
criteria to aid in the diagnosis of possible MSA23. In addition to criteria used to diagnose
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MSA, the development of the unified MSA rating scale (UMSARS) in 200429 allowed
clinicians to monitor and evaluate disease progression in patients.

Whilst possible and probable MSA can be diagnosed on the basis of clinical presentations,
the diagnosis of definite MSA requires neuropathological confirmation. MSA is
characterized by widespread neuronal loss in the basal ganglia, cerebellum, pons, inferior
olivary nuclei, and spinal cord, accompanied by gliosis. However, the cardinal
neuropathological hallmark of MSA is the presence of argyrophilic filamentous glial
cytoplasmic inclusions (GCIs)9, 30, 31. These GCI are predominantly found in
oligodendrocytes, the myelin producing cells of the central nervous system (CNS), however,
inclusions have also been reported in oligodendroglial nuclei and neuronal cytoplasm (NCI)
and nuclei (NNI) and in neurites32–36. In 1998 multiple groups reported that α-syn, a
predominantly neuronal presynaptic protein37–39, was the major component of GCIs40–43. In
addition to α-syn, GCIs have been reported to be immunoreactive for tau, tubulin, ubiquitin,
αB-crystallin, cyclin-dependent kinase 5, transferin, Leu-7 and microtubule-associated
protein 530, 33, 35, 44. In addition to the CNS, α-syn immunoreactive inclusions have also
been reported in autonomic neurons20.

The identification of α-syn as a key component of the inclusions found in MSA linked MSA
to PD and DLB, other disorders characterized by the pathological aggregation of α-
syn 45, 46. In PD and DLB, α-syn forms neuronal inclusions called Lewy Bodies in contrast
to the oligodendroglial inclusions found in MSA47. Interestingly, α-syn load in MSA is
much higher than that found in PD and DLB48. Moreover, MSA has higher levels of soluble
α-syn48, in contrast to PD and DLB, which are characterized by higher levels of insoluble α-
syn49. The reasons for and implications of this differential α-syn expression pattern remain
undefined. In addition to the α-synucleinopathies, α-syn is also found as the non-amyloid
component (NAC) in the amyloid plaques that form the classical hallmarks of Alzheimer’s
disease (AD)50, 51.

Animal models of MSA
In recent years, a number of neurotoxic and transgenic (tg) animal models have been
developed to better understand the mechanisms underlying the oligodendrocytic
accumulation of α-syn in MSA (Table 1). Although the precise origin of α-syn in the
oligodendrocytes remains unknown, the presence of α-syn in these cells is a key
pathological hallmark of this disease and therefore many groups have developed transgenic
animal models of MSA that express human α-syn (hα-syn) under the regulatory control of
oligodendroglial-specific promoters52–54. These models display accumulation of α-syn in
oligodendrocytes with concomitant demyelination and degeneration, especially in the
substantia nigra and spinal cord52, 54. Transgenic mice that express hα-syn under the
regulatory control of the proteolipid protein (PLP) promoter52 (PLP-α-syn tg mice) have
also been reported to exhibit neurodegeneration and GCI-like inclusions in brain regions
associated with autonomic failure including the intermediolateral columns, nucleus
ambiguus and Onuf’s nucleus, suggesting that this model may replicate both motor and non-
motor aspects of MSA55. Given the fact that patients with MSA also develop behavioral
alterations that suggest frontal lobe involvement20, including attention deficits 56, 57, the
effects of hα-syn accumulation in neurodegeneration in cortical brain regions also deserves
consideration. In this context, it is interesting that by 6 months of age transgenic mice that
express hα-syn under the regulatory control of the myelin basic protein (MBP)53 (MBP1hα-
syn tg mice) develop abundant hα-syn immunoreactive inclusions in oligodendrocytes in the
neocortex in addition to the basal ganglia, cerebellum and brainstem with concomitant
myelin and neuronal damage53. These mice also display motor deficits, including ataxia and
impaired performance on the rotarod and pole tests, in comparison to age-matched non-
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transgenic control mice. Such findings support a more general role of α-syn accumulation in
the pathogenesis of MSA53. Among the neurotoxic models, challenge with the
mitochondrial toxin 3-nitroproprionic acid (3NP) has been shown to enhance the motor
deficits and neurodegeneration in transgenic mice models of MSA over and above those
observed in saline-treated transgenic mice58, 59.

In addition to unraveling the mechanisms underlying oligodendrocytic α-syn aggregation
and neurodegeneration in MSA and investigating the interactions between environmental
toxins and α-syn, animal models with face and construct validity for MSA provide a means
to develop and test experimental therapeutic interventions for MSA. The rapid progression
of the disease, coupled with the fact that all the MSA treatments currently available are
aimed solely at controlling the symptoms for MSA, means there is great need for the
identification and development of disease-modifying therapies.

Insights into the key mechanisms underlying neurodegeneration from
transgenic models of MSA

A number of recent studies have identified pathways such as mitochondrial dysfunction/
oxidative stress and abnormal posttranslational modifications of α-syn (including
phosphorylation, ubiquitination and carboxyl-terminal cleavage60–63), as being involved in
the aggregation and toxicity of α-syn. However, the mechanisms underlying how α-syn, a
predominantly neuronal protein, reaches the oligodendrocytes in MSA and leads to cellular
dysfunction and neurodegeneration remain unclear. Much of the research on α-syn has been
conducted in animal models of PD, however some key findings in MSA tg models have
progressed the understanding of the role of α-syn in this disorder. These findings and
experimental disease-modifying interventions for MSA are discussed below.

The origin of oligodendrocytic α-syn
The presence of oligodendrocytic α-syn protein in MSA has drawn a lot of attention,
especially in light of a number of studies that have reported no alterations in mRNA levels
between the brains of control and MSA patients 64–66, suggesting that the protein may have
an ectopic origin. A possible explanation for this aberrant oligodendroglial expression of α-
syn protein in MSA comes from recent studies with tissue grafted into human PD patients
which have highlighted the possibility that α-syn may be able travel from one cell to
another67–69. Neuronal and glial cells have been reported to endocytose α-syn from the
surrounding media and transmit it to neighboring neurons, glial cells or neuronal precursor
cells forming Lewy-like inclusions70. α-syn has also been reported to be transmitted from
affected neurons to engrafted neuronal precursor cells in a tg mouse model of PD-like
pathology71. A recent study reported that α-syn is able to propagate from host cells in the
striatum of α-syn over-expressing mice to donor embryonic mesencephalic neurons from
wild-type mice72. Furthermore, it was demonstrated that the propagated α-syn was able to
seed further α-syn aggregation in a cell culture system72.

Collectively these findings highlight the possibility of the cell-to-cell transmission of α-syn
and suggest a possible mechanism by which α-syn may travel from neurons to the
oligodendrocytes in the MSA brain. However, it should be noted that the exact mechanisms
underlying this transfer and the relative contributions of soluble and oligomeric species of α-
syn in this propagation require further elucidation69.

Factors effecting oligodendrocytic α-syn aggregation
Whatever its origin, α-syn is present in the oligodendrocytes of MSA patients and transgenic
models of MSA. Typically, the α-syn present in oligodendrocytes has undergone
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posttranslational modifications, including oxidative modifications and phosphorylation, and
is often found in inclusions comprised of insoluble α-syn9, 34, 35, 43, 48, 52–54, 61, 73–75. A
number of mechanisms have been proposed to exacerbate the propensity of α-syn to
aggregate. One such mechanism involves oxidative stress and mitochondrial dysfunction - a
key contributor to aberrant levels of oxidative stress76.

Oxidative stress is associated with an increased production of reactive oxygen species
(ROS), such as oxygen (O2)-derived free radicals, the hydroxyl radical (•OH) and non-
radical derivatives of O2 such as hydrogen peroxide (H2O2), or a significant decrease in the
activity of antioxidant defenses. Increased production or inadequate clearance of ROS can
result in high levels of ROS, which can then go on to damage many components of the cell
including proteins, lipids, and DNA. Oxidative stress has been linked to many
neurodegenerative diseases, including AD and PD76. Epidemiological studies have
suggested that increased environmental exposure to pesticides may be linked to the
occurrence of sporadic PD77 and it is thought that this exposure may increase levels of
oxidative stress and play a role in the toxic conversion of α-syn in such sporadic cases of
PD. Many PD-linked mutations are thought to effect mitochondrial function78–80. Pesticide
exposure has also been linked to an increased incidence of MSA81. Moreover, a recent
Japanese study reported genetic associations between MSA and candidate genes involved in
oxidative stress [ie. CCAAT/enhancer-binding protein-beta, sequestosome 1 (SQSTM1),
cysteinyl-tRNA synthetase, solute carrier family 1A4 (SLC1A4) and eukaryotic translation
initiation factor 4E-binding protein 1 (EIF4EBP1)], suggesting a possible genetic basis for
the association of oxidative stress with the pathogenesis of MSA82.

In addition to the human epidemiological data, a number of studies using tg models of MSA
have highlighted the role of mitochondrial dysfunction and oxidative stress in MSA. The
mitochondrial toxin 3NP is known to enhance the motor deficits and neurodegeneration in tg
mice models of MSA58, 59. Administration of 3NP to the PLP-α-syn tg mice exacerbated
motor deficits in these mice and was associated with MSA-like striatonigral
neurodegeneration and olivopontocerebellar atrophy63. Dopaminergic cell loss was also
exacerbated upon 3NP exposure58. 3NP administration also exaggerated neurological
deficits in the MBP1hα-syn tg mice, resulting in widespread neuronal degeneration and
behavioral impairment. Administration of 3NP in these mice also altered levels of nitrated
and oxidized α-syn, while not affecting global levels of total α-syn59. The toxic effects of
3NP were shown to be dependent on the presence of α-syn since α-syn knockout (KO) mice,
although susceptible to 3NP-induced oxidative stress, displayed reduced neuronal loss and
dendritic pathology in comparion to 3NP-treated MBP1hα-syn tg mice83. Furthermore, the
α-syn KO mice were resistant to 3NP-induced motor deficits and displayed attenuated loss
of tyrosine hydroxylase and dopamine transporter striatal immunoreactivity83. This suggests
that deficits in MSA are not solely due to general oxidative protein modifications, but in
addition, may be related to specific α-syn modifications84.

A large number of studies aimed at ameliorating α-syn toxicity have focused on modulating
levels of oxidative stress in α-synucleinopathies85–87. A number of anti-oxidant compounds
have been identified and shown to reduce α-syn oxidation88, resulting in reduced α-syn
aggregation and an amelioration of neuropathological deficits in tg mice over-expressing α-
syn. Recent findings have demonstrated that administration of rifampicin, an antibiotic
commonly prescribed for the treatment of tuberculosis and leprosy, results in a reduction of
monomeric and oligomeric α-syn in the MBP1hα-syn tg mouse model, and a reduction in
phosphorylated (S129) and nitrosylated α-syn upon rifampicin treatment89. This reduction in
α-syn aggregation was accompanied by reduced neurodegeneration. On the basis of its anti-
aggregenic properties, rifampicin may have therapeutic potential for MSA89.
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Collectively these studies demonstrate a key role for oxidative stress in MSA pathology and
underscore the therapeutic potential of anti-oxidant compounds for this disorder. However
oxidative stress is unlikely to be the only mechanism responsible for α-syn aggregation in
MSA. This is highlighted by a recent study that described a role for p25α [also called tubulin
polymerization promoting protein (TPPP)], an oligodendroglial-specific protein involved in
myelination90, in MSA. Under physiological conditions, p25α resides in the myelin sheath,
however in patients with MSA it relocalizes from the myelin sheath to the oligodendroglial
cytoplasm where it is found in the GCI, associated with insoluble aggregates of α-syn90, 91.
Furthermore, p25α has been reported to stimulate α-syn aggregation in an oligodendroglial
cell culture model92; this aggregation was accompanied by caspase 3 activation and
apoptotic cell death. Inhibition of sirtuin 2 (SIRT2), a tubulin deacetylase, partially rescued
cell death in this model92.

It is likely that multiple mechanisms interact to result in the abnormal accumulation of α-syn
in MSA subjects. Continued work with transgenic models of MSA, human samples, and
lessons from other α-synucleinopathies, will no doubt shed new light on these mechanisms
and increase the likelihood of developing disease-modifying interventions for MSA.

Effects of oligodendroglial α-syn accumulation - neurotrophic factor disturbance
A key question in MSA research has been how accumulation of α-syn in predominantly
oligodendrocytes can lead to death of another cell type, namely neurons. Oligodendrocytes
have many roles in the support of neuronal function, the most notable of these being
myelination. Oligodendrocytes have also been reported to express neurotrophic factors
[including glial-derived neurotrophic factor (GDNF)93, 94, brain-derived neurotrophic factor
(BDNF)95, and insulin-like growth factor 1 (IGF-1)96] that are involved in the maintenance
and survival of neuronal populations. One possible explaination for how oligodendroglial
accumulation of α-syn may result in neuronal death is that altered communication between
oligodendrocytes and neurons, perhaps by a perturbation of this neurotrophic support, may
contribute to neurodegeneration84. In support of this notion, a recent study has demonstrated
that postmortem tissue from MSA subjects displayed decreased levels of GDNF in the white
matter of the frontal cortex as compared to controls, and to a lesser degree in the cerebellum
compared to normal controls84. The MBP1h-αsyn tg mice have also been shown to display a
specific decrease in GDNF protein expression in total brain lysates84. Furthermore,
intracerebroventricular infusion of GDNF improved behavioral deficits and ameliorated
neurodegenerative pathology in these mice compared to vehicle-treated mice84.
Collectively, these results suggest that α-syn expression in oligodendrocytes may impact the
trophic support provided by oligodendrocytes for neurons, thereby perhaps contributing to
neurodegeneration.

GDNF-based therapeutic approaches have received a lot of attention in relation to PD.
However, early clinical trials of GDNF infusion resulted in multiple side-effects, including
nausea, weight loss, and psychotic manifestations97 and the results from these trials remain
inconclusive98. Many of the problems with the early trials have been linked to the long-term
administration and delivery of GDNF. However a recent study using a gene therapy
approach for the delivery of GDNF in monkeys has shown promising results 99. In this
study, GDNF was packaged into a the adeno-associated virus (AAV) and injected into the
putamen of monkeys treated with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a
toxin used to induce parkinsonian-like symptoms. This delivery method allowed a more
precise delivery of GDNF and resulted in symptomatic improvements in the treated animals
over sham-operated controls 99. A clinical trial using AAV-GDNF in PD patients is being
planned; meanwhile AVV-Neurturin (a member of the GDNF family) is currently in clinical
trials for PD (NCT00985517; www.clinicaltrials.gov).
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An alternative to the continued administration of GDNF through the use of infusion or the
grafting of GDNF-secreting cells is the use of a compound that can be delivered orally, and
which will enhance GDNF levels in a manner in which the exact dose and treatment
duration can be tailored. A potential candidate for this type of therapy is rasagiline, a novel
selective irreversible monoamine oxidase-B (MAO-B) inhibitor. Rasagiline has ben shown
to be effective in animal models of PD100, 101 and is currently showing promise in clinical
trials of PD102, 103. Recent reports have suggested that rasagiline may work by inducing
expression of neurotrophic factors such as GDNF and BDNF104. Rasagiline treatment has
been shown to ameliorate motor deficits in PLP-α-syn transgenic mice that had been given
3NP to mimic full-blown MSA-like neurodegeneration105. Immunohistochemical analysis
of these animals showed significant reductions in neuronal loss in the striatum, substantia
nigra pars compacta, cerebellar cortex, pontine nuclei and inferior olives105. Taken together,
these results indicate that rasagiline may enhance neuroprotection in a transgenic model of
MSA by the induction of neurotrophic support. Thus, it may be a promising disease-
modifying candidate for MSA patients.

Current Clinical Trials for MSA
Multiple clinical trials for MSA are planned or currently underway (Table 2). These trials
are predominantly focused on the investigation of symptom-alleviating therapies, however
some are aimed at targeting the underlying neurodegenerative dysfunction. Based on their
efficacy in animal models of MSA, rasagiline84, 104, 105 and rifampicin89, 106 may represent
two such potentially disease-modifying therapies. Another clinical trial currently underway
involves the use of autologous mesenchymal stem cells (NCT00911365). This trial follows-
on from promising preclinical studies, which demonstrated that grafts of human
mesenchymal stem cells were able to increase neuronal survival in the substantia nigra and
striatum of a double-toxin-induced (MPTP and 3NP) model of MSA-P107. The reduced
neurodegeneration in these mice was accompanied by an improvement in motor behavior107.

Transplantation of embryonic striatal allografts into a double-lesion rat model of MSA-P has
also been reported to improve dopaminergic responsiveness and restore responsiveness to
Levadopa108. The outcome of MSA graft studies will be interesting in light of the emerging
hypothesis concerning the cell-to-cell transfer of α-syn and recent findings that demonstrate
that oligodendrocytes expressing host-specific α-syn are able to migrate into graft tissue in
3NP-treated PLP-αsyn tg mice grafted with embryonic striatal allografts109. It is possible
that the grafts in MSA patients may be faced with potential host-donor transmission
problems, however it is important to point out that although host-to-graft α-syn transmission
has been observed in PD patients who received transplants of embryonic mesencephalic
neurons, it did not appear to occur till more than a decade after transplantation 67, 110, 111.
Furthermore, although the grafted cells displayed α-syn pathology, they did not appear to be
functionally impaired and therefore it may be possible for PD graft recipients to experience
long-term symptomatic relief 67, 110–112; a similar situation may well be the case for MSA
graft recipients.

As more is learnt about mechanisms underlying the accumulation and abnormal aggregation
of α-syn it is envisioned that an increasing number of disease-modifying therapies will make
their way from the lab to the clinical setting in the coming years. Many of the current
experimental therapies aimed at α-synucleinopathies are aimed at reducing α-syn
aggregation or increasing its clearance from cells and have been primarily tested in models
of PD - it will be interesting to see if, and how, these translate to a clinical setting and
whether or not they will be applicable to MSA.
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Past successes and future directions
The discovery of α-syn as the main component of GCIs was a major milestone in research
into the underlying neuropathological mechanisms of MSA. Other important milestones
have been the development and characterization of valid animal models of the disease and
the use of these models to elucidate and understand the mechanisms underlying
pathogenesis in MSA. The continued use of these animal models for the pre-clinical testing
of potentially therapeutically relevant compounds has also shown great
promise 89, 100, 103, 105. Despite the intensified focus of many researchers into MSA, a
number of fundamental questions remain regarding both the biochemical nature of the
disease and its clinical treatment (Box 1).

A central concept in future research into MSA should be clarification of the precise origin of
α-syn in the oligodendrocytes of MSA patients. Currently, a number of possible
explanations exist for the presence of oligodendrocytic α-syn, including its pathological
disease-related up-regulation in oligodendrocytes, or its translocation from neurons to
oligodendrocytes, with each explanation hinting at different underlying mechanisms. A
clearer understanding of the origin of oligodendrocytic α-syn will not only inform
researchers as to the physiological and pathophysiological properties of α-syn but will also
open up new therapeutic avenues. For example, if oligodendrocytic α-syn is a result of
pathological up-regulation it may be therapeutically susceptible to oligodendrocyte-specific
compounds that interfere with its transcription/translocation. However, given that a number
of studies have reported no difference in oligodendrocytic α-syn mRNA levels between
control and MSA human brains 64–66, it is becoming increasingly apparent that the α-syn
protein observed in MSA may originate in another cell-type. If oligodendrocytic α-syn is
indeed a result of cell-to-cell transfer of α-syn it implies that α-syn, a normally cytoplasmic
protein, traverses into the extracellular space. This proposed extracellular location of α-syn
is consistent with a number of studies 68–72 and suggests that it may be liable to
immunotherapy approaches, consistent with recent findings in a transgenic model of
DLB113. Other key questions regarding α-syn such as its toxic species, biochemical
properties, aggregenic mechanisms, and whether these differ in MSA from other α-
synucleinopathies, also remain topics of continued research48, 114. Concomitant with a
greater appreciation of the pathological role of α-syn will be an increased understanding and
emphasis on the development of disease-modifying therapies rather than the symptomatic
control that is the mainstay current of MSA therapeutic regimens.

Given the rapid progression of MSA, early and accurate diagnosis is imperative to enable
timely initiation of therapeutic interventions. The identification of disease-specific
biomarkers for MSA (or for other disorders that can then be used as exclusion criteria for
MSA) is receiving considerable attention of late, and a recent study has identified
cerebrospinal fluid (CSF) biomarkers that may be used to distinguish MSA from PD 115.
Coupled with an increased knowledge of the neuropathology underlying clinical variability
among synucleinopathies 74, the identification of disease-specific biomarkers will assist in
tailoring therapeutic interventions to particular disorders within this disease family.

Finally, despite the seemingly daunting tasks ahead, the outlook remains promising, as MSA
will continue to prosper not only from the work of dedicated MSA researchers but also from
studies examining α-syn in relation to PD and DLB, as well as from research into other
disorders characterized by abnormal protein accumulation, which may shed light on
common protein-misfolding pathways. The more that is learnt about each particular
neurodegenerative disorder the more we discover that certain mechanisms re-appear across
the neurodegenerative disease spectrum. An increasing appreciation of this phenomenon will
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only aid future research into disease-modifying therapies, not only for MSA but also for all
neurodegenerative disorders characterized by abnormal protein accumulation.

BOX 1 – OUTSTANDING QUESTIONS

• What is the origin of the oligodendrocytic α-syn in MSA patients?

Given that α-syn has been reported as being a presynaptic neuronal protein, how
does it end up in the oligodendrocytes in the MSA brain? Determination of the
origin of α-syn will not only aid in understanding key disease-related
mechanisms but may also impact the development of therapeutic interventions.

• How does the accumulation of α-syn in oligodendrocytes lead to neuronal
cell death?

Despite the predominantly oligodendrocytic accumulation of α-syn in MSA
there is widespread neurodegeneration across the basal ganglia, cerebellum,
pons, inferior olivary nuclei and spinal cord. It is possible that α-syn may disrupt
the support and maintenance of the neurons usually provided by the
oligodendrocytes - this is consistent with studies showing demylination31 and
altered neurotrophic factor levels84.

• What are the mechanisms underlying the aggregation of α-syn in MSA?
Are they the same as in PD?

It is possible that conditions in MSA may favor the oligodendrocytic
accumulation and/or aggregation of α-syn. Interesting, a recent study has shown
that CSF from MSA patients promotes α-syn fibril formation in vitro to a greater
extent than CSF from patients with PD or DLB114, suggesting that the CNS
environment may be particularly adapted to α-syn fibrillation in MSA.

• What are the toxic species of α-syn in MSA? Are they the same as in PD?
Does the α-syn in MSA differ biochemically from that found in PD?

A recent study reported increased levels of membrane-associated, detergent-
soluble α-syn in post-mortem samples from MSA subjects that were over and
above those observed in PD or progressive supranuclear palsy (PSP), whereas
PD and PSP brains exhibited different patterns of α-syn accumulation48. Such
findings highlight a potential disease-specific accumulation pattern of particular
α-syn species and suggest that there may be differences in the aggregenic
mechanisms involved in each disorder. This would be an important area for
further investigation as it would increase our understanding of the potentially
disease-specific biochemical aspects of α-syn but may also allow the
development of disease-specific aimed at particular toxic species of α-syn.

• Will drugs currently being developed for PD have any effect on MSA?

Since many key pathological mechanisms are common between PD, MSA and
other neurodegenerative disorders, it may be possible to develop drugs that
target specific pathways (eg. the proteasome system, mitochondrial function)
and that may have broad-spectrum application. However, further investigation is
necessary to determine the relative roles of each of these pathways/mechanisms
in the different neurodegenerative disorders.

• Will it be possible to identify biomarkers that will allow the early and
accurate identification of MSA and differentiate it from other disorders
with a similar clinical appearance?
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Emerging research has begun to identify CSF biomarkers that may be specific
for particular α-synucleinopathies115. Coupled with imaging techniques, such as
the magnetic resonance imaging (MRI) identification of the ‘hot-cross bun’
sign, characteristic of MSA117, it may be possible to differentiate MSA from
other disorders.
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Figure 1. Clinical and Neuropathological Characteristics of MSA
A number of clinical features are assessed before making a diagnosis of probable or possible
MSA, including mood/cognitive alternations, ataxia/tremor, cardiovascular dysfunction and/
or urogential dysfunction. However, a definitive diagnosis of MSA relies upon the
neuropathological finding of α-syn positive inclusions in oligodendroglial cells, termed glial
cytoplasmic inclusion (GCI). The presence of α-syn positive neuronal inclusions, termed
neuronal cytoplasmic inclusions (NCI), has also been reported in the brains of MSA
patients. Images of GCI and NCI reproduced, with permission, from 116.GCIs are visible as
pale eosinophilic inclusions by hematoxylin and eosin staining in oligodendrocytes of post-
mortem cortical tissue. Scale bars = 10µM.
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Figure 2. Typical features of a transgenic mouse model of MSA
The central image is a schematic representation of a transgene in a typical transgenic (tg)
model of MSA. In this particular model, human α-syn (hα-syn) is being driven by the
oligodendrocyte-specific promoter MBP (myelin basic protein). (a) Comparison of the glial
cell inclusions observed in post-mortem brain samples from MSA subjects and MBP hα-syn
tg mice. Images are from the white matter tracts in the basal ganglia of a human case with
typical MSA and MBP hα-syn tg mice (4 months of age). GCIs in the MSA case and the
MBP hα-syn tg animal were positively immunostained with a polyclonal antibody against
hα-syn (72–10), a monoclonal antibody against hα-syn (LB509), a monoclonal antibody
against phospho-serine129 hα-syn (pser129) and an antibody against ubiquitin. Scale bar =
20µm. (b) Immunoreactivity of hα-syn in various brain regions in MBP hα-syn tg mice (4-
months -of age), demonstrating widespread expression of hα-syn across these brain regions.
Scale bars = 10µm. (c) Motor assessment in the pole test demonstrated only mild deficits in
the MBP hα-syn tg mice at 3 months of age compared to controls (Nontg); however, at 6
months of age, these deficits were accentuated and remained similar at 12 months of age.
Error bars are mean±SEM. *Significant difference compared with controls (p<0.05).
Panels a–c adapted, with permission, from 53
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Figure 3. Key mechanisms underlying neurodegeneration in MSA
(a) The precise mechanisms underlying neurodegeneration in MSA remain to be resolved,
however, emerging results from studies on MSA and other α-synucleinopathies have
highlighted a number of key pathways, including oxidative stress, perhaps as a result of
mitochondrial dysfunction, environmental exposure to toxins, or a combination of both. (b)
The pathological accumulation of oligodendroglial α-syn, possibly a result of cell-to-cell
transfer of the protein, may potentiate neurodegeneration by a lack of trophic support for the
neuron or by altered myelination. (c) The eventual macroscopic effect of these mechanisms
is widespread atrophy in MSA brains. Image of the control brain is Nissel stained and
adapted with permission from http://www.brains.rad.msu.edu, (supported by the US
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National Science Foundation). The image of the MSA brain is stained with Holzer stain, and
reproduced, with permission from 116.
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Table 1

Summary of selected transgenic mouse models of MSA

PHENOTYPE

TRANSGENE PROMOTER NEUROPATHOLOGY BEHAVIOR REFS

Human α-syn PLP

Dopaminergic cell loss in substantia nigra, loss of
neurons in spinal cord and axonal degeneration.
Delayed loss of cholinergic neurons and neurons in
areas associated with autonomic failure.
GCI-like inclusion comprised of insoluble α-syn,
hyperphosphorylated at S129

Shorted stride length. The
administration of 3NP in
these mice results in
progressive motor disability
as assessed by the
Bordeaux motor behavior
scale, impaired rearing,
hindlimb strength and pole
test performance.

52,55,58,105

Human α-syn
2',3'-cyclic
nucleotide 3'
phosphodiesterase
(CNP)

Neuronal loss in hippocampus and cortex,
demyelination and axonal degeneration.
GCI-like inclusions of insoluble α-syn in addition to
accumulation of α-syn in the neuropil

Impaired motor
performance, as assessed in
the rotarod and hanging
wire tests

54

Human α-syn MBP

Loss of dopaminergic fibers in the basal ganglia,
astrogliosis, loss of dendritic density, demyelination
and mitochondrial alterations. Progressive
accumulation of α-syn and S129 phosphorylated α-syn
immunoreactive inclusions in oligodendrocytes along
axonal tracts in brainstem, basal ganglia, cerebellum,
corpus callosum and neocortex.
The administration of 3NP in these mice enhances the
oxidative modifications of α-syn

Impaired motor behavior as
assessed by pole test and
rotarod. Impaired olfaction.

53, 59, 84
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Table 2

Summary of selected MSA clinical trials

INDICATION DRUG MODE OF ACTION CLINICAL
TRIAL ID1

SYMPTOM
MANAGEMENT

Mood
Fluoxetine Selective serotonin reuptake inhibitor NCT01146548

Lithium Mood-stabilizer drug NCT00997672

Autonomic Failure-Hypotention
Droxidopa Orally active synthetic precursor of

norepinephrine
NCT01370512
NCT00004478
NCT00547911

Pyridostigmine Parasympathomimetic and reversible
cholinesterase inhibitor NCT01370512

Autonomic Failure-Supine hypertension Nebivolol Beta1-receptor blocker NCT01044693

POTENTIAL
DISEASE
MODIFICATION

Modification of α-syn aggregation
Rifampicin Antibiotic drug used to treat

tuberculosis NCT01287221

Rasagiline Irreversible MAO-B inhibitor NCT00977665

OTHER Autologous Mesenchymal Stem Cells - -
Neuroprotective action and possible
replacement of lost/damaged cells NCT00911365

1
Source: www.clinicaltrials.gov
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