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Abstract

Multiple system atrophy (MSA) is a predominantly sporadic, adult-onset, fatal neurodegenerative
disease of unknown etiology. MSA is characterized by autonomic failure, levodopa-unresponsive
parkinsonism, cerebellar ataxia and pyramidal signs in any combination. MSA belongs to a group
of neurodegenerative disorders termed a-synucleinopathies, which also include Parkinson’s
disease and dementia with Lewy bodies. Their common pathological feature is the occurrence of
abnormal a-synuclein positive inclusions in neurons or glial cells. In MSA, the main cell type
presenting aggregates composed of a-synuclein are oligodendroglial cells. This pathological
hallmark, also called glial cytoplasmic inclusions (GCIs), is associated with progressive and
profound neuronal loss in various regions of the brain. The development of animal models of
MSA is justified by the limited understanding of the mechanisms of neurodegeneration and GCls
formation, which is paralleled by a lack of therapeutic strategies. Two main types of rodent
models have been generated to replicate different features of MSA neuropathology. On one hand,
neurotoxin-based models have been produced to reproduce neuronal loss in substantia nigra pars
compacta and striatum. On the other hand, transgenic mouse models with overexpression of a-
synuclein in oligodendroglia have been used to reproduce GCls-related pathology. This chapter
gives an overview of the atypical Parkinson’s syndrome MSA and summarizes the currently
available MSA animal models and their relevance for pre-clinical testing of disease-modifying
therapies.
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1 Introduction to MSA

Graham and Oppenheimer first introduced the term multiple system atrophy (MSA) in 1969
(Graham and Oppenheimer 1969) to combine different clinicopathological disorders,
including olivopontocerebellar atrophy (Déjérine and Thomas 1900), Shy Drager syndrome
(Shy and Drager 1960), and striatonigral degeneration (SND) (Adams et al. 1964). MSA is
now defined as a progressive neurodegenerative disorder which presents with autonomic
failure, cerebellar ataxia, pyramidal signs, and parkinsonism in any combination (Wenning
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et al. 2004a). Due to the levodopa refractory Parkinsonism that is associated with different
distinctive atypical features, MSA is categorized among atypical parkinsonian disorders
(APD), including dementia with Lewy bodies (DLB), progressive supranuclear palsy (PSP),
and corticobasal degeneration (CBD) (Wenning et al. 2011a, b). Disease onset is usually in
the sixth decade with an annual worldwide incidence rate below 1 in 100,000. However,
disease incidence increases to 3/100,000 in the population over 50 years (Schrag et al. 1999;
Vanacore et al. 2001; Stefanova et al. 2009a). MSA patients have a poor prognosis
compared to Parkinson’s disease (PD) patients. The mean survival rate ranges between 7
and 9 years following initial clinical presentation (Schrag et al. 2008). An early presentation
of autonomic failure, as well as female gender, the parkinsonian variant of MSA, older age
of onset, and shorter interval to reach clinical milestones (e.g., frequent falling, dysphagia,
wheelchair dependency) predict shortened survival (Tada et al. 2007; O’Sullivan et al. 2008;
Wenning et al. 2013).

MSA is clinically divided into a parkinsonian type (MSA-P) or a cerebellar type (MSA-C),
which respectively relates to damage of either the basal ganglia (striatonigral degeneration,
SND) or cerebellum (olivopontocerebellar atrophy, OPCA) (Ubhi et al. 2011). Parkinsonism
is defined by bradykinesia, postural instability, rigidity, and tremor, whereas cerebellar
dysfunction is associated with gait ataxia, ataxic dysarthria, limb ataxia, and sustained gaze
evoked nystagmus (Gilman et al. 1998). Ethnic variations regarding the incidence of MSA-P
and MSA-C were found in epidemiological studies of Europe, North America, and Japan. A
pre-dominance of MSA-P was found for Europe and North America, where about 60 % of
patients develop MSA-P (Gilman et al. 2005; Geser et al. 2006; May et al. 2007). However,
in the Japanese population MSA-C is the more common MSA subtype with an incidence of
about 83.8 % (Yabe et al. 2006). The cause of this variability remains unclear, but the
involvement of environmental and/or genetic factors is suggested (Ubhi et al. 2011). In both
forms of MSA the development of autonomic dysfunction, such as urogenital,
gastrointestinal, and cardiovascular dysfunction, is common (Pfeiffer 2007; Ubhi et al.
2011). Furthermore, changes in behavior, including depression and executive dysfunction,
may occur in MSA patients indicating an impairment of the frontal lobe (Fetoni et al. 1999;
Dujardin et al. 2003; Benrud-Larson et al. 2005; Schrag et al. 2010).

Clinical diagnosis of MSA is based on the consensus statement that specifies the clinical
domains, features, and criteria to define three diagnostic categories of increasing certainty:
possible, probable, and definite MSA (Gilman et al. 2008). Possible and probable MSA are
diagnosed by means of specific clinical features (see Fig. 1), whereas a definite diagnosis of
MSA depends on postmortem neuropathological evidence of glial cytoplasmic inclusions
(GCls) associated with SND or cerebellar ataxia (Trojanowski and Revesz 2007; Gilman et
al. 2008). Furthermore, the unified MSA rating scale (UMSARS) was developed to help
clinicians follow and assess disease progression in patients (Wenning et al. 2004b).
Unfortunately, to date no treatment to stop the rapid disease progression exists. Only
symptomatic treatment may be provided, however, treatment is moderately or poorly
effective (Wenning et al. 2004a). A dopamine replacement therapy, i.e. levodopa, may be
used to treat parkinsonism, yet only 28-65 % of pathological confirmed MSA cases
presented with a positive response to levodopa treatment (Flabeau et al. 2010). Furthermore,
in only 13 % of patients the effect of levodopa persists for some years and it may lead to
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pathological hypersexuality, the worsening of orthostatic hypotension, or early orofacial
dyskinesias (Wenning et al. 1994; Klos et al. 2005). Other symptomatic treatments may be
applied, including dopamine agonists (Wenning et al. 1994, 1997), amantadine (Wenning et
al. 1997, 2005), and selective serotonin reuptake inhibitors (Friess et al. 2006) for the
treatment of motor dysfunction, yet their efficiency is poor. Moreover, different treatments
exist to alleviate autonomic symptoms, including, e.g., orthostatic hypotension, constipation,
urinary retention, and breathing disorders [for review see (Flabeau et al. 2010)].

In contrast to genetic studies of PD/DLB revealing SNCA gene duplications, triplications as
well as pathogenic point mutations (Polymeropoulos et al. 1997; Singleton et al. 2003;
Zarranz et al. 2004; Nishioka et al. 2006), genetic studies in MSA did not reveal a mutation
in the entire coding region of the a-synuclein (AS) gene (SNCA) locus (Ozawa et al. 1999).
However, other studies demonstrated that polymorphisms within the SNCA locus may
correlate with the risk of developing MSA (Al-Chalabi et al. 2009; Scholz et al. 2009),
strengthening the assumption that AS processing plays a major role in the MSA
pathogenesis. Yet, another research group could not replicate these findings due to high
variability in the control group and furthermore, in a genome-wide association study in
2012, polymorphisms within the SNCA gene locus could not be confirmed either (Yun et al.
2010; Sailer 2012). Some MSA pedigrees consistent with Mendelian disease have been
described, but the identification of a single gene failed (Hara et al. 2007; Wullner et al.
2009). Polymorphisms in some genes involved in inflammatory processes (e.g., genes
encoding interleukins one and eight) were proposed to be associated with enhanced risk to
develop MSA (Nishimura et al. 2002; Combarros et al. 2003; Infante et al. 2005). Another
attempt to identify a gene involved in MSA etiology was undertaken in a genome-wide
association study resulting in no definite finding (Sailer 2012). In a very recent study
mutations in the gene COQ?2, encoding the parahydroxybenzoate-polyprenyl transferase
which is essential for the biosynthesis of the coenzyme Q10, were identified in some
familial and sporadic MSA cases. These mutations leading to functional impairment of
COQ2 and therefore to an impairment of the mitochondrial respiratory chain and increased
vulnerability to oxidative stress are suggested to be associated with an augmented risk of
developing MSA (The Multiple-System Atrophy Research Collaboration 2013). These
results lead to the assumption that genetic predisposition contributes to MSA etiology, but in
most cases non-genetic factors may play a major role maybe in interaction with
susceptibility genes such as mutations in the COQ2 gene (Jellinger 2012; The Multiple-
System Atrophy Research Collaboration 2013).

Neuropathological examination of MSA brains reveals widespread neuronal loss in the
striatum, substantia nigra pars compacta (SNpc), cerebellum, pons, inferior olives, and
intermediolateral columns of the spinal cord (Stefanova et al. 2009a). Additionally, MSA
brains exhibit prominent microglial and astroglial activation which may also play a role in
the neurodegenerative process (Gerhard et al. 2003; Ishizawa et al. 2004; Ozawa et al.
2004). Moreover, the presence of argyrophilic filamentous GCls in oligodendroglial cells
throughout the brain is a major hallmark of MSA and was first described by Papp and
colleagues (Papp et al. 1989). GClIs were found in pons, medulla, putamen, substantia nigra,
cerebellum, and preganglionic autonomic structures (Papp and Lantos 1994; Beyer and
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Avriza 2007; Jellinger and Lantos 2010). The predominantly neuronal presynaptic protein
(AS) was identified as major component of GCls in 1998 (Spillantini et al. 1998;
Wakabayashi et al. 1998). Therefore, the presence of AS-positive inclusions links MSA to
PD and DLB, classifying them into the category of a-synucleinopathies (ASP). However,
PD and DLB are identified as neuronal ASP due to AS-inclusions (Lewy bodies and Lewy
neurites) occurring predominantly in neurons, whereas MSA is conceptualized as a primary
oligodendrogliopathy or oligodendroglial ASP based on the presence of AS-positive
aggregations mainly in oligodendroglial cells (Wenning et al. 2008; Fellner and Stefanova
2012). In addition to the aggregations in oligodendroglial cells, MSA brains feature neuronal
and astroglial cytoplasmic AS-positive inclusions although in a decreased density (Wenning
and Jellinger 2005).

In 2005, Jellinger and colleagues proposed a grading scale of MSA neuropathology by
taking into account semiquantitative analyses of brain atrophy, neuronal loss, astrogliosis,
and GCI pathology in different brain regions (Jellinger et al. 2005). Correlation of GCls
density in MSA brains with the disease duration and the degree of neuronal loss was
established, thereby supporting the putative crucial role of oligodendroglial pathology in
MSA (Ozawa et al. 2004). Interestingly, it was also found that the AS load is increased in
MSA brains compared to PD and DLB (Tong et al. 2010).

GCls present with different shapes, such as oval, sickle-shaped, or conical (Wenning and
Jellinger 2005). Furthermore, GCls were found to be immunoreactive to different other
constituents in addition to the main component AS. These include tau, tubulin, ubiquitin,
aB-crystallin, leucin-rich repeat serine/threonine-protein LRRK2, heat shock proteins, and
prion disease-linked 14-3-3 protein among others (Wenning et al. 2008). The formation of
AS-positive inclusions in oligodendroglial cells in MSA has not been fully elucidated yet.
Two hypotheses on the formation of AS-positive inclusions exist: (1) the active uptake of
AS by oligodendroglia or (2) selective upregulation of AS expression and slow degradation
of AS in oligodendroglial cells (Fellner et al. 2011). Different aspects of recent research
favor the first hypothesis, including that no AS mRNA expression has been detected in
oligodendroglial cells of human control and MSA brains (Ozawa et al. 2001; Miller et al.
2005). Moreover, recent data provide evidence that cell-to-cell propagation of AS may be
the mechanism of AS aggregation in ASP (Desplats et al. 2009; Lee et al. 2010; Luk et al.
2012). In different experiments, release of AS into the extracellular space (Emmanouilidou
et al. 2010) and furthermore the uptake of AS into neurons and astroglial cells in vivo and in
vitro were demonstrated (Desplats et al. 2009; Luk et al. 2009, 2012; Lee et al. 2010;
Hansen et al. 2011; Fellner et al. 2013). However, transmission of AS to oligodendroglial
cells has not been proven in any in vivo graft experiment to date (Stefanova et al. 2009b;
Hansen et al. 2011). In recent experiments the uptake of AS by oligodendroglial cell lines
and primary rat oligodendroglia in a time- and concentration-dependent manner was
suggested (Kisos et al. 2012; Konno et al. 2012). Yet, further research is needed to elucidate
the formation of AS-positive inclusion in oligodendroglial cells in the brains of MSA
patients. Importantly, a recent study by the group of Stanley Prusiner (Watts et al. 2013)
experimentally demonstrated that AS aggregates present in MSA brains are transmissible
and may induce lethal disease in transgenic mice.
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Although different pathomechanisms in MSA have been suggested, no effective treatment to
stop neurodegeneration has been found to date. Symptomatic treatment may be provided to
alleviate symptoms, but it remains moderately or poorly effective (Wenning et al. 2004a;
Low and Singer 2008; Kollensperger et al. 2010). The lack of treatment as well as the
limited understanding of the pathobiological mechanisms called for a development of animal
models of MSA. Many of these models were used as pre-clinical test beds for new
therapeutic approaches or to explore different pathogenic processes.

The use of neurotoxins was one of the first approaches to mimic the disease pathology
especially in rodents, but also in nonhuman primates. The use of stereotaxic or systemic
injections of neurotoxins leads to a combined deterioration of the nigrostriatal system
mimicking L-DOPA unresponsive Parkinsonism. In addition to the neurotoxic models,
transgenic models were developed to create the core pathology of MSA, oligodendroglial
AS-positive inclusions respectively. These genetic models are interesting tools to investigate
the underlying mechanisms of neurodegeneration caused by abnormal oligodendroglial
aggregation of AS and secondary neuronal dysfunction.

2 First Steps: The Replication of SND

Neurotoxin models were established to generate SND, the key neuropathology of MSA-P.
Based on the knowledge of PD and Huntington’s disease modeling through selective toxins,
nigra and striatal toxins in combinations were used to create double-lesion SND/MSA-P
models (Stefanova et al. 2005b). These double-lesion models reproduced L-DOPA
unresponsive Parkinsonism typical for MSA-P. Two types of neurotoxin approaches can be
distinguished: stereotaxic and systemic models.

The stereotaxic method induces a simultaneous or sequential unilateral degeneration of the
SNpc and striatum and produces a dopamine unresponsive motor phenotype (Stefanova et
al. 2005b; Fernagut and Tison 2012). The most widely used unilateral model applies 6-
hydroxydopamine (6-OHDA) injected into the medial forebrain bundle (MFB) followed by
quinolinic acid (QA) administrated into the striatum ipsilaterally (Wenning et al. 1996). This
double lesion model presents with nigra and striatal neuronal loss, astrogliosis, microglial
activation, and impaired motor behavior including amphetamine-induced ipsilateral rotations
(but no apomorphine-induced rotation), severe impairment in paw-reaching and stepping
tasks, side falling, and reduced overall activity in open field tests (Wenning et al. 1996;
Scherfler et al. 2000, 2005; Stefanova et al. 2004b; Mantoan et al. 2005). The motor
impairment does not respond to pulsatile L-DOPA administration, which can however
induce dyskinetic behaviors (Stefanova et al. 2004a). It was found that the effect of the
neurotoxins depended on the sequence of neurotoxin injections. The injection of 6-OHDA
into the MFB prior to striatal lesion with QA weakened the neurotoxic effects of QA to the
striatum as compared to animals with primary QA lesions (Scherfler et al. 2000). This well-
characterized unilateral sequential double-toxin double-lesion rat model has been especially
useful to test the role of neurotransplantation in SND.

A unilateral simultaneous injection of QA and 6-OHDA into the striatum was proposed to
overcome the decreased vulnerability of striatal neurons due to preceding dopamine
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depletion (Ghorayeb et al. 2001). This strategy resulted in significant striatal degeneration
due to QA, whereas the 6-OHDA-induced neuronal loss in the nigra region was less marked
compared to 6-OHDA injection into the striatum alone suggesting that QA partly prevented
retrograde dopaminergic denervation. In this simultaneous model astrogliosis was found,
and behavioral analyses revealed reduced ipsilateral amphetamine-induced rotational
behavior, attenuated contralateral apomorphine-induced rotational behavior compared to
primary 6-OHDA or QA lesions, and severe impairment of paw reaching. The simultaneous
strategy was suggested to serve as a model of mild, early SND that might qualify for early
therapeutic strategies (Ghorayeb et al. 2001). A recent approach to mimic early MSA-P
pathology applied a sequential striatal double-lesion approach in rats, whereby a partial 6-
OHDA striatal lesion was followed by a QA injection into the striatum. The model presented
severe nigral and moderate striatal degeneration combined with robust motor deficits
(Kaindlstorfer et al. 2012).

Another strategy to model SND was the development of a unilateral “single toxin—double
lesion” SND model to overcome the protection of striatal neurons as a result of a prior nigral
lesion. For the generation of the lesions either the succinate dehydrogenase inhibitor 3-
nitropropionic acid (3-NP) (Waldner et al. 2001) or the mitochondrial complex I inhibitor 1-
methyl-4-phenylpyridinium ion (MPP*) (Ghorayeb et al. 2002a) were used. Both toxins
when applied stereotaxically in the striatum cause neuronal loss in SNpc, extensive
degeneration in the striatum, and astrogliosis. Moreover, motor impairment was also
described for these stereotaxic models, including drug-induced rotation and severe deficits
in paw reaching (Waldner et al. 2001; Ghorayeb et al. 2002a). In addition, MPP™ treated
animals developed major motor deficits in side falling and thigmotactic scanning (Ghorayeb
et al. 2002a).

The development of different degrees of nigral and/or striatal neuronal loss to model various
stages of SND represents an important advantage of the stereotaxic rat models. Furthermore,
they are an interesting tool to investigate various therapeutic strategies, including the
evaluation of embryonic grafts as a possible therapy for MSA-P patients with the goal to
achieve regeneration of L-DOPA responsiveness (Stefanova et al. 2005b). However, the
stereotaxic rat models do not reproduce the pathological hallmark of MSA, namely AS-
positive oligodendroglial inclusions, which is a major limitation of these models.

In addition to the unilateral stereotaxic models, systemic models were developed to mimic
bilateral SND common for the human disease. The sub-chronic or chronic intoxication with
systemic toxins induces a progressive neuronal dysfunction and temporal neurodegeneration
similar to the development of neuronal deficits in MSA patients. SND in nonhuman
primates (Macaca fascicularis) was modeled using intraperitoneal injections of the
neurotoxin 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP) and 3-NP (Ghorayeb et al.
2000, 2002b). Thereby, MPTP treatment of monkeys was followed by administration of 3-
NP inducing Parkinsonism with poor L-DOPA response, hind limb dystonia, as well as SND
(Ghorayeb et al. 2000, 2002b). Systemic application of 3-NP in mice led to striatal
neurodegeneration and mild loss of dopaminergic neurons associated with an impaired
motor phenotype such as hind limb dystonia and clasping (Fernagut et al. 2002).
Furthermore, the sequential administration of MPTP and 3-NP (MPTP prior to 3-NP and
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vice versa) in mice resulted in significant SND, astrogliosis and locomotor deficits. MPTP
followed by 3-NP treatment decreased striatal damage, while prior 3-NP administration
reduced MPTP-induced nigral degeneration (Stefanova et al. 2003). In a next step, a
bilateral, simultaneous double-toxin double-lesion mouse model was developed to decrease
the possibility of reduced neuronal vulnerability due to the sequential administration of
MPTP and 3-NP. Thereby, the combined administration of MPTP and 3-NP induced striatal
and nigral neuronal loss, as well as astrogliosis. The treated animals also showed disturbed
balance, altered gait pattern, hindlimb and truncal dystonia, and severe motor symptoms
including impairment in rotarod test, pole test, and traversing a beam (Fernagut et al. 2004;
Diguet et al. 2005). Similar to the stereotaxic models, systemic neurotoxin models display
different degrees of SND. Yet, they fail to reproduce the oligodendroglial inclusion
pathology of MSA brains.

3 Reproducing the Specific Oligodendroglial AS Pathology of MSA in

Transgenic Mice

As mentioned above, a disadvantage of the neurotoxin models is the lack of the core AS
pathology of MSA (GCIs) which may play a fundamental role in the pathogenic
mechanisms leading to neurodegeneration. Furthermore, these toxin models cannot
reproduce various other cardinal features of MSA, including autonomic and cerebellar
dysfunction. The finding that AS and its aggregation in oligodendroglia are strongly
involved in the pathology and the categorization of MSA into the group of ASP increases
the necessity to investigate the AS-dependent pathophysiological mechanisms of the
disorder. Therefore, the generation of a transgenic mouse model characterized by the
overexpression of human wild-type AS under a specific oligodendroglial promoter has been
a major step forward to the elucidation of the pathogenic mechanisms linked to the AS
aggregation in oligodendroglial cells.

The first transgenic MSA mouse model was introduced in 2002 by Kahle and colleagues
(Kahle et al. 2002). Targeted AS overexpression in oligodendroglial cells was achieved
using the proteolipid-protein (PLP) promoter. Hyperphosphorylation at serine 129 and
insolubility of AS were found in this transgenic mouse, similar to the human disease (Kahle
et al. 2002). Moderate dopaminergic neuronal loss in SNpc of the PLP-AS mice was
associated with a reduced stride length in aged transgenic mice (Stefanova et al. 2005a).
Furthermore, the PLP-AS overexpressing mouse model presented with microglial activation
(Stefanova et al. 2007) similar to the human disease (Gerhard et al. 2003). In addition to the
progressive motor phenotype the PLP-AS mouse model showed also features of autonomic
dysfunction: (1) cardiovascular autonomic dysfunction was linked to degeneration in
brainstem nuclei involved in autonomic control (Stemberger et al. 2010; Kuzdas et al. 2013),
and (2) bladder dysfunction was linked to neuronal loss in the pontine micturition center as
well as loss of parasympathetic preganglionic neurons in the intermediolateral columns and
loss of motor neurons in the Onuf’s nucleus of the spinal cord (Boudes et al. 2013).

Another approach to generate oligodendroglial AS-overexpressing transgenic mice involved
the application of the 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP) promoter (Yazawa
et al. 2005). The expression of AS in oligodendroglial cells led to axonal degeneration, brain
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atrophy, accumulation of endogenous mouse AS in axons and axon terminals predominantly
in the spinal cord, astrogliosis, as well as neuronal and oligodendroglial loss in the spinal
cord. Motor impairment was measured by a progressive reduction of rotarod performance
(Yazawa et al. 2005). Moreover, in this model endogenous AS accumulation in neurons was
dependent on the microtubule 4111 tubulin protein and interfering with the synaptic vesicle
release in GABAergic interneurons (Nakayama et al. 2009, 2012; Ito et al. 2012). Yet, the
CNP-AS transgenic model could not replicate the selective neuropathology of MSA.

Overexpression of AS under the specific oligodendroglial promoter myelin basic protein
(MBP) in mice was introduced by Shults and colleagues (Shults et al. 2005). The transgenic
mice developed widespread insoluble human AS positive inclusion pathology characterized
by phosphorylation of AS at serine 129. Furthermore, the MBP transgenic mice featured
significant loss of dopaminergic terminals in striatum associated with an impaired motor
phenotype as measured by rotarod and pole test (Shults et al. 2005). Reduced levels of
several neurotrophic factors were found in the MBP-AS mouse model but not in neuronal
overexpressors of AS, suggesting that AS expression in oligodendroglia might impact
neuronal trophic support inducing MSA-like neurodegeneration (Ubhi et al. 2010).

MSA transgenic models recapitulate the hallmark pathology of the human disease, namely
AS-positive inclusions in oligodendroglial cells and also other features of MSA, such as
microglial activation and autonomic failure. Therefore, these mouse models are highly
useful for studies on pathogenic mechanisms of neurodegeneration in MSA, as well as for
testing candidate therapeutic interventions.

4 Getting Insights into the Pathogenic Pathways of MSA Through the

Application of Animal Models

Mitochondrial dysfunction and MSA

As mentioned before, most likely both genetic and environmental factors contribute to the
etiopathogenesis of MSA. The first attempt to combine genetic predisposition and
environmental risk factors in a mouse model was achieved in 2005 providing an animal
model presenting a full-blown MSA pathology (Stefanova et al. 2005a). The transgenic
mouse overexpressing AS in oligodendroglia was exposed to chronic oxidative stress
[mitochondrial inhibition relevant to the recently found COQ2 mutation in MSA cases (The
Multiple-System Atrophy Research Collaboration 2013)] induced by intraperitoneal
injections of 3-NP. These transgenic mice treated with 3-NP presented with widespread AS
inclusion pathology in oligodendroglia associated with SND and olivopontocerebellar
atrophy similar to the human disorder. In wild-type control mice treated with 3-NP only
mild SND was found, but no OPCA, suggesting a major involvement of AS pathology in
MSA-like neurodegeneration. Furthermore, mitochondrial inhibition induced profound
astrogliosis and microgliosis in the brains of transgenic mice. The animals also presented
with augmented motor and behavioral deficits as demonstrated by hindlimb and trunk
dystonia, as well as decreased horizontal and vertical locomotor activity, impaired pole test
performance, and shortened stride length (Stefanova et al. 20053, b). A similar approach was
conducted in the mouse overexpressing human AS under the MBP promoter. Systemic 3-NP
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application augmented neurodegeneration and motor deficits and moreover, altered levels of
oxidized and nitrated AS were found in this combined model (Ubhi et al. 2009).

Proteolytic failure and MSA

Recently, an involvement of the ubiquitin—proteasome system in the pathology of MSA was
tested experimentally in the MSA transgenic mouse overexpressing AS under the PLP
promoter (Stefanova et al. 2012b). The ubiquitin—proteasome system is responsible for the
degradation of unneeded or damaged proteins. Alterations in the ubiquitin—proteasome
system may contribute to the formation of AS aggregations in ASP (Tofaris et al. 2003;
Ebrahimi-Fakhari et al. 2011). Proteolytic failure induced by systemic proteasome inhibition
(PSI) in transgenic MSA mice triggered impaired open field motor behavior associated to
progressive SND and olivopontocerebellar neuronal degeneration. In contrast, PSI
administration did not induce neurodegeneration or behavioral alterations in wild-type mice.
Moreover, an increase of fibrillar human AS in the cytoplasm of oligodendroglia was found
to lead to myelin disruption and demyelination in the PSI transgenic mice. Oligodendroglial
dysfunction was followed by axonal degeneration (Stefanova et al. 2012b). These new data
support the hypothesis that impaired protein degradation may play a major role in MSA
pathology suggesting that a failure of the proteolytic system in the presence of
oligodendroglial AS may induce MSA-like neurodegeneration.

Microglial activation and MSA

Increasing evidence suggests a role of microglial activation linked to AS pathology in the
pathogenesis of MSA (Gerhard et al. 2003; Ishizawa et al. 2004; Fellner et al. 2013).
Moreover, early progressive microglial activation was found to be associated with
dopaminergic neuronal loss (Stefanova et al. 2007). Toll-like receptors (TLRs) are primarily
expressed on cells of the innate immune system including microglia and they are important
for the identification of conserved structural motifs on a wide array of pathogens (pathogen-
associated molecular patterns) and for the recognition of endogenous molecules, including
AS (Akira 2001). An upregulation of TLR4 was found in MSA brains and also MSA
transgenic mice suggesting an involvement of TLR4 in the MSA pathogenesis (Stefanova et
al. 2007). To identify the role of TLR4 in MSA-like ASP the PLP-AS overexpressing mouse
model was crossbred with TLR4-deficient mice (Stefanova et al. 2011). TLR4 deficiency in
MSA transgenic mice led to increased AS levels in the brains associated with augmented
motor disability and enhanced loss of nigrostriatal dopaminergic neurons. Moreover, it was
shown that enhanced AS levels were linked to disturbed microglial phagocytosis of AS
mediated by TLR4 and to augmented tumor necrosis factor o (TNFa) release by astroglial
cells (Stefanova et al. 2011; Fellner et al. 2013). These data reveal the importance of TLR4
in the clearance of AS by microglial cells and suggest that the upregulation of TLR4 may act
as innate neuroprotective mechanism in MSA and other ASP (Letiembre et al. 2009).

In summary, transgenic MSA models emphasize the relevance of abnormal AS
accumulation in oligodendroglial cells as a major key player in the pathogenesis of MSA.
Moreover, different pathogenetic pathways, including mitochondrial dysfunction, impaired
protein degradation, and microglial activation, are identified to be involved in disease
mechanisms.
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5 Screening Novel Therapeutic Interventions in MSA Animal Models

In light of the limited understanding of the pathomechanisms of MSA and the lack of
effective treatments to slow down the rapid progression of the disease, the different animal
models provide an invaluable tool to address these issues in pre-clinical conditions. Thereby,
cell- and drug-based therapeutic approaches can be distinguished. Some of those therapeutic
interventions were found to improve behavior and reduce neuronal loss in the described
MSA animal models. Therefore, the successful treatments were transferred into clinical
trials to test their efficacy in MSA patients.

5.1 Cell-Based Therapeutic Approaches

Neurorestorative approaches by transplantation of fetal allografts into the striatum aim to
counterfeit the loss of dopaminergic neurons and to restore the responsiveness to L-DOPA.
Especially, double-lesion animal models have been beneficial to evaluate the functionality
of embryonic grafts as a probable therapeutic strategy for MSA-P patients (Stefanova et al.
2005b). These studies suggest striatal transplantation as possible therapeutic option for
MSA-P patients to restore the lacking L-DOPA response and thus improve the symptomatic
treatment of the motor symptoms (Wenning et al. 1996; Puschban et al. 2005; Kollensperger
et al. 2009). However, the transplantation of a striatal allograft into the PLP-AS
overexpressing mouse model of MSA intoxicated with 3-NP presented with reduced
dopaminergic re-innervation and p-zone volume suggesting that the presence of MSA-like
AS oligodendrogliopathy compromises the neurorestorative outcome of the graft (Stefanova
et al. 2009b). The variable outcomes of different studies using embryonic grafts for striatal
transplantation in MSA may be due to the different experimental settings and rodent models
used. The neurorestorative potential of embryonic neuronal allografts remains therefore
unclear. A standardized protocol and an increased number of experimental studies may help
to evaluate the beneficial effects of neurorestorative approaches in MSA.

Furthermore, intravenous infusion of mesenchymal stem cells (MSCs) was tested as a
therapeutic strategy in MSA rodent models. In a mouse model of double-toxin (MPTP and
3-NP) - induced MSA, human MSCs induced neuronal protection in SN and striatum
associated with behavioral improvements (Park et al. 2011). Park and colleagues proposed
that a great number of human MSCs invade the CNS and may exert neuroprotection by
modulation of inflammation, cell survival and cell death signaling-pathways (Park et al.
2011). In a different study, intravenous infusion of mouse MSCs in a MSA transgenic
mouse model resulted in neuroprotection in SNpc and immunomodulatory effects in the
brain although no MSC invasion was found. Furthermore, no behavioral improvement was
detected (Stemberger et al. 2011). In patients with MSA-C the intraarterial and intravenous
injection of autologous MSCs slowed transiently the disease progression (Lee et al. 2008,
2012), thus suggesting MSCs as a potential therapy for MSA. Due to the fact that the study
conducted in 2008 was an open-label trial and therefore earned critics on the strength of the
clinical evidence, Lee and colleagues performed a randomized double-blind MSC study in
2012 to confirm the positive outcome from 2008 (Lee et al. 2008, 2012) (Table 1). However,
further studies have to be performed to identify the mechanisms underlying these effects and
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to replicate the results of Lee and colleagues in a different population cohort or in MSA-P
patients.

5.2 Neuroprotective Strategies

The accumulation of AS has been identified as a critical step in the pathogenesis of MSA
(Wenning et al. 2008; Stefanova et al. 2009a; Jellinger and Lantos 2010). Yet, the exact
mechanisms leading to progressive neurodegeneration in MSA still need to be elucidated.
Different aspects, linked to the neuronal loss in MSA have to be taken into account,
including the toxicity of AS, AS accumulation in oligodendroglial cells as well as
oligodendroglial dysfunction, oxidative stress and neuroinflammatory processes (e.g.,
microgliosis, astrogliosis). The development of transgenic animals overexpressing AS in
oligodendroglial cells allows the screening for candidate drugs before introducing them in
clinical trials (Flabeau et al. 2010). Currently several drugs have completed both pre-clinical
and clinical testing as listed below (and in Table 1). In spite of the negative clinical
outcomes till date, these translational studies have been of importance to identify
translational pitfalls and improve the design of the pre-clinical experiments with relevance
to the clinics.

Minocycline is a tetracycline antibiotic with anti-inflammatory and anti-apoptotic properties
that successfully crosses the blood—brain barrier (BBB) (Wang et al. 2003). Minocycline
significantly decreased glial activation, but no neuroprotective effects were observed in a
double-lesion rat model of SND (Stefanova et al. 2004b). However, early long-term
treatment of PLP-AS transgenic mice with minocycline revealed protection of dopaminergic
nigral neurons linked to decreased microglial activation (Stefanova et al. 2007). Parallel to
the animal studies a randomized, double blind clinical trial with minocycline in MSA
patients was performed. Similar to the animal experiments a significant reduction of
microglial activation upon minocycline treatment was found as shown by [11C](R)-PK11195
PET, but no clinical effect on symptom severity was observed, probably due to the late start
of the treatment in already advanced MSA cases (Dodel et al. 2010). Minocycline seems to
be a promising agent to stop microglial inflammatory processes early in the disease
progression leading to a potential rescue of dopaminergic neurons. However, late diagnosis
of MSA is a pitfall for this kind of treatment. Another anti-inflammatory approach is the
inhibition of the myeoloperoxidase (MPQ), an enzyme involved in production of ROS by
phagocytic cells, including microglia (Reynolds et al. 1999). An involvement of MPO in the
pathogenesis of neurodegenerative diseases, such as PD and HD, was suggested recently
(Choi et al. 2005). In the combined PLP-AS + 3-NP MSA mouse model the early inhibition
of MPO, using the MPO-inhibitor 1-(2-1sopropoxyethyl)-2-thioxo-1,2,3,5-
tetrahydropyrrolo[3,2-d]pyrimidin-4-one, ameliorated motor deficits which were associated
to neuroprotection in striatum and SNpc, cerebellar cortex, pontine nuclei, and inferior
olives (Stefanova et al. 2012a). It remains to be identified whether late-start therapy with
MPOi may have the same protective potency.

The inhibition of AS aggregation is considered a candidate therapeutic approach relevant for
the treatment of MSA. Rifampicin is an antibiotic routinely used for the treatment of
tuberculosis and leprosy, which has shown propensity to lower AS fibrillization in vitro (Li
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et al. 2004). Rifampicin was tested on its ability to reduce AS aggregation and to act
neuroprotective in a MBP-AS transgenic MSA mouse model (Li et al. 2004; Ubhi et al.
2008). Treatment with rifampicin lowered the aggregation of AS in the mouse brains
resulting in reduced neuronal loss and suppressed astroglial activation (Ubhi et al. 2008).
The promising effects of rifampicin were assessed in a clinical trial that started in 2011. The
study has been completed; however the drug failed to demonstrate improvement or the
tendency of improvement in MSA (clinicaltrials.gov NCT01287221; Philip Low, http://
www.msaawareness.org). The ability to reduce AS aggregations by the antibiotic rifampicin
is an interesting approach as especially AS fibrils are thought to be very toxic and increase
microglial and astroglial activation (Lee et al. 2010; Fellner et al. 2013). The positive result
of rifampicin in pre-clinical testing may be due to the high drug dose used which was too
high for clinical use. For the translation of animal studies to clinical trials the drug dose
given to the animals should relate to a clinical relevant dose.

The development of vaccines against AS aggregation is another very prospective approach
to reduce AS levels and to slow down neurodegeneration in ASP. Active and passive
immunization approaches targeting AS revealed attenuated AS accumulation and
neurodegeneration in a mouse model of PD with LB pathology (Masliah et al. 2005, 2011).
Furthermore, these results led to the first clinical immunization against AS in a PD cohort
which started in 2012 (Schneeberger et al. 2010, 2012). Immunization studies targeting AS
may also be an interesting target to slow down the progression of MSA.

Another therapeutic intervention tested both in pre-clinical and clinical MSA studies is the
use of rasagiline which is a selective irreversible monoamine oxidase-B (MAO-B) inhibitor
with certain anti-apoptotic and neurotrophic activity (Youdim et al. 2003; Bar-Am et al.
2004; Blandini et al. 2004; Eliash et al. 2005). In the PLP-AS transgenic mouse model
intoxicated with 3-NP, rasagiline improved motor deficits as shown by pole test and stride
length test associated with significant neuroprotection in various brain regions, such as
striatum, SNpc, cerebellar cortex, pontine nuclei, and inferior olives (Stefanova et al. 2008).
This drug entered a randomized, double-blind, placebo-controlled clinical trial in 2009. The
study was completed in 2012, yet rasagiline had no effect on symptom severity as measured
by using the UMSARS rating scale (Poewe et al. 2012). Similar to rifampicin, a higher dose
of rasagiline was administered in the mouse study compared to the clinical trial. This might
provide one explanation for the negative outcome of the clinical study. For further pre-
clinical studies, the usage of a relevant drug dose should be considered.

The investigation of neuroprotective effects of riluzole was performed in a double-lesion rat
model of SND. Riluzole is an anti-glutamatergic agent which is used for the treatment of
amyotrophic lateral sclerosis (ALS) thereby prolonging survival (Bensimon et al. 1994;
Lacomblez et al. 1996). Furthermore, riluzole was found to have a neuroprotective potential
by the direct inhibition of protein kinase C (Koh et al. 1999; Noh et al. 2000; Obinu et al.
2002; Cheah et al. 2010; Carbone et al. 2012). In the double-lesion rat model of SND,
riluzole treatment improved motor deficits and partially protected striatum (Scherfler et al.
2005). A similar result was achieved in a bilateral, simultaneous double-toxin double-lesion
mouse model (using systemic intoxication with 3-NP and MPTP) treated with riluzole.
Moderate behavioral improvements and neuroprotection were described in this mouse model
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(Diguet et al. 2005). Riluzole was also tested in a double-blind randomized placebo-
controlled trial. However, no significant effect on survival or rate of functional deterioration
in MSA was described (Bensimon et al. 2009). The achievement of a partial protection of
the striatum is an interesting outcome in these animal studies; however, a partial pre-clinical
protection proves not enough for the translation of a therapy into a clinical study.

Another interventional drug in the field of neurodegeneration is the use of fluoxetine.
Fluoxetine is a selective serotonin reuptake inhibitor (SSRI) and commonly used as
antidepressant (Ubhi et al. 2012). Moreover, fluoxetine is known for its influence on levels
of neurotrophic factors such as glial-derived neurotrophic factor (GDNF) and brain-derived
neurotrophic factor (BDNF) (Mercier et al. 2004; Chang et al. 2010; Allaman et al. 2011)
and for its pro-proliferative activity (Chang et al. 2010; Wang et al. 2011). The drug was
also reported to protect against neuronal toxin-induced damage in 6-OHDA and MPTP
models of PD (Suzuki et al. 2010; Chung et al. 2011). The effects of the target drug
fluoxetine on neuronal loss and behavior was investigated in the MBP-AS transgenic mouse
model lately. The administration of fluoxetine by gavage revealed neuroprotective effects in
the basal ganglia, neocortex and hippocampus of these mice. Moreover, reduced behavioral
deficits were observed (Ubhi et al. 2012). In parallel a clinical study on fluoxetine in MSA
was conducted (see clinicaltrials.gov NCT01146548). However, the results have been
negative (unpublished).

Various different neuroprotective therapies have been developed in recent years. Testing of
the different drug candidates in pre-clinical test beds revealed promising effects, especially
regarding neuroprotection. The positive effects on neuroprotection in animal models of
MSA also improved the behavioral deficits common in these rodent models. Yet, none of
the therapeutic drug approaches tested in clinical trials brought the desired effect in MSA
patients. One reason that some of the clinical trials failed might be due to the inadequate
drug dose used in pre-clinical studies compared to the drug dose applicable and used in
clinical trials. Another reason might be that especially the neuroprotective or
neuroimmunomodulatory treatments should be given in an early phase of the disease, yet
MSA is usually diagnosed rather late when the progression and therefore neurodegeneration
of the disease are advanced. Thus, the diagnosis of MSA has to be improved with regard to
sensitivity and specificity. Furthermore, no specific cerebrospinal fluid or blood biomarkers
exist to assess the effect of different neuroprotective drugs in clinical trials. However, these
translational pitfalls may be helpful to develop pre-clinical study designs that are more
relevant for clinical studies. An extended search for an effective therapy to slow the
progression of MSA will be a challenge for researchers in the next years.

6 Conclusion

In the last few years, considerable progress has been made to extend the knowledge
regarding the pathogenesis of MSA. The different animal models mimicking MSA
substantially expedited the understanding of the mechanisms on the pathology and
progression of this neurodegenerative disorder. Furthermore, animal models of MSA
allowed the testing of numerous different promising therapeutic compounds. Without the
results of these studies the application of these drugs in clinical trials would not have been
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possible. However, the outcome of most disease-modifying therapeutic strategies did not
meet the expectations of researchers, clinicians, and patients. Therefore, increased effort
investigating different therapeutic interventions has to be accomplished to increase the
survival of MSA patients and the quality of life.
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definite
MSA

* neuropathological evidence of ai-synuclein positive GCIs
associated with striatonigral degeneration or
olivopontocerebellar atrophy

possible
MSA

* Parkinsonism (bradykinesia with rigidity, tremor, or postural
instability) or cerebellar syndrome (gait ataxia with cerebellar
dysarthria, limb ataxia, or cerebellar oculomotor dysfunction)
AND

* at least one feature suggesting autonomic dysfunction
including urinary retention/incontinence, erectile dysfunction in
males, or significant orthostatic blood pressure decline AND

« at least one of additional features, including e.g. babinski sign
with hyper-reflexia, stridor, atrophy on MRI of putamen, middle
cerebellar peduncle, pons, or cerebellum, etc.

* Autonomic failure: urogenital dysfunction (urinary
retention/incontinence, erectile dysfunction) or cardiovascular
dysfunction (orthostatic hypotension) AND

 Parkinsonism with poor levodopa-responsiveness (bradykinesia
with rigidity, tremor, or postural instability) or cerebellar
syndrome (gait ataxia with cerebellar dysarthria, limb ataxia, or
cerebellar oculomotor dysfunction)

Fig. 1.
ansensus statement and criteria for the clinical diagnosis of MSA adapted from Gilman et
al. (2008). Three different categories of increasing certainty were established to ease the
diagnosis of MSA for clinicians. These include: possible, probable, and definite MSA which
can be diagnosed by means of specific clinical features and postmortem neuropathological
examination
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Drug/Treatment  Pre-clinical studies Clinical trial
Minocycline Toxin MSA model (Stefanova et al. 2004b) anti-inflammatory, no MEMSA-trial (Dodel et al. 2010) anti-
neuroprotection inflammatory, no change in progression
Transgenic MSA model (Stefanova et al. 2007) anti-inflammatory,
neuroprotection by early application
Riluzole Toxin model (Diguet et al. 2005; Scherfler et al. 2005) partial striatal ~ NNIPPS study (Bensimon et al. 2009) no
neuroprotection, no motor improvement neuroprotection
Rifampicin Transgenic MSA model (Ubhi et al. 2008) protective RDCRC (clinicaltrials.gov NCT01287221) no
neuroprotection
Rasagiline Transgenic MSA model (Stefanova et al. 2008) protective Multi-center study (Poewe et al. 2012) no change
in progression
Fluoxetine Transgenic MSA model (Ubhi et al. 2012) protective French clinical trial (clinicaltrial.gov
NCT01146548) negative outcome
MSCs Toxin MSA model (Park et al. 2011) South Korean clinical trial (Lee et al. 2008, 2012)

Transgenic MSA model (Stemberger et al. 2011) protective,
immunomodulatory

delayed progression

Summary of putative neuroprotective and neuroimmunomodulatory treatments that were tested in pre-clinical studies. Due to the positive outcome
in pre-clinical studies, clinical trials were conducted with the listed promising target drugs, yet the positive results gained in animal studies could
not be replicated in MSA patients. Only the Korean study using mesenchymal stem cells (MSCs) could replicate the positive outcome of the pre-
clinical trials. MEMSA-trial, Minocycline European Multiple System Atrophy-trial; NNIPPS, Neuroprotection and Natural History in Parkinson
Plus Syndromes; RDCRC, Rare Diseases Clinical Research Consortia
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