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Abstract Since their introduction in 1996, animal models
of multiple system atrophy (MSA) have generated impor-
tant insights into pathogenesis and interventional therapies.
Toxin and genetic approaches have been used alone or in
combination to replicate progressive motor and non-motor
symptoms reflecting human neuropathology. Here, we
review these developments and discuss the advantages and
limitations of the MSA animal models, as well as their
application in preclinical target validation.
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failure - Urinary dysfunction - Olivopontocerebellar
atrophy

Introduction

Animal models allow researchers to study disease patho-
genesis and progression in vivo. They offer the unique
opportunity to screen therapeutic approaches in living
organisms and therefore justify their suitability for clinical
trial initiation. Certainly, researchers are conscious about
the limitations of animal models of human disease in terms
of their relevance to the human pathology and to the dis-
ease duration and progression, which may be difficult to
replicate in a short-living rodent. However, it has also
become clear that living models provide a window to
pathogenic mechanisms as well as identification and
development of novel biomarker and therapeutic targets for
multiple system atrophy (MSA).
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To our knowledge, there are no spontaneously occurring
animal species featuring salient hallmarks of MSA. During
the last two decades, experimental MSA research has
therefore focused on the replication of human neuropa-
thology in mice, rats, or monkeys. MSA neuropathology is
characterized by: (1) selective striatonigral degeneration
(SND) and/or olivopontocerebellar atrophy (OPCA),
accompanied by neurodegeneration in autonomic centers;
(2) the hallmark of the disease—widespread o-synuclein
(aSyn) positive oligodendroglial cytoplasmic inclusions
(GCIs) along with less common neuronal cytoplasmic
(NCIs) and neuronal or glial nuclear inclusions (NNIs,
GNIs); and, finally, (3) astrogliosis and microgliosis which
accompany the neurodegeneration and the a-synucleinop-
athy in MSA brains. Importantly, the applicability of MSA
models for preclinical target validation is strengthened by
functional outcome measures of progression, which would
replicate the clinical features of the disease: (1) motor
syndromes related to SND (parkinsonism) and OPCA
(ataxia), as well as (2) non-motor presentation, including
cardiovascular, urogenital, respiratory, gastrointestinal,
sudomotor, and sleep disorders [1-3].

The approaches undertaken to achieve the goal of cre-
ating a relevant MSA animal model range from neurotoxic
to transgenic techniques.

The neurotoxin approach

Intracerebral neurotoxin application

Classical modeling of neurodegenerative diseases like
Parkinson’s disease (PD) and Huntington’s disease (HD)

has been based on the use of selective nigral and striatal
toxins to trigger the specific nigral and striatal pathology of
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these disorders. As MSA presents with combined loss of
both dopaminergic substantia nigra pars compacta (SNc)
neurons and GABAergic striatal medium spiny neurons,
David Marsden generated the concept of combining nigral
and striatal toxins to model the parkinsonian variant of
MSA, and Gregor Wenning further developed this
approach [4]. In the initial study, 6-hydroxydopamine (6-
OHDA) was applied unilaterally in the medial forebrain
bundle to trigger nigral dopaminergic loss, followed by
quinolinic acid (QA) injection in the striatum. The com-
bination of both toxins completes the pathological picture
of SND as follows: 6-OHDA is a dopamine derivative that
enters catecholaminergic terminals through dopamine and
noradrenaline reuptake transporters, and generates reactive
oxygen species, finally leading to dopaminergic cell death
[5]. QA is a NMDA-receptor agonist inducing excitotoxic
cell death in the striatum [6]. Further analysis of the
interaction between nigral and striatal neuronal loss was
assessed by exchanging the sequence of stereotaxic lesions:
(1) 6-OHDA injections into the medial forebrain bundle
followed by intrastriatal QA injections 8 weeks later or, (2)
QA lesions with subsequent 6-OHDA injections. Histo-
logical analysis showed that the group with primary QA
lesions suffered from more widespread striatal pathology,
while the loss of tyrosine hydroxylase (TH)-immunoreac-
tive neurons in SNC was comparable in the two different
approaches. Microglial and astroglial reactivity accompa-
nied the neurodegeneration. The neuropathology in the
unilateral double lesion rat model correlated with func-
tional readouts, including the stepping and the paw-
reaching test (indicators of spontaneous and skilful paw
use, respectively). The classical rotometer test measures
the imbalance between the left and right striatonigral
dopaminergic system after exposure to apomorphine (a
dopamine receptor agonist) or amphetamine (a dopamine
releasing agent). While ipsiversive rotations under
amphetamine challenge were observed in unilateral SND
rats, the apomorphine-induced contraversive rotations were
abolished [4, 7]. It has been suggested that the protective
effect of the primary lesion towards the effects of the
secondary neurotoxin likely involves the release of neu-
rotrophic factors, e.g., brain-derived neurotrophic factor or
glial-cell derived neurotrophic factor induced by the first
lesion and having protective effects in the striatonigral
pathways to further damage [7-9]. Further, it was shown
that after inducing 6-OHDA lesion, a clear preference of
wall contacts towards the ipsilateral paw corresponding to
the unaffected side of the striatum was observed in the
cylinder test, and a dopaminergic response reversing the
asymmetry was present at this stage. The additional QA
striatal lesion reinforced preference of the non-lesioned
side in the cylinder test and abolished dopaminergic
responsiveness [10]. Grafting of striatal embryonic tissue
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in the lesioned striatum was shown to partly restore the
dopamine response with regard to rotation behavior [4].
This model has been acknowledged as an important tool to
study degeneration of the dopaminergic nigrostriatal and
GABAergic striatopallidal pathways; however, the almost
complete nigral and striatal degeneration made it difficult
to reflect the human pathology. A model of early stage
SND was proposed by inducing a partial 6-OHDA lesion
through targeting the dorsolateral striatum followed by QA
[11] or through simultaneous application of 6-OHDA and
QA intrastriatally [8]. The lateral striatum was considered
the target region for the stereotaxic injections in these
partial lesion models [12]. Due to the simultaneous injec-
tions approach, the characteristic 6-OHDA behavior of
ipsiversive amphetamine-induced and contraversive apo-
morphine-induced rotation patterns was reduced compared
to the 6-OHDA only control groups. 3-Nitropropionic acid
(3-NP), a mitochondrial complex II inhibitor, had been
initially used to reproduce the human pathology of HD, but
the degeneration of intrinsic striatal neurons, as well as the
dopaminergic loss in the nigrostriatal system, suggested
that it could also be employed as a single-toxin approach to
preclinically model MSA [13, 14]. 3-NP-lesioned animals
were characterized by impaired paw reaching, ipsiversive
amphetamine-induced rotations, as well as ipsiversive
apomorphine-induced rotations. The difference from the
6-OHDA nigral lesion model could be explained by the
accompanying striatal lesion and suggested that the partial
reduction of dopaminergic nigral neurons after 3-NP lesion
was not sufficient to alter the rotation pattern.

Systemic neurotoxin application

Next, systemic application of neurotoxins was introduced
to model the pathology of MSA. In mice, intraperitoneal
administration of 3-NP induced a distinct motor syndrome
associated with dose-dependent neurodegeneration in the
lateral striatum and a moderate (30—40 %) loss of dopa-
minergic nigral neurons, offering a model of mild SND
[15]. The sequential, systemic application of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 3-NP was
approached alternatively to replicate SND in mice [16].
Two different systemic approaches were tested: (a) a
primary MPTP intoxication, followed by 3-NP compared
to (b) primary 3-NP-induced excitotoxicity followed by
secondary administration of MPTP. In both paradigms,
the neurotoxins were injected intraperitoneally. Primary
MPTP administration reduced the striatal vulnerability to
3-NP, while prior administration of 3-NP protected nigral
dopaminergic neurons from MPTP-induced oxidative
stress. In a following step towards identifying a better
approach to model MSA, simultaneous systemic injec-
tions of the two neurotoxins MPTP and 3-NP were



Clin Auton Res (2015) 25:9-17

11

examined [17]. Complex motor tests including rotarod,
beam walking, pole test, or open-field activity revealed a
significant motor impairment and gait pattern changes
associated with striatal dysfunction. The histopathology of
this model comprised bilateral striatal lesions with
increased neuronal loss in the medial part of the striatum,
significant reduction of striatal volume, and significant
loss of dopaminergic neurons in the mid and caudal levels
of the SNc. However, spontaneous improvement was
reported, with full recovery from motor impairment being
observed 3 weeks after intoxication, which limits the use
of this type of model.

The systemic intoxication approach to model SND was
also reported in nonhuman primates [18]. Systemic
injection of MPTP followed by subsequent 3-NP chal-
lenge was performed in monkeys. While the intravenous
administration of MPTP induced levodopa-responsive
parkinsonism featuring akinesia, bilateral rigidity, and
flexed posture, as well as tremor episodes, the subsequent
chronic intoxication with 3-NP induced a progressive
deterioration of the motor behavior associated with dis-
appearing levodopa response. The model was neuropa-
thologically characterized by severe degeneration of the
SNc accompanied by dorsolateral putamen degeneration
and neuronal loss in the head of the caudate nucleus. A
follow-up study suggested that dystonia induced by 3-NP
in MPTP-treated monkeys predicted the loss of dopami-
nergic response [19]. The ethical and methodological
limitations of the model restrict its broad application in
preclinical MSA research.

In summary, MSA modeling via neurotoxins has proven
over the years to provide a good mechanistic approach to
study the interactions of striatal and nigral projections
under the conditions of neurodegeneration. The neurotoxin
models have been important to identify striatal grafting as a
possible way to restore levodopa responsiveness in MSA-P.
However, these models are insufficient to address scientific
questions related to the role of aSyn misfolding and
accumulation in MSA. To aid this, transgenic models were
developed.

Transgenic approach
Overexpression of aSyn in oligodendrocytes

Based on the constitutive ectopic overexpression of aSyn
in oligodendrocytes, a new experimental approach to
mimic human MSA was developed [20-22]. Three oligo-
dendroglia-specific promotors were used to induce over-
expression of human wild type aSyn in transgenic mice,
and the outcomes confirmed that aSyn accumulation in
oligodendrocytes  might trigger neurodegeneration.

Dependent on the specific promotor and on the amount of
aSyn overexpression, certain differences among the mod-
els were reported.

The CNP-0.Syn model

The group of Lee and Trojanowski [21] proposed the
application of the 2’,3’-cyclic nucleotide 3’-phosphodies-
terase (CNP) promoter to induce aSyn overexpression in
oligodendrocytes. The mouse model was characterized by
aSyn aggregates in oligodendrocytes, as well as extensive
degeneration affecting the spinal cord motor neurons and
the pyramidal tracts, accompanied by oligodendroglial loss
and demyelination in the presence of severe gliosis in the
brain and spinal cord. The motor analysis showed reduced
performances in the rotarod examination, starting at an
average age of 7-9 months, however, the pathological
substrate of the motor deterioration seemed to be different
from the typical MSA pattern of SND and OPCA. How-
ever, the CNP-aSyn model was valuable to address protein
interactions, suggesting that the presence of oligoden-
droglial human oSyn may lead to the accumulation of
endogenous mouse aSyn and trigger axonal degeneration.
Furthermore, beta-III tubulin was identified as an important
interaction partner of aSyn, which may participate in the
neuronal aggregate formation in MSA [23, 24]. Recent
observations in the CNP-aSyn transgenic mouse suggested
that the neuronal, pre-synaptic accumulation of aSyn may
induce synaptic dysfunction of GABAergic interneurons
[25]. These findings may prove to be of relevance for the
development of therapeutic strategies interfering with
MSA disease mechanisms.

The MBP-0Syn model

The San Diego group around Shults and Masliah [22]
approached genetic modeling of MSA through overex-
pression of human oSyn in the mouse brain under the
myelin basic protein (MBP) promoter. Through develop-
ing several transgenic lines with different degrees of
human aSyn overexpression in the mouse oligodendro-
cytes, they were the first to show that there is a clear cut
correlation between the oligodendroglial aSyn dose the
severity of the phenotype. The highest expresser line 29
of the MBP-aSyn mice showed shortened survival. The
animals of line 29 died prematurely by 6 months of age,
and neuropathological examination revealed severe
widespread axonal and dendritic degeneration, astroglio-
sis, and demyelination. In comparison, the moderate
expresser line 1 of the MBP-aSyn mice showed preserved
survival. Evidence of motor disability in the pole test
became overt in this line after 6 months of age. The
neuropathology ~was characterized by a milder
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neurodegeneration profile featuring mild astrogliosis and
demyelination in the white matter tracts, accompanied by
disrupted axonal integrity in the striatum, brainstem, and
cerebellum, and demonstrated by neurofilament and
microtubule-associated protein 2 (MAP2) immunostain-
ing. Although about 45 % loss of dopaminergic terminals
was identified in the striatum, the MBP-aSyn mouse did
not show neuronal loss in SNc even in the high expresser
line 29. Ultrastructural analysis provided evidence of
mitochondrial dysfunction linked to fibrillar aSyn aggre-
gation in the oligodendrocytes. Exogenous oxidative stress
induced by 3NP in the MBP-aSyn mouse altered the
levels of nitrated and oxidized oSyn, accompanied by
aggravation of the neurodegeneration and the motor phe-
notype of the transgenic animals [26]. Later on, neuro-
trophic factors were assessed in models with human aSyn
overexpression. While PD models with neuronal aSyn
overexpression showed a similar decrease of brain derived
neurotrophic factor (BDNF) and insulin-like growth factor
1 (AGF-1) expression like the MSA mouse, it was dem-
onstrated that the MBP-aSyn mouse had a specific decline
of glial cell-line derived neurotrophic factor (GDNF)
levels, suggesting a pivotal role of disrupted trophic
support by oligodendrocytes in MSA [27]. Oligoden-
droglial accumulation of aSyn in the MBP-aSyn model
was linked to prodegenerative up-regulation of IkBa
(nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor, alpha) in oligodendrocytes that pre-
ceded gliosis in this model [28]. The model was further
characterized by widespread dysregulation of the micr-
oRNA profile similar to the human disease, suggesting
miR-96 up-regulation and effects on its target genes as a
possible candidate involved in the pathogenesis of MSA
[29]. Finally, examinations in the MBP-aSyn transgenic
mouse have proposed that human oSyn accumulation in
oligodendrocytes may delay oligodendroglial progenitor
maturation and impact the neurodegenerative process [30].
In summary, the MBP-aSyn model of MSA is charac-
terized by a mild motor phenotype with onset after
6 months of age associated with demyelination, astrogli-
osis, and axonal degeneration. All these neurodegenera-
tion readouts in the MBP-oSyn model are linked to
accumulation of fibrillar aSyn in oligodendrocytes that
triggers GDNF deficiency, IkBa up-regulation, miR-96
up-regulation, and delays oligodendroglial progenitor
maturation. Although the MBP-aSyn mouse cannot rep-
licate the MSA-specific and selective pattern of neurode-
generation and lacks major features of the human MSA
neuropathology like nigral neuronal loss or microglial
activation, the model has proven over the years to be a
valuable tool to identify relevant pathogenic mechanisms
and candidate targets for therapeutic development.
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The PLP-oSyn model

The third transgenic mouse model with great impact in the
preclinical studies on MSA was developed by Philipp
Kahle in the group of Christian Haas in Munich, with
extensive phenotypical characterization, and further pre-
clinical application of the model followed in our lab in
Innsbruck. The transgenic overexpression of human oSyn
in oligodendrocytes was driven by the proteolipid protein
(PLP) promoter [20]. The resulting oligodendroglial o-
synucleinopathy was characterized by prominent insolu-
bility and hyperphosphorylation of aSyn similar to the one
observed in human MSA. The characterization of the PLP-
aSyn mouse functional phenotype over the years has
shown that the life span of the mice is preserved, but
provided evidence for mild motor and autonomic failure
with a slowly progressive course. Gait analysis has indi-
cated mild but stable shortening of the stride length in PLP-
aSyn mice compared to wild type animals followed after
12 months of age by changes in the pole test, the beam
walking test, grip strength and stride variability [31, 32]. In
contrast to the motor disability that seems to get pro-
nounced rather late in the individual life, autonomic fea-
tures may occur earlier. Already, at 5 months of age, PLP-
aSyn mice show reduced heart rate variability in both time
and frequency domains, indicative of changed sympath-
ovagal balance similar to the human disease [33]. Even
earlier, at 2 months of age, changes seem to be detected in
the urinary bladder function related to detrusor-sphincter
dyssynergia as indirectly suggested by the morphological
changes of the bladder wall and progress to result in
increased post-void residual volume [34]. The autonomic
dysfunction profile of the PLP-aSyn mice also comprises
respiratory dysfunction measured at 13 months of age,
further replicating the human pathology [35]. Importantly,
the MSA-like selectivity of the pathology in the PLP-aSyn
mouse has been proven further proven by a recent “nega-
tive” study, indicating that in spite the progressive accu-
mulation of aSyn in the olfactory bulbs up to 18 months of
age, no olfactory dysfunction was identified [36].

The neuropathological substrate of the described dys-
function profile includes progressive SND, starting with
nigral neuronal loss at about 4 months of age, followed by
striatal neuronal loss after 12 months of age; however, no
OPCA appears to be triggered by the oligodendroglial o-
synucleinopathy in the PLP-aSyn model [37, 38]. Neuronal
loss in central autonomic centers in the brain stem and the
spinal cord of the PLP-aSyn mice appears much earlier
than striatonigral pathology. Already, at 2 months of age,
neurodegeneration can be detected in the intermediolateral
columns of the spinal cord (the parasympathetic outflow),
the laterodorsal tegmental nucleus, the pedunculopontine
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tegmental nucleus, and the Onuf’s nucleus; at 5 months of
age, neuronal loss can be detected in nucleus ambiguus,
followed later on by the Barrington’s nucleus, raphe
obscurus and pallidus [33-35, 39].

Along with the selective progressive neuronal loss in the
PLP-aSyn mouse model of MSA, microglial activation
accompanies the GCI-like pathology and shows significant
progression between 2 and 4 months of age [38]. Activated
microglia was shown to interfere with the progression of
neuronal loss mediated through inducible nitric oxide
synthase (iNOS), myeloperoxidase (MPO), and toll-like
receptor 4 (TLR4) up-regulation, identifying those as both
therapeutic targets and biomarkers of disease progression
[38, 40, 41]. Intriguingly, exposure of the PLP-aSyn mice
to systemic environmental stress, e.g., oxidative stress
through 3NP-induced mitochondrial dysfunction [31] or
transient proteasomal dysfunction through exposure to
reversible proteasome inhibitor [42], was able not only to
aggravate the existing SND pathology but also to trigger
OPCA, supporting the notion that genetic predisposition
and environmental risk factors interact as significant con-
tributors to the heterogeneous and sometimes fulminant
MSA-like type of neurodegeneration.

In summary, the PLP-aSyn transgenic mouse is valuable
in terms of replicating the selective progressive MSA-like
neurodegeneration pattern, including SND and autonomic
failure (urinary, cardiovascular, and respiratory) that can be
accelerated by environmental toxins and to further trigger
OPCA. This is the only one among the transgenic MSA
models that shows microglial activation accompanying the
GCl-like pathology similar to the human disease and pro-
vides an important preclinical tool to address this player in
the pathogenesis of the disease. The difficulty working with
the PLP-aSyn mouse has been the mild motor phenotype,
which has been the major functional readout up to now.
However, the identification of the autonomic disorder in
the PLP-aSyn mouse may provide an improved functional
readout in future preclinical therapeutic screening for
MSA.

In summary, the MSA models with aSyn overexpression
in oligodendrocytes are a useful tool to study GCI-linked
downstream pathogenic mechanisms and to identify both
therapeutic targets and biomarkers of disease. One should
acknowledge, however, the limitations of this approach
including: (1) the constitutive oligodendroglial overex-
pression of aSyn, which may be not comparable to the
events in the human pathology that may involve oligo-
dendroglial uptake of aSyn from a pathological extracel-
lular  surrounding; (2) possible MSA  specific
oligodendrogliopathy preceding the GCI formation; and (3)
a long-lasting pathogenic process in the human MSA brain
that may not be fully reflected in the rodent CNS during a
comparatively shorter life span.

Overexpression of o1B-adrenergic receptor

A research group in molecular cardiology at the Cleveland
Clinic Lerner Research Institute claimed a more uncon-
ventional approach to model MSA. The description of a
transgenic mouse with overexpression of the o1B-adren-
ergic receptor (a1B-AR), designed to discern the patho-
physiological role of this specific receptor, provided
evidence for a neurodegenerative condition, including a
Parkinson-like levodopa-responsive motor disorder and
autonomic dysfunction [43, 44]. Intriguingly, this model
was also shown to provide aSyn aggregation in oligoden-
drocytes; however, the exact mechanisms of this patho-
logical event and their relevance to human MSA remain
poorly understood [45]. In spite of the extensive overlap
between the neuropathology of the alB-AR transgenic
mice with MSA, atypical features such as recurrent sei-
zures have limited the relevance and, thus, the application
of this model in MSA research [46]. Finally, the «1B-AR
transgenic mouse has been claimed to provide a model of
epilepsy [47], which has shifted the focus from preclinical
MSA applications.

Application of the MSA animal models in preclinical
target development

Both toxin and transgenic models have been widely used in
preclinical studies to assess novel therapeutic approaches
for MSA (see Table 1). Several targets are of potential
interest for developing novel therapies of MSA, including
microglial activation, dysfunctional neurotrophic support,
and oSyn aggregation. Many of the substances with posi-
tive preclinical evaluation have been translated into clinical
trials; however, the clinical efforts to slow disease pro-
gression in MSA remain futile to date (Table 1). Going
back to the experimental studies, one can identify several
issues that may be linked to the translational gap between
preclinical data and clinical success. Those comprise: (1)
the limitations of the animal models to completely replicate
the human pathology as discussed above; (2) the high
heterogeneity of the clinical presentation of MSA, as well
as differences linked to population specifics, which may
make it difficult to measure effects in a limited number of
patients included in a clinical trial; (3) the different read-
outs to evaluate therapeutic efficacy may be a critical cause
of discordant results: while in preclinical studies, the
readouts are rather linked to neuropathological measures,
and in clinical trials, treatment efficacy is usually measured
by slowing of disease progression; (4) dissociation between
the high dosage used in the preclinical setting and the lower
one (usually defined by occurring side effects) in clinical
trials; and (5) dissociation between the timing of the

@ Springer



Clin Auton Res (2015) 25:9-17

14

wISI[0qeIoW 9s0dN[3
Ul 9SBAIOOP QAISUAIXD SSI[ ‘]| pue

I SUVSIAN ur uotssaioxd pake[oq
ayedn-DQd

paseardul ‘SYVSINN pasroxdur ‘oyes

(paystiqndun) sdnoi3
JUSUIEDI) UIMIDq OUAIJJIP ON

JOW BLIDILID
AIMnJ WLILUI St uoneuruId) Apnig

sdnoig
JUSWIIEQI) UIOM]Oq QOUIJJIP ON

uorssaiSoxd aseasip ur aueyo oN

uorssai3old pue [eAIAINS
U0 J00JJ9 [RIOOUAq JO 9OUSPIAD ON

[09] SYVSINN ‘ogaderd
L1 ‘parean 4] ‘pa[[onuod-0qaoe[d paziwopuel [ seyd

[8S] Lad-DA4 ‘SUVSINN ‘A1ages togaoerd g1 ‘pajean
11 ‘dnoi3 jonuod [eouolsty ‘[aqef uado [/ aseyq

SYVSIAN ‘pR[onuod-0qaoeld ‘paziwopuel ] seyd

[sS] SAVSINN ‘oqaoeld og
‘parean (S ‘pa[[onuod-0qade[d ‘pazrwopuel II/I1 9Seyd

('Te 10 ama0d) 1M SAVSIAN “0qade[d
06 ‘paIEaI] 8 pI[[oNu0d-0qade[d ‘pazriopuel ([ aseyd

[2€] S¥AdN ‘SIVSINN ‘ogadeld
1€ ‘pParea1) [¢ ‘por[onuod-oqaded ‘pazrwopuer I aseyq

[6t] (Sdd-SAdINN ‘Sdddn
3°9) So[BOS JUAIAYJIP ‘TeAIAINS ‘0qade[d /1G] ‘porean
61 ‘PoT[onuod-oqade[d ‘pezropuer S[I/II 9Seyd

(651

[opour asnow

urxoj-o[qnop
dN-¢-d1dIN

[LS] 1epow
asnowr uAs-r-d1d

$109JJ9
onjoI3-nue pue ‘AI0JEWIUBHUIOINAU-TUL
‘WnjeLs pue ONS UI $3109JJ0 9A109101doInaN

L1-TI pue g-71 Jo uonenSorumop
‘suoInau [eI31u jo uoneardsard aurpreplog

uonoajo1doInau ‘s[eA9]

ANAE pue ANJD pasearour ‘uone3ardde [96] Topowr
uks-0 Jo uononpal ‘yuawoAsoidwr 10JoJy  osnowr Uks-o-JgIN
uonodjoidomau [S] 1opow

‘uone3ai33e uks-o Jo UONONPAY  Asnow UAS-O-JgIN

skemyjed [gs]
[eISTUOIRINS pUER TB[[2]RI1200Ju0dOAT[O [opouwr asnowr
Jo uonoajordomau quowosoidwr [eloiaeydg  JINE + UAs-p-d1d
uoneAnde [er3oIoru
passarddns 0 [oTered uonersuadopoinau
[eI3TU JO UONONPaI JUBOYIUSIS

[8¢] [opowt
asnowr uAs-v-J1d

UONEATIO® [RI[SOX)SE puE [BI[SOIOI paonpal [15] repour yex

‘uono9)01doInau ou ‘sjo09fJe [BIOIARYSQ ON vO + VAHO-9
[os]
[opow asnowr

UOIEIQUAZIPOINAU [BIBLIS JO ISBAIOAP PIIA dN-€ + d1LdN
AWIN[OA [8%] [opowr jex

UOIS9 [eIeLns Y} JO UOIIONPAI QUIIOpIog vO + VAHO-9

S[[e2
WalS [PWAYIUISIA
(tonquyut
oyeldnar uruojOIAS
QAIIJ[AS) dundxon[q
(onoiqnue)
unrdureyry

(Tonqmyur g
-OVIA 91qIS19A9111)
auridesey

(9ATIBALIDD
QUI[OAdE1)))
QUI[OADOUTIA]

(Snap o131arewen|3
-nue) a[ozn[ry

S}[NSaI [edIUI))

saInseaw
Qwooino ‘sjuedronied jo roquunu ‘uIsop [eLI) [BOTUID

S)[NSAI [BIIUI[OAI] [opow [eWIUY

UOT)UIATIU]

9)ep 01 YSIA Ul S[eLn [edrur[o pue sarpms [eorur[odld jo uosuredwoo :deS [euone[suen ayJ, | dqel

pringer

A's



Clin Auton Res (2015) 25:9-17

15

therapeutic intervention, which usually precedes overt
neurodegeneration in preclinical studies, in contrast to
advanced disease stages that are characteristic of patient
cohorts in MSA trials. The latter indicates the need for
early disease biomarkers, not only to support the diagnosis
of the disease, but also to provide the possibility for earlier
initiation of therapy, as well as screening of therapeutic
effects parallel to symptom progression.

In conclusion, the animal models of MSA are an
important preclinical tool to study underlying pathogenic
mechanisms, and for biomarker and therapeutic target
development and evaluation. Although a translational gap
still exists, we have been able in recent years to learn a lot
through the two-way translational approach and identify
pitfalls that restrain the clinical success of disease modi-
fying therapies for MSA.

Acknowledgments This work was supported by the Austrian Sci-
ence Fund (FWF) F4404, F4414, W1206, P25161-B24, and the EC
7th Framework Programme (FP7/2007-2013) Grant Agreement
603646 MultiSyn.

Conflict of interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ,
Trojanowski JQ, Wood NW, Colosimo C, Durr A, Fowler CJ,
Kaufmann H, Klockgether T, Lees A, Poewe W, Quinn N, Re-
vesz T, Robertson D, Sandroni P, Seppi K, Vidailhet M (2008)
Second consensus statement on the diagnosis of multiple system
atrophy. Neurology 71:670-676

2. Jecmenica-Lukic M, Poewe W, Tolosa E, Wenning GK (2012)
Premotor signs and symptoms of multiple system atrophy. Lancet
Neurol 11:361-368

3. Stefanova N, Bucke P, Duerr S, Wenning GK (2009) Multiple
system atrophy: an update. Lancet Neurol 8:1172-1178

4. Wenning GK, Granata R, Laboyrie PM, Quinn NP, Jenner P,
Marsden CD (1996) Reversal of behavioural abnormalities by
fetal allografts in a novel rat model of striatonigral degeneration.
Mov Disord 11:522-532

5. Glinka Y, Gassen M, Youdim MB (1997) Mechanism of 6-hy-
droxydopamine neurotoxicity. J Neural Transm Suppl 50:55-66

6. Perez-De La Cruz V, Carrillo-Mora P, Santamaria A (2012)
Quinolinic acid, an endogenous molecule combining excitotox-
icity, oxidative stress and other toxic mechanisms. Int J Trypto-
phan Res 5:1-8

7. Scherfler C, Puschban Z, Ghorayeb I, Goebel GP, Tison F, Jel-
linger K, Poewe W, Wenning GK (2000) Complex motor dis-
turbances in a sequential double lesion rat model of striatonigral
degeneration (multiple system atrophy). Neuroscience 99:43-54

8. Ghorayeb I, Puschban Z, Fernagut PO, Scherfler C, Rouland R,
Wenning GK, Tison F (2001) Simultaneous intrastriatal 6-hy-
droxydopamine and quinolinic acid injection: a model of early-
stage striatonigral degeneration. Exp Neurol 167:133-147

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Venero JL, Romero-Ramos M, Revuelta M, Machado A, Cano J

(1995) Intrastriatal quinolinic acid injections protect against
6-hydroxydopamine-induced lesions of the dopaminergic nigro-
striatal system. Brain Res 672:153-158

. Stefanova N, Lundblad M, Tison F, Poewe W, Cenci MA,

Wenning GK (2004) Effects of pulsatile L-Dopa treatment in the
double lesion rat model of striatonigral degeneration (multiple
system atrophy). Neurobiol Dis 15:630-639

Kaindlstorfer C, Garcia J, Winkler C, Wenning GK, Nikkhah G,
Dobrossy MD (2012) Behavioral and histological analysis of a
partial double-lesion model of parkinson-variant multiple system
atrophy. J Neurosci Res 90:1284—1295

Kirik D, Rosenblad C, Bjorklund A (1998) Characterization of
behavioral and neurodegenerative changes following partial
lesions of the nigrostriatal dopamine system induced by intra-
striatal 6-hydroxydopamine in the rat. Exp Neurol 152:259-277
Alexi T, Hughes PE, Faull RL, Williams CE (1998) 3-Nitro-
propionic acid’s lethal triplet: cooperative pathways of neurode-
generation. Neuro Rep 9:R57-R64

Waldner R, Puschban Z, Scherfler C, Seppi K, Jellinger K, Poewe
W, Wenning GK (2001) No functional effects of embryonic
neuronal grafts on motor deficits in a 3-nitropropionic acid rat
model of advanced striatonigral degeneration (multiple system
atrophy). Neuroscience 102:581-592

Fernagut PO, Diguet E, Stefanova N, Biran M, Wenning GK,
Canioni P, Bioulac B, Tison F (2002) Subacute systemic 3-ni-
tropropionic acid intoxication induces a distinct motor disorder in
adult C57B1/6 mice: behavioural and histopathological charac-
terisation. Neuroscience 114:1005-1017

Stefanova N, Puschban Z, Fernagut PO, Brouillet E, Tison F,
Reindl M, lJellinger KA, Poewe W, Wenning GK (2003)
Neuropathological and behavioral changes induced by various
treatment paradigms with MPTP and 3-nitropropionic acid in
mice: towards a model of striatonigral degeneration (multiple
system atrophy). Acta Neuropathol 106:157-166

Fernagut PO, Diguet E, Bioulac B, Tison F (2004) MPTP
potentiates 3-nitropropionic acid-induced striatal damage in
mice: reference to striatonigral degeneration. Exp Neurol
185:47-62

Ghorayeb I, Fernagut PO, Aubert I, Bezard E, Poewe W, Wen-
ning GK, Tison F (2000) Toward a primate model of L-dopa-
unresponsive parkinsonism mimicking striatonigral degeneration.
Mov Disord 15:531-536

Ghorayeb I, Fernagut PO, Stefanova N, Wenning GK, Bioulac B,
Tison F (2002) Dystonia is predictive of subsequent altered
dopaminergic responsiveness in a chronic 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine + 3-nitropropionic acid model of
striatonigral degeneration in monkeys. Neurosci Lett 335:34-38
Kahle PJ, Neumann M, Ozmen L, Muller V, Jacobsen H, Spooren
W, Fuss B, Mallon B, Macklin WB, Fujiwara H, Hasegawa M,
Iwatsubo T, Kretzschmar HA, Haass C (2002) Hyperphosph-
orylation and insolubility of o-synuclein in transgenic mouse
oligodendrocytes. EMBO Rep 3:583-588

Yazawa I, Giasson BI, Sasaki R, Zhang B, Joyce S, Uryu K,
Trojanowski JQ, Lee VM (2005) Mouse model of multiple sys-
tem atrophy o-synuclein expression in oligodendrocytes causes
glial and neuronal degeneration. Neuron 45:847-859

Shults CW, Rockenstein E, Crews L, Adame A, Mante M, Larrea
G, Hashimoto M, Song D, Iwatsubo T, Tsuboi K, Masliah E
(2005) Neurological and neurodegenerative alterations in a
transgenic mouse model expressing human o-synuclein under
oligodendrocyte promoter: implications for multiple system
atrophy. J Neurosci 25:10689-10699

Nakayama K, Suzuki Y, Yazawa I (2009) Microtubule depoly-
merization suppresses o-synuclein accumulation in a mouse
model of multiple system atrophy. Am J Pathol 174:1471-1480

@ Springer



16

Clin Auton Res (2015) 25:9-17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nakayama K, Suzuki Y, Yazawa I (2012) Binding of neuronal o-
synuclein to beta-IIl tubulin and accumulation in a model of
multiple system atrophy. Biochem Biophys Res Commun
417:1170-1175

Ito H, Nakayama K, Jin C, Suzuki Y, Yazawa I (2012) a-Syn-
uclein accumulation reduces GABAergic inhibitory transmission
in a model of multiple system atrophy. Biochem Biophys Res
Commun 428:348-353

Ubhi K, Lee PH, Adame A, Inglis C, Mante M, Rockenstein E,
Stefanova N, Wenning GK, Masliah E (2009) Mitochondrial
inhibitor 3-nitropropionic acid enhances oxidative modification
of a-synuclein in a transgenic mouse model of multiple system
atrophy. J Neurosci Res 87:2728-2739

Ubhi K, Rockenstein E, Mante M, Inglis C, Adame A, Patrick C,
Whitney K, Masliah E (2010) Neurodegeneration in a transgenic
mouse model of multiple system atrophy is associated with
altered expression of oligodendroglial-derived neurotrophic fac-
tors. J Neurosci 30:6236-6246

Kragh CL, Gysbers AM, Rockenstein E, Murphy K, Halliday
GM, Masliah E, Jensen PH (2014) Prodegenerative IkBa
expression in oligodendroglial o-synuclein models of multiple
system atrophy. Neurobiol Dis 63:171-183

Ubhi K, Rockenstein E, Kragh C, Inglis C, Spencer B, Michael S,
Mante M, Adame A, Galasko D, Masliah E (2014) Widespread
microRNA dysregulation in multiple system atrophy—disease-
related alteration in miR-96. Eur J Neurosci 39:1026-1041

May VE, Ettle B, Poehler AM, Nuber S, Ubhi K, Rockenstein E,
Winner B, Wegner M, Masliah E, Winkler J (2014) a-Synuclein
impairs oligodendrocyte progenitor maturation in multiple system
atrophy. Neurobiol Aging 35:2357-2368

Stefanova N, Reindl M, Neumann M, Haass C, Poewe W, Kahle
PJ, Wenning GK (2005) Oxidative stress in transgenic mice with
oligodendroglial a-synuclein overexpression replicates the char-
acteristic neuropathology of multiple system atrophy. Am J
Pathol 166:869-876

Stefanova N, Kuen J, Borm C, Poewe W, Wenning GK (2013)
Progressive MSA-like motor deficits in the PLP-o-synuclein
transgenic mouse model. Mov Disord 28(Suppl. 1):S359, (Ref
type: abstract)

Kuzdas D, Stemberger S, Gaburro S, Stefanova N, Singewald N,
Wenning GK (2013) Oligodendroglial o-synucleinopathy and
MSA-like cardiovascular autonomic failure: experimental evi-
dence. Exp Neurol 247:531-536

Boudes M, Uvin P, Pinto S, Voets T, Fowler CJ, Wenning GK,
De RD, Stefanova N (2013) Bladder dysfunction in a transgenic
mouse model of multiple system atrophy. Mov Disord
28:347-355

Flabeau O, Meissner WG, Ozier A, Berger P, Tison F, Fernagut
PO (2014) Breathing variability and brainstem serotonergic loss
in a genetic model of multiple system atrophy. Mov Disord
29:388-395

Krismer F, Wenning GK, Li Y, Poewe W, Stefanova N (2013)
Intact olfaction in a mouse model of multiple system atrophy.
PLoS One 8:¢64625

Stefanova N, Kuen J, Borm C, Poewe W, Wenning GK (2014)
Age-related analysis of striatonigral degeneration and olivopon-
tocerebellar atrophy in the PLP-a-synuclein transgenic mouse
model of MSA. Mov Disord 29(Suppl. 1):S32 Ref type: abstract
Stefanova N, Reindl M, Neumann M, Kahle PJ, Poewe W,
Wenning GK (2007) Microglial activation mediates neurode-
generation related to oligodendroglial a-synucleinopathy: impli-
cations for multiple system atrophy. Mov Disord 22:2196-2203
Stemberger S, Poewe W, Wenning GK, Stefanova N (2010)
Targeted overexpression of human alpha-synuclein in oligoden-
droglia induces lesions linked to MSA-like progressive auto-
nomic failure. Exp Neurol 224:459-464

@ Springer

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Stefanova N, Fellner L, Reindl M, Masliah E, Poewe W, Wen-
ning GK (2011) Toll-like receptor 4 promotes alpha-synuclein
clearance and survival of nigral dopaminergic neurons. Am J
Pathol 179:954-963

Stefanova N, Georgievska B, Eriksson H, Poewe W, Wenning
GK (2012) Myeloperoxidase inhibition ameliorates multiple
system atrophy-like degeneration in a transgenic mouse model.
Neurotox Res 21:393-404

Stefanova N, Kaufmann WA, Humpel C, Poewe W, Wenning GK
(2012) Systemic proteasome inhibition triggers neurodegenera-
tion in a transgenic mouse model expressing human o-synuclein
under oligodendrocyte promoter: implications for multiple sys-
tem atrophy. Acta Neuropathol 124(1):51-65

Zuscik MJ, Sands S, Ross SA, Waugh DJ, Gaivin RJ, Morilak D,
Perez DM (2000) Overexpression of the a1B-adrenergic receptor
causes apoptotic neurodegeneration: multiple system atrophy.
Nat Med 6:1388-1394

Zuscik MJ, Chalothorn D, Hellard D, Deighan C, McGee A, Daly
CJ, Waugh DJ, Ross SA, Gaivin RJ, Morehead AJ, Thomas JD,
Plow EF, McGrath JC, Piascik MT, Perez DM (2001) Hypoten-
sion, autonomic failure, and cardiac hypertrophy in transgenic
mice overexpressing the olB-adrenergic receptor. J Biol Chem
276:13738-13743

Papay R, Zuscik MJ, Ross SA, Yun J, McCune DF, Gonzalez-
Cabrera P, Gaivin R, Drazba J, Perez DM (2002) Mice expressing
the olB-adrenergic receptor induces a synucleinopathy with
excessive tyrosine nitration but decreased phosphorylation.
J Neurochem 83:623-634

Seppi K, Puschban Z, Stefanova N, Scherfler C, Mueller J, Poewe
W, Wenning GK (2001) Overstimulation of the o1B-adrenergic
receptor causes a “seizure plus” syndrome. Nat Med 7:132
Kunieda T, Zuscik MJ, Boongird A, Perez DM, Luders HO, Najm
IM (2002) Systemic overexpression of the olB-adrenergic
receptor in mice: an animal model of epilepsy. Epilepsia
43:1324-1329

Scherfler C, Sather T, Diguet E, Stefanova N, Puschban Z, Tison
F, Poewe W, Wenning GK (2005) Riluzole improves motor
deficits and attenuates loss of striatal neurons in a sequential
double lesion rat model of striatonigral degeneration (parkinson
variant of multiple system atrophy). J Neural Transm
112:1025-1033

Bensimon G, Ludolph A, Agid Y, Vidailhet M, Payan C, Leigh
PN (2009) Riluzole treatment, survival and diagnostic criteria in
Parkinson plus disorders: the NNIPPS study. Brain 132:156-171
Diguet E, Fernagut PO, Scherfler C, Wenning G, Tison F (2005)
Effects of riluzole on combined MPTP + 3-nitropropionic acid-
induced mild to moderate striatonigral degeneration in mice.
J Neural Transm 112:613-631

Stefanova N, Mitschnigg M, Ghorayeb I, Diguet E, Geser F,
Tison F, Poewe W, Wenning GK (2004) Failure of neuronal
protection by inhibition of glial activation in a rat model of
striatonigral degeneration. J Neurosci Res 78:87-91

Dodel R, Spottke A, Gerhard A, Reuss A, Reinecker S, Schimke
N, Trenkwalder C, Sixel-Doring F, Herting B, Kamm C, Gasser
T, Sawires M, Geser F, Kollensperger M, Seppi K, Kloss M,
Krause M, Daniels C, Deuschl G, Bottger S, Naumann M, Lipp
A, Gruber D, Kupsch A, Du Y, Turkheimer F, Brooks DJ,
Klockgether T, Poewe W, Wenning G, Schade-Brittinger C,
Oertel WH, Eggert K (2010) Minocycline 1-year therapy in
multiple-system-atrophy: effect on clinical symptoms and [(11)C]
(R)-PK11195 PET (MEMSA-trial). Mov Disord 25:97-107
Stefanova N, Poewe W, Wenning GK (2008) Rasagiline is neu-
roprotective in a transgenic model of multiple system atrophy.
Exp Neurol 210:421-427

Ubhi K, Rockenstein E, Mante M, Patrick C, Adame A, Thukral
M, Shults C, Masliah E (2008) Rifampicin reduces alpha-



Clin Auton Res (2015) 25:9-17

17

55.

56.

57.

synuclein in a transgenic mouse model of multiple system atro-
phy. Neuro Rep 19:1271-1276

Low PA, Robertson D, Gilman S, Kaufmann H, Singer W, Bia-
ggioni I, Freeman R, Perlman S, Hauser RA, Cheshire W, Lessig
S, Vernino S, Mandrekar J, Dupont WD, Chelimsky T, Galpern
WR (2014) Efficacy and safety of rifampicin for multiple system
atrophy: a randomised, double-blind, placebo-controlled trial.
Lancet Neurol 13:268-275

Ubhi K, Inglis C, Mante M, Patrick C, Adame A, Spencer B,
Rockenstein E, May V, Winkler J, Masliah E (2012) Fluoxetine
ameliorates behavioral and neuropathological deficits in a trans-
genic model mouse of alpha-synucleinopathy. Exp Neurol
234:405-416

Stemberger S, Jamnig A, Stefanova N, Lepperdinger G, Reindl
M, Wenning GK (2011) Mesenchymal stem cells in a transgenic

58.

59.

60.

mouse model of multiple system atrophy: immunomodulation
and neuroprotection. PLoS One 6:¢19808

Lee PH, Kim JW, Bang OY, Ahn YH, Joo IS, Huh K (2008)
Autologous mesenchymal stem cell therapy delays the progres-
sion of neurological deficits in patients with multiple system
atrophy. Clin Pharmacol Ther 83:723-730

Park HJ, Bang G, Lee BR, Kim HO, Lee PH (2011) Neuropro-
tective effect of human mesenchymal stem cells in an animal
model of double toxin-induced multiple system atrophy parkin-
sonism. Cell Transplant 20:827-835

Lee PH, Lee JE, Kim HS, Song SK, Lee HS, Nam HS, Cheong
JW, Jeong Y, Park HJ, Kim DJ, Nam CM, Lee JD, Kim HO, Sohn
YH (2012) A randomized trial of mesenchymal stem cells in
multiple system atrophy. Ann Neurol 72:32-40

@ Springer



	Animal models of multiple system atrophy
	Abstract
	Introduction
	The neurotoxin approach
	Intracerebral neurotoxin application
	Systemic neurotoxin application

	Transgenic approach
	Overexpression of alpha Syn in oligodendrocytes
	The CNP- alpha Syn model
	The MBP- alpha Syn model
	The PLP- alpha Syn model

	Overexpression of alpha 1B-adrenergic receptor

	Application of the MSA animal models in preclinical target development
	Acknowledgments
	References


