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With an estimated incidence of 3-4 per every 100,000 individuals
among adults 50-99 years of age, Multiple System Atrophy (MSA) is
a rare progressive neurodegenerative disease clinically characterized
by the following trio: cerebellar ataxia, parkinsonism and autonomic
dysfunction in conjunction with pyramidal signs [1-3].

MSA usually progresses over a 7-9 year period, with an average
age of onset of 57 and affects both sexes equally [2,4]. Given our
limited fund of knowledge regarding the genetics and biomarkers
underlying MSA etiology, definitive diagnosis can only be verified
upon pathological examination, in which one must confirm the
presence of MSA’s pathognomonic hallmark: alpha-synuclein-
positive glial cytoplasmic inclusions (GCIs) [2,5].

While a few familial studies have revealed an underlying genetic
component of MSA, it is currently classified as a sporadic disease
[4,6]. As an etiologically and clinically complex disorder, MSA has
been split into two distinct subtypes based on predominant clinical
features and corresponding post-mortem examination: MSA-
Cerebellar (C), MSA-parkinsonism (P), with frequency varying in
a population-specific manner [1,7,8]. While MSA patients display
marked neurodegenerative changes in the striatonigral and/or
olivopontocerebellar structures of the brain with respect to subtype,
there is extensive variation in the degree of degeneration, depicted by
a broad spectrum of myelin pallor, gliosis and neuronal loss; hence,
despite clinically and pathologically defined subtype characterization,
the histopathological features among patients with MSA are quite
heterogeneous [1].

In Kurt A. Jellinger’s recent mini review entitled, “Pathogenesis
of Multiple System Atrophy-Recent Developments,” he discusses our
current understanding of MSA etiopathogenesis according to thelatest
findings in the field. With respect to molecular pathophysiology, he
reflects on perhaps the largest conundrum underlying GCI formation:
how does alpha-synuclein ultimately end up in oligodendrocytes,
despite its apparently neuronal site of origin?

A thorough analysis of MSA literature illustrates that many
groups have garnered evidence for the most widely supported
hypothesis: alpha-synuclein is derived from neurons but spreads to
oligodendroglia. In 2012, Kisos et al. revealed that in the presence
of elevated alpha-synuclein levels, either in the form of soluble
oligomers or intracellular alpha-synuclein inclusions in neurons,
neuronal secretion is enhanced within rat brains [9]. Specifically, it
was demonstrated that rat oligodendroglial cells in vitro internalized

alpha-synuclein from neuronal secretions in a time, concentration
and clathrin-dependent fashion [9].

Furthermore, Rockenstein and colleagues utilized transgenic mice
models to study heterozygous progeny. Among the parental mice,
one expressed alpha-synuclein under an oligodendroglial-specific
myelin-basic promoter and the other parental mouse expressed
alpha-synuclein under a neuronal platelet derived growth factor
promoter [10]. Studying the compound transgenic mice progeny
demonstrated a “robust redistribution” of alpha-synuclein [8,10].
While the exact mechanism of action is unknown, Rockenstein and
colleagues hypothesized that a direct “translocation” through the
extracellular space occurred via cell-cell interactions, moving alpha-
synuclein from neurons to neighboring oligodendrocytes [10].

Collectively, these data suggest a predilection for alpha-
synuclein accumulation in oligodendroglia relative to the neurons
in regions of the brain susceptible to MSA, resonating with classic
pathophysiological changes seen in the disease [8,10]. Moreover,
in 2014, Reyes et al. demonstrated that oligodendrocytes can
successfully uptake recombinant alpha-synuclein and internalize it in
vivo in mouse cortices [11]. Thus, while evidence for this mechanism
is substantial, Jellinger discusses more recent findingswhich may
suggest that several mechanisms occur in tandem.

Within the last two years, the discovery of alpha-synuclein’s
propagating and seeding abilitieshas been pivotal. Upon injection
into rat brains, Peelaerts et al. portrayed that alpha-synuclein is
capable of in vivo amplification. Secondly, intravenous injection
of alpha-synuclein was shown to cross the blood brain barrier
into the CNS. Upon scrutinizing strain type, the data suggests that
oligomers, ribbons and fibrils formed by alpha-synuclein may harbor
different levels of solubility and toxicity, as defined by distinctive
histopathology and behavioral phenotypes manifested by rats [12].
Further, others have even suggested that alpha-synuclein be classified
as a prion, capable of causing MSA and resonating with prion diseases
like Creutzfeldt-Jakob Disease (CJD) and Kuru [13]. While evidence
for the latter is insufficient at present, as we have no proof that MSA
is indeed transmissible among humans, the propagation and seeding
abilities of alpha-synuclein have been proven by multiple sources [12-
16]. Collectively, these studies represent an important milestone in
unraveling MSA pathophysiology and have since been incorporated
into our evolving framework.

It has been suggested that specific MSA clinical subtypes,
duration of disease, and disease severity are all associated with the
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quantitative distribution and density of GCIs in MSA cases [1]. While
GClIs represent the pathological signature of MSA, the abnormal
accumulation of alpha-synuclein has also been identified within
neuronal cytoplasmic inclusions (NClIs), neuronal nuclei inclusions
(NNIs), and within neurites of a minority of MSA affected brains.
While these findings have not been the primary focus of MSA in
previous molecular research, the potential role of NCIs, NNIs and
neurites in the pathological process of MSA has warranted further
investigation [1,17].

Within the last year, Cykowski et al. embarked on an extensive
neuropathological investigation of MSA post-mortem brains and
revealed that widespread neuronal inclusions were seen in most
patients, in both disease-associated regions (i.e. substantia nigra),
and several other non-disease associated regions (i.e. hypothalamus).
Further, a hierarchal region specific susceptibility pattern was
observed from neuronal inclusions. While this was unrelated to clinical
phenotype, the severity of pathology was disease duration dependent.
Moreover, interregional correlations between pathological neuronal
and glial lesion burden were observed, hinting at possible overlapping
disease mechanisms in distinct brain regions and the significance of
NClIs and NNIs in MSA histopathology [18].

Further on this subject, Jellinger discusses the recent publication of
a study investigating the immunohistochemistry underlying Minimal
change MSA (MC-MSA), in which MC-MSA is defined as a subtype
of MSA manifesting neuronal loss primarily in the substantia nigra
and locus coeruleus [19]. Ling et al. identified a greater proportion
of NClIs in the disease-associated regions (substantia nigra, caudate)
of MC-MSA individuals than in MSA controls. As neuronal changes
were demonstrated to be disease duration dependent by Cykowski
and colleagues, this suggests that NCIs may be involved in the early
disease process. Hence, their findings suggest that alpha-synuclein
associated oligodendroglial pathology (i.e. GCIs) could result or
possibly occur in parallel with neuronal dysfunction (i.e. NCIs)
capable of causing clinical symptoms prior to neuron loss [18].

Newly identified knowledge of alpha-synuclein seeding properties
and the potentially important role of NNIs and NCIs in MSA elicit the
question: can alpha-synuclein be derived from oligodendrocytes and
if so, is this transmissible to neurons? First, it is useful to reflect on the
feasible nature of transmission between oligodendrocytes and neurons
using a glial derived protein, TPPP. As a protein of great interest
regarding MSA pathology, tubulin-polymerization-promoting
protein (TPPP), also known as p25 alpha, functions in the stabilization
of microtubules and the differentiation of oligodendrocytes [20].
Approximately ten years ago Baker et al. demonstrated the presence
of TPPP located within neurons, suggesting a transmission from
oligodendroglia to neurons [21,22]. This is particularly noteworthy,
as we have substantial evidence that TPPP is closely involved in
GCI formation in oligodendrocytes. Revisiting the transmission of
alpha-synuclein, Asi et al. demonstrated in 2014 that alpha-synuclein
mRNA is expressed in oligodendrocytes among MSA post-mortem
brain tissue [22,23]. While we know alpha-synuclein is transcribed
and translated in neurons, the possibility of glial cells transcribing
alpha-synuclein is intriguing, as it suggests that some of the alpha-
synuclein aggregates in oligodendrocytes may indeed originate from
those cells, or may even be transmitted to neurons to form NNIs and
NCls.

While in vitro, in vivo and transgenic studies continue to elucidate
molecular mechanisms driving MSA etiology and pathology, a
singular, unifying molecular mechanism underpinning MSA has yet
to be clarified. However, by acquiring information from recent studies
and applying it to an evolving MSA pathophysiological framework,
Jellinger and others among the MSA scientific community continue to
fill in missing pieces to the puzzle [22]. As portrayed in Jellinger’s mini
review, a comprehensive analysis of MSA molecular etiopathogenesis
may suggest a multi-mechanistic (vs. singular) hypothesis, in which
several molecular processes occur simultaneously among both
neuronal and glial cells to result in observed MSA pathology.

References

1. Ahmed Z, Asi YT, Sailer A, Lees AJ, Houlden H, et al. (2012) The
neuropathology, pathophysiology and genetics of multiple system atrophy.
Neuropathol Appl 38: 4-24.

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

3. Bower JH, Maraganore DM, McDonnell SK, Rocca WA (1997) Incidence
of progressive supranuclear palsy and multiple system atrophy in Olmsted
County, Minnesota, 1976 to 1990. Neurology 49: 1284-1288.

4. Wullner U, Abele M, Schmitz-Huebsch T, Wilhelm K, Benecke R, et al. (2004)
Probable multiple system atrophy in a German family. J Neurol Neurosurg
Psychiatry 75: 924-925.

5. Stemberger S, Wenning GK (2011) Modelling progressive autonomic failure
in MSA: where are we now? J Neural Transm (Vienna) 118: 841-847.

6. Hara K, Momose Y, Tokiguchi S, Shimohata M, Terajima K, et al. (2007)
Multiplex families with multiple system atrophy. Arch Neurol 64: 545-551.

7. Stemberger S, Scholz SW, Singleton AB, Wenning GK (2011) Genetic players
in multiple system atrophy: unfolding the nature of the beast. Neurobiol Aging
32: 1924 e5-14.

8. Federoff M, Schottlaender LV, Houlden H, Singleton A (2015) Multiple system
atrophy: the application of genetics in understanding etiology. Clin Auton Res
25: 19-36.

9. Kisos H, PukaR® K, Ben-Hur T, Richter-Landsberg C, Sharon R (2012)
Increased neuronal a-synuclein pathology associates with its accumulation in
oligodendrocytes in mice modeling a-synucleinopathies. PloS One 7: e46817.

10. Rockenstein E, Ubhi K, Inglis C, Mante M, Patrick C, et al. (2012) Neuronal
to oligodendroglial a-synuclein redistribution in a double transgenic model of
multiple system atrophy. Neuroreport 23: 259-264.

1

o

. Juan F Reyes, Nolwen L Rey, Luc Bousset, Ronald Melki, Patrik Brundin, et
al. (2014) Alpha-synuclein transfers from neurons to oligodendrocytes. Glia
62: 387-398.

1

N

. Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi R, et al.
(2015) a-Synuclein strains cause distinct synucleinopathies after local and
systemic administration. Nature 522: 340-344.

1

w

. Prusiner SB, Woerman AL, Mordes DA, Watts JC, Rampersaud R, et al.
(2015). Evidence for a-synuclein prions causing multiple system atrophy in
humans with parkinsonism. Proc Natl Acad Sci U S A 112: E5308-5317.

14. Woerman AL, Stohr J, Aoyagi A, Rampersaud R, Krejciova Z, et al. (2015)
Propagation of prions causing synucleinopathies in cultured cells. Proc Natl
Acad Sci U S A 112: E4949-4958.

15. Masuda-Suzukake M, Nonaka T, Hosokawa M, Kubo M, Shimozawa A, et
al. (2014) Pathological alpha-synuclein propagates through neural networks.
Acta Neuropathol Commun 2: 88.

16. Jones DR, Delenclos M, Baine AT, DeTure M, Murray ME, et al. (2015)
Transmission of Soluble and Insoluble a-Synuclein to Mice. J Neuropathol
Exp Neurol 74: 1158-1169.

1

~

. Yoshida M (2007) Multiple system atrophy: alpha-synuclein and neuronal
degeneration. Neuropathology 27: 484-493.

18. Cykowski MD, Coon EA, Powell SZ, Jenkins SM, Benarroch EE, et al. (2015)
Expanding the spectrum of neuronal pathology in multiple system atrophy.
Brain 138: 2293-2309.

19. Ling H, Asi YT, Petrovic IN, Ahmed Z, Prashanth LK, et al. (2015) Minimal
change multiple system atrophy: an aggressive variant? Mov Disord 30: 960-
967.

2

o

. Attila Lehotzky, Pierre Lau, Natalia Tokesi, Naser Muja, Lynn D Hudson, et
al. (2010) Tubulin polymerization-promoting protein (TPPP/p25) is critical for
oligodendrocyte differentiation. Glia 58: 157-168.

2

-

. Baker KG, Huang Y, McCann H, Gai WP, Jensen PH, et al. (2006) P25alpha
immunoreactive but alpha-synuclein immunonegative neuronal inclusions in
multiple system atrophy. Acta Neuropathol 111: 193-195.

2

N

. Jellinger KA (2014) Neuropathology of multiple system atrophy: new thoughts
about pathogenesis. Mov Disord 29: 1720-1741.

23. Asi YT, Simpson JE, Heath PR, Wharton SB, Lees AJ, et al. (2014) Alpha-
synuclein mMRNA expression in oligodendrocytes in MSA. Glia 62: 964-970.

Federoff. Int J Neurol Neurother 2016, 3:046

e Page 2o0f2e


https://doi.org/10.23937/2378-3001/3/2/1046
http://www.ncbi.nlm.nih.gov/pubmed/22074330
http://www.ncbi.nlm.nih.gov/pubmed/22074330
http://www.ncbi.nlm.nih.gov/pubmed/22074330
http://www.ncbi.nlm.nih.gov/pubmed/19909915
http://www.ncbi.nlm.nih.gov/pubmed/19909915
http://www.ncbi.nlm.nih.gov/pubmed/9371909
http://www.ncbi.nlm.nih.gov/pubmed/9371909
http://www.ncbi.nlm.nih.gov/pubmed/9371909
http://www.ncbi.nlm.nih.gov/pubmed/15146018
http://www.ncbi.nlm.nih.gov/pubmed/15146018
http://www.ncbi.nlm.nih.gov/pubmed/15146018
http://www.ncbi.nlm.nih.gov/pubmed/21221668
http://www.ncbi.nlm.nih.gov/pubmed/21221668
http://www.ncbi.nlm.nih.gov/pubmed/17420317
http://www.ncbi.nlm.nih.gov/pubmed/17420317
http://www.ncbi.nlm.nih.gov/pubmed/21601954
http://www.ncbi.nlm.nih.gov/pubmed/21601954
http://www.ncbi.nlm.nih.gov/pubmed/21601954
http://www.ncbi.nlm.nih.gov/pubmed/25687905
http://www.ncbi.nlm.nih.gov/pubmed/25687905
http://www.ncbi.nlm.nih.gov/pubmed/25687905
http://www.ncbi.nlm.nih.gov/pubmed/23077527
http://www.ncbi.nlm.nih.gov/pubmed/23077527
http://www.ncbi.nlm.nih.gov/pubmed/23077527
http://www.ncbi.nlm.nih.gov/pubmed/22314685
http://www.ncbi.nlm.nih.gov/pubmed/22314685
http://www.ncbi.nlm.nih.gov/pubmed/22314685
http://onlinelibrary.wiley.com/doi/10.1002/glia.22611/pdf
http://onlinelibrary.wiley.com/doi/10.1002/glia.22611/pdf
http://onlinelibrary.wiley.com/doi/10.1002/glia.22611/pdf
http://www.ncbi.nlm.nih.gov/pubmed/26061766
http://www.ncbi.nlm.nih.gov/pubmed/26061766
http://www.ncbi.nlm.nih.gov/pubmed/26061766
http://www.ncbi.nlm.nih.gov/pubmed/26324905
http://www.ncbi.nlm.nih.gov/pubmed/26324905
http://www.ncbi.nlm.nih.gov/pubmed/26324905
http://www.ncbi.nlm.nih.gov/pubmed/26286986
http://www.ncbi.nlm.nih.gov/pubmed/26286986
http://www.ncbi.nlm.nih.gov/pubmed/26286986
http://www.ncbi.nlm.nih.gov/pubmed/25095794
http://www.ncbi.nlm.nih.gov/pubmed/25095794
http://www.ncbi.nlm.nih.gov/pubmed/25095794
http://www.ncbi.nlm.nih.gov/pubmed/26574670
http://www.ncbi.nlm.nih.gov/pubmed/26574670
http://www.ncbi.nlm.nih.gov/pubmed/26574670
http://www.ncbi.nlm.nih.gov/pubmed/18018485
http://www.ncbi.nlm.nih.gov/pubmed/18018485
http://www.ncbi.nlm.nih.gov/pubmed/25981961
http://www.ncbi.nlm.nih.gov/pubmed/25981961
http://www.ncbi.nlm.nih.gov/pubmed/25981961
http://www.ncbi.nlm.nih.gov/pubmed/25854893
http://www.ncbi.nlm.nih.gov/pubmed/25854893
http://www.ncbi.nlm.nih.gov/pubmed/25854893
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2785070/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2785070/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2785070/
http://www.ncbi.nlm.nih.gov/pubmed/16421739
http://www.ncbi.nlm.nih.gov/pubmed/16421739
http://www.ncbi.nlm.nih.gov/pubmed/16421739
http://www.ncbi.nlm.nih.gov/pubmed/25297524
http://www.ncbi.nlm.nih.gov/pubmed/25297524
http://www.ncbi.nlm.nih.gov/pubmed/24590631
http://www.ncbi.nlm.nih.gov/pubmed/24590631

	Title
	Corresponding author
	References

