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Abstract

Myelin loss is a widespread neuropathological hallmark of the atypical parkinsonian disorder

multiple system atrophy (MSA). On a cellular level, MSA is characterized by alpha-synuclein

(aSyn)-positive glial cytoplasmic inclusions (GCIs) within mature oligodendrocytes leading to

demyelination as well as axonal and neuronal loss. Oligodendrocyte progenitor cells (OPCs)

represent a proliferative cell population distributed throughout the adult mammalian central

nervous system. During remyelination, OPCs are recruited to sites of demyelination, differentiate,

and finally replace dysfunctional mature oligodendrocytes. However, comprehensive studies

investigating OPCs and remyelination processes in MSA are lacking. In the present study, we

therefore investigate the effect of human aSyn (h-aSyn) on early primary rat OPC maturation.

Upon lentiviral transduction, h-aSyn expressing OPCs exhibit fewer and shorter primary processes

at the initiation of differentiation. Until day 4 of a 6 day differentiation paradigm, h-aSyn

expressing OPCs further show a severely delayed maturation evidenced by reduced myelin gene

expression and increased levels of the progenitor marker platelet derived growth factor receptor-

alpha (PDGFRα). Matching these results, OPCs that take up extracellular recombinant h-aSyn

exhibit a similar delayed differentiation. In both experimental setups however, myelin gene

expression is restored at day 6 of differentiation paralleled by decreased intracellular h-aSyn levels

indicating a reverse correlation of h-aSyn and the differentiation potential of OPCs. Taken

together, these findings suggest a tight link between the intracellular level of h-aSyn and

maturation capacity of primary OPCs.
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Introduction

The atypical parkinsonian disorder multiple system atrophy (MSA) is a rare and rapidly

progressing neurodegenerative disease. Glial cytoplasmic inclusions (GCIs) present in

oligodendrocytes are the neuropathological hallmark of MSA. They consist of high amounts

of alpha-synuclein (aSyn) and therefore classify MSA as a synucleinopathy (Spillantini et

al., 1998; Tu et al., 1998). On a cellular level, MSA is characterized by a widespread

neuronal loss associated with a severe glial pathology including myelin loss (Ubhi et al.,

2011). Oligodendrocytic dysfunction with consecutive demyelination is considered as an

early event in MSA pathogenesis preceding neuronal degeneration (Song et al., 2007;

Wenning et al., 2008). Studies using transgenic mice expressing human aSyn (h-aSyn) under

the control of oligodendrocyte-specific promoters support the hypothesis of a myelin-related

dysfunction leading to axonal damage and consecutive neuronal loss (Kahle et al., 2002;

Yazawa et al., 2005).

During development, myelination is initiated after specification of oligodendrocyte

progenitor cells (OPCs) from ventricular zone cells in the brain and spinal cord. Controlled

by extrinsic stimuli and an intrinsic, temporally regulated transcription factor network, OPCs

differentiate to postmitotic oligodendrocytes finally myelinating responsive axons

(Richardson et al., 2006). Although myelination is complete early in life, OPCs persist in the

adult mammalian central nervous system (CNS) where they are also referred to as NG2-

positive cells, synantocytes or polydendrocytes (Nishiyama et al., 2009). Adult OPCs are

distributed within the grey and white matter and maintain their capacity to migrate,

proliferate, and differentiate throughout life (Rivers et al., 2008). Not only the typical

expression of platelet derived growth factor receptor alpha (PDGFRα) in developmental

OPCs is preserved in adult OPCs, but also differentiation mechanisms including signaling

pathways and the transcription factor profile are similar for both cell populations (Emery,

2010). Besides recent evidence for a contribution of OPCs to myelin remodeling (Young et

al., 2013), OPCs are capable of remyelinating axons under pathological conditions (Groves

et al., 1993).

Several neurological disorders including MSA and multiple sclerosis (MS) are characterized

by oligodendrocytic pathology with pronounced myelin loss. The widespread demyelination

in these diseases suggests that OPCs fail to replace dysfunctional myelinating

oligodendrocytes. It is very likely that recruitment, proliferation, or maturation of OPCs is

disturbed in MS, an autoimmune disease with pronounced inflammation and focal

demyelination (Chang et al., 2002). In contrast to MS, studies on OPCs and their capacity to

be recruited and to differentiate in the context of the synucleinopathy MSA are rare. Recent

studies demonstrate increased numbers of OPCs in MSA suggesting a similar disturbed OPC

maturation in MSA as observed in MS (Ahmed et al., 2013; May et al., 2014). In contrast
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and given that developmentally produced myelin can be distinguished from thinner myelin

laid down during remyelination, thinner myelin sheaths detected in MSA patients implicate

that remyelination occurs to a certain extent in MSA (Blakemore, 1974; Song et al., 2007).

This implies that the capacity of remyelination is preserved in MSA to some extent, but at

insufficient levels. Moreover, oligodendroglial aSyn levels are increased within and around

demyelinated lesions in MS where a failure of OPC maturation was recently reported

(Kuhlmann et al., 2008; Papadopoulos et al., 2006). In support, we recently demonstrated

the presence of aSyn within a fraction of striatal OPCs in a post-mortem analysis of MSA

with predominant parkinsonism (MSA-P) patients (May et al., 2014). Therefore, we

hypothesize that intraoligodendroglial aSyn impairs early stages of OPC maturation towards

pre-myelinating oligodendrocytes.

Up to date, the origin of aSyn in oligodendrocytic cells of MSA patients is still

controversial. Studies detecting aSyn mRNA in oligodendrocytes in vitro and in vivo argue

for an endogenous oligodendrocytic aSyn expression (Asi et al., 2014; Mori et al., 2002;

Richter-Landsberg et al., 2000; Tsuboi et al., 2005), but are in disagreement with reports of

undetectable aSyn mRNA in MSA patients (Miller et al., 2005; Solano et al., 2000). There is

also an increasing body of evidence that oligodendrocytes are able to take up extracellular or

neuronally derived aSyn (Kisos et al., 2012; Konno et al., 2012; Reyes et al., 2014;

Rockenstein et al., 2012).

Considering both scenarios, we used a dual approach to analyze the effect of aSyn on OPC

maturation. Primary rat OPCs were either transduced with h-aSyn coding lentiviral vectors

or exposed to recombinant human wildtype aSyn (rh-aSyn). We analyzed the number and

length of primary processes upon transduction as well as progenitor-specific and myelin

gene expression during OPC differentiation in the presence of cell-autonomous or non-cell-

autonomous h-aSyn, respectively. Furthermore, we investigated the dynamics of

intracellular h-aSyn levels during differentiation aiming to determine the link between

intracellular h-aSyn and the initiation of OPC maturation.

Results

Characterization of primary OPC maturation using specific markers for differentiation

In order to analyze the effect of h-aSyn on OPC maturation, we initially characterized the

temporal differentiation dynamics of primary rat OPCs. Previous studies report a high

proportion of mature oligodendrocytes after 5–7 days under differentiation promoting

conditions, i.e. after withdrawal of growth factors (GFs) and in presence of 1% fetal calf

serum (FCS) (Barateiro et al., 2013; Kisos et al., 2012). To dissect the temporal

differentiation pattern towards a mature oligodendrocytic phenotype, oligodendrocyte

maturation was determined after 2, 4, and 6 days by analyzing stage specific markers (Fig.

1A). Expression of PDGFRα as a marker for an early progenitor status and of the myelin

genes 2′,3′-cyclic-nucleotide-phosphodiesterase (CNPase) and myelin basic protein (MBP)

as markers of a mature state were analyzed. During differentiation, the number of PDGFRα-

positive OPCs gradually decreased whereas the number of MBP-positive mature

oligodendrocytes increased (Fig. 1B). Additionally, mature oligodendrocytes with enlarged

plasma membrane were observed as a sign for advanced maturation as early as day 6 of
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differentiation (Fig. 1B, insert). To quantify the process of maturation, mRNA and protein

expression of PDGFRα, CNPase, and MBP were analyzed using real time-PCR (RT-PCR)

and Western blot. Both PDGFRα mRNA and protein gradually decreased within 6 days of

differentiation with the most pronounced decline between day 4 and day 6 (Fig. 1C, D;

green line). In contrast, myelin gene expression was stepwise upregulated during

differentiation exhibiting the strongest increase between day 2 and day 4. MBP, the later and

more abundantly expressed myelin protein, showed a stronger upregulation than the early

myelin protein CNPase (Fig. 1C, D; red and blue line, respectively). Taken together, in vitro

differentiation of primary OPCs by the applied protocol allows monitoring of early

oligodendrocyte maturation.

Efficient transgene expression upon lentiviral transduction of primary OPCs

To analyze effects of cell-autonomous h-aSyn on OPC maturation, we used a previously

described lentiviral vector system for h-aSyn expression (Winner et al., 2011). One day prior

to differentiation, primary OPCs were transduced with lentiviral vectors coding either for

aSyn followed by an internal ribosomal entry site (IRES) and the green fluorescent protein

(GFP) sequence (further referred to as SYN) or for GFP after the IRES sequence only

(further referred to as CTRL). Using a multiplicity of infection (MOI) of 2, we observed

constantly high numbers of GFP-positive cells during differentiation for both vectors, i.e. the

control vector coding for GFP alone (CTRL, 68.6–80.3% GFP-positive cells) or the

expression vector coding for h-aSyn in addition (SYN; 64.0–66.9% GFP-positive cells) (Fig.

2B, C). Furthermore, all GFP expressing cells in the SYN transduced culture also expressed

h-aSyn (Fig. 2B, lower panel). By counting the number of Olig2-positive cells as a classical

marker for the oligodendrocytic lineage (Ligon et al., 2004), we next analyzed OPC purity

and survival (Fig. 2B, D). OPC purity ranged from 66.5 to 70.3% under non-transduced

conditions and was not altered by lentiviral transduction as shown by similar proportions of

Olig2-positive cells in SYN (64.0–76.3%) and CTRL (62.6–77.2%) cultures indicating no

loss of Olig2-positive cells upon h-aSyn expression. In order to confirm the absence of

increased cell death in h-aSyn expressing OPCs, we analyzed expression of activated

Caspase 3 as a marker for apoptosis upon lentiviral transduction. Proportions of activated

Caspase 3-positive cells did not significantly differ between CTRL (day 2: 10.6±3.2%, day

4: 5.9±1.1%, day6: 6.8±1.6% of Olig2-positive cells) and SYN transduced (day 2:

10.4±2.6%, day 4: 10.5±1.3%, day6: 6.2±1.2% of Olig2-positive cells) oligodendrocytes

supporting that h-aSyn expression does not lead to increased cell death.

H-aSyn expressing oligodendrocytes exhibit fewer and shorter primary processes

We next asked whether the morphology of maturating OPCs was affected by h-aSyn

expression. Therefore, we quantified the number and length of primary processes and

compared SYN and CTRL transduced oligodendrocytes at day 2 of differentiation (Fig. 3).

For this purpose, we first outlined vimentin-positive primary processes using the NeuronJ

plugin for ImageJ. We used vimentin immunolabelling as this cytoskeletal protein highlights

primary processes of OPCs without labeling smaller branches (Behar et al., 1988). Next, we

performed a Scholl analysis enabling us to determine the number and length of primary

processes (Fig. 3A). When analyzing 50 GFP/Olig2-positive oligodendrocytes per condition,

we observed a significant reduction by ~15% in the number of primary processes in SYN
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(4.4±0.2) compared to CTRL cells (5.2±0.2, p<0.01; Fig. 3B). Moreover, the processes were

significantly shorter as evidenced by comparing the numbers of intersections per single

Scholl radius (Fig. 3C). A significant reduction in the number of intersections by 24–43%

was counted in h-aSyn expressing oligodendrocytes for Scholl radii at a distance of 20 to

36μm from the cell body. In summary, the Scholl analysis revealed reduced numbers and

shorter processes in early differentiated h-aSyn expressing primary oligodendrocytes.

Interference of h-aSyn with primary OPC maturation

Since we observed altered morphology of h-aSyn expressing OPCs we next analyzed gene

expression profiles during OPC maturation. At day 4 of differentiation, CTRL transduced

oligodendrocytes showed MBP expression in contrast to SYN transduced oligodendrocytes

(Fig. 4A). This observation was further confirmed by mRNA expression analysis: A

decreased upregulation of myelin gene expression, i.e. CNPase and MBP, was detected in

SYN compared to CTRL expressing cells (Fig. 4B). Transcripts of both myelin genes

analyzed were significantly reduced at day 2 (CNPase 0.61±0.07 fold, MBP 0.69±0.04 fold,

p<0.01). In addition, MBP mRNA expression levels were significantly decreased at day 4 of

differentiation (0.78±0.03 fold, p<0.01). Furthermore, significantly reduced protein levels of

CNPase and MBP upon h-aSyn expression were detected at day 2 (CNPase 0.67±0.07 fold,

p<0.01; MBP 0.64±0.08 fold, p<0.05) and day 4 (CNPase 0.73±0.10 fold, MBP 0.66±0.10,

p<0.05) of differentiation (Fig. 4C). Interestingly, no differences in mRNA and protein

levels between SYN and CTRL transduced oligodendrocytes were observed at day 6. To

exclude an overall reduction of gene expression by h-aSyn, we asked whether the expression

of PDGFRα as a common marker for early OPCs was elevated in h-aSyn expressing cells.

PDGFRα protein expression was significantly increased both at day 4 (1.61±0.10 fold,

p<0.01) and day 6 (1.98±0.19 fold, p<0.01) of differentiation while mRNA expression was

not altered (Fig. 4B, C; green bars). These data suggest that h-aSyn when expressed in a

cell-autonomous manner interferes with the induction of primary OPC maturation.

Decline of h-aSyn expression during OPC differentiation

As maturation of SYN transduced oligodendrocytes was particularly impaired at early stages

of differentiation, i.e. day 2 and day 4, we asked whether ectopic h-aSyn expression is

maintained during the course of differentiation (Fig. 5). mRNA expression of h-aSyn was

significantly decreased at day 4 (0.64±0.09 fold, p<0.05) followed by an even more

pronounced decline at day 6 of differentiation (0.36±0.05 fold, p<0.001). Furthermore, we

detected a reduction of h-aSyn protein level at day 6 of differentiation (0.38±0.06 fold,

p<0.01). To address the question whether there is a h-aSyn specific downregulation or a

reduction in the activity of the EF1α promoter, we analyzed GFP expression during

differentiation of SYN transduced OPCs. Similarly to h-aSyn mRNA, GFP mRNA levels

significantly declined during differentiation in both CTRL and SYN transduced OPCs

(CTRL: day 4: 0.70±0.08 fold, p<0.05, day 6: 0.47±0.08 fold, p<0.01; SYN: day 4:

0.53±0.06 fold, p<0.01, day 6: 0.34±0.04 fold, p<0.001). GFP protein levels did not

significantly change during differentiation of CTRL and SYN OPCs. After an initial

upregulation however, GFP expression strongly decreased by day 6 of differentiation

(CTRL: day 4: 1.78±0.31 fold, day 6: 0.94±0.37 fold; SYN: day 4: 2.44±0.96 fold, day 6:

1.21±0.61 fold). Furthermore, weaker GFP expression was detected in SYN compared to
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CTRL OPCs. These results indicate that h-aSyn as well as GFP expression is gradually

downregulated during maturation of lentivirally transduced primary OPC.

Uptake of rh-aSyn by primary OPCs

It is still controversial whether aSyn present in GCIs of oligodendrocytes in MSA is of

endogenous origin or taken up from the extracellular space. To assess whether primary

OPCs are able to take up extracellular aSyn, we performed exposure experiments by adding

rh-aSyn to the culture medium for primary OPCs (Fig. 6A). As the physiological

concentration of aSyn in the CNS was estimated to be in the range of 1μM, we used this

concentration for all exposure experiments (Borghi et al., 2000). We first performed

Western blots of OPCs lyzed at different time points within the first 6 hours upon rh-aSyn

administration (Fig. 6B). We detected h-aSyn immunoreactivity linearly increasing in a

time-dependent manner. To further confirm the intracellular presence of h-aSyn, microscopy

was performed using the z-stack module and ApoTome technology (Carl Zeiss). Three-

dimensional reconstruction (z-stack parameters: thickness 16.3μm, 27 sections) showed that

the h-aSyn immunofluorescent signal was localized within the perinuclear cytoplasm of

PDGFRα-positive OPCs (Fig. 6C). An interesting observation was the presence of h-aSyn

immunofluorescence in the soma as well as in processes of early, i.e. bipolar and

PDGFRαhigh OPCs (Fig. 6C white arrow and arrowheads). In contrast, more mature, i.e.

multipolar and PDGFRαlow OPCs exhibit h-aSyn immunofluorescence restricted to the

soma (Fig. 6C, orange arrow). To analyze the intracellular h-aSyn level during the applied

differentiation paradigm, Western blotting using lysates of rh-aSyn exposed cells was

conducted and membranes were probed with antibodies specific for h-aSyn (Fig. 6D).

Interestingly, the amount of h-aSyn within oligodendrocytes declined during differentiation.

These findings indicate that OPCs take up extracellular soluble rh-aSyn in a time dependent

manner and that intracellular h-aSyn levels sequentially decline during differentiation.

OPC maturation is impaired upon uptake of rh-aSyn

We next asked whether the uptake of rh-aSyn impairs OPC maturation to the same extent as

observed upon forced h-aSyn expression. Therefore, we exposed differentiating OPCs for up

to 6 days with 1μM rh-aSyn (Fig. 6E). We detected significantly lower levels of MBP

protein in primary oligodendrocytes exposed to rh-aSyn at day 2 (0.64±0.04 fold, p<0.05)

and day 4 (0.80±0.04 fold, p<0.05) of differentiation. MBP expression was similar in rh-

aSyn exposed and control cells at day 6 of differentiation (1.05±0.08 fold, p>0.05). OPCs

exposed to rh-aSyn did not show significant alterations in PDGFRα as well as CNPase

protein expression during differentiation (data not shown). Taken together, uptake of rh-

aSyn impairs early primary OPC maturation, albeit in a less pronounced manner than

observed after lentiviral transduction.

MBP expression depends on the intracellular h-aSyn level

We finally analyzed temporal dynamics of MBP expression in dependence of the

intracellular h-aSyn level separately in lentivirally transduced and rh-aSyn exposed OPCs.

We observed an inverse dynamic of MBP expression and intracellular h-aSyn levels for both

approaches (Fig. 7A). At day 2 and 4 of differentiation, MBP expression (SYN transduced:

day 2: 64±8%, day 4: 66±9%; rh-aSyn exposed: day 2: 52±10%; day 4: 80±4% of control
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cells) was severely reduced compared to control conditions while high levels of intracellular

h-aSyn were detected (SYN transduced: day 2: set as 100%; day 4: 92±12%; rh-aSyn

exposed: day 2: set as 100%; day 4: 80±10% of day 2). In contrast, h-aSyn levels were

drastically reduced at day 6 of differentiation (SYN transduced: 38±6%; rh-aSyn exposed:

63±14% of day 2) paralleled by restored MBP expression (SYN transduced: 97±12%; rh-

aSyn exposed: 106±8% of control conditions). These findings suggest that MBP expression

is closely linked to the intracellular level of h-aSyn (Fig. 7B).

Discussion

Analyzing the onset of oligodendrocyte maturation in vitro

To study whether aSyn impairs remyelination in MSA, we analyzed the early phase of OPC

differentiation, i.e. the initiation of maturation from PDGFRα-positive OPCs to myelin gene

expressing pre-myelinating oligodendrocytes. Therefore, we used primary OPCs derived

from neonatal rats which differentiated in absence of mitogenic stimulation within 6 days in

a high proportion to mature MBP-positive oligodendrocytes that exhibited advanced

phenotypes including enlarged plasma membrane sheaths. To dissect maturation of primary

OPCs from a molecular point of view, we chose a set of three dynamically expressed

oligodendroglial markers. PDGFRα labels early OPCs, whereas CNPase is long known to

be one of the first myelin specific proteins upregulated during differentiation (Noble et al.,

1988; Reynolds and Wilkin, 1988). MBP is the most abundantly expressed myelin protein

and labels oligodendrocytes at a rather late stage of differentiation (Aggarwal et al., 2011;

Knapp et al., 1988). This pattern is recapitulated by our primary OPCs culture during the

applied differentiation paradigm which allows the monitoring of early OPC maturation in

vitro.

Dual approach to analyze effects of intracellular h-aSyn on OPC maturation

Using lentiviral particles coding for h-aSyn and GFP separated by an IRES sequence (SYN),

we obtained a high yield of h-aSyn expressing OPCs. Furthermore, we detected neither a

difference in the proportions of Olig2-positive oligodendroglial cells upon transduction nor

increased numbers of apoptotic cells upon h-aSyn expression. In contrast, Kragh and

colleagues reported the susceptibility of aSyn expressing oligodendrocytes for FAS

mediated apoptosis (Kragh et al., 2013). In this study, the authors triggered aSyn

aggregation and apoptosis by co-overexpression of p25α. However, we did not apply any

further stimuli triggering h-aSyn aggregation and thus, the absence of enhanced apoptosis in

our system suggests that aSyn aggregation and GCI formation are prerequisites for

oligodendrocytic cell death in MSA. Without influencing survival of Olig2-positive cells

during differentiation and being not different from CTRL transduced controls in terms of

efficiency, lentiviral transduction is a valid approach to analyze the effect of h-aSyn

expression on OPC maturation.

Exogenous addition of rh-aSyn to the culture medium of OPCs represents the second

approach to analyze effects of h-aSyn on OPC maturation. Within the first 6 hours upon rh-

aSyn administration, primary OPCs take up rh-aSyn in a time-dependent manner. In line

with these results obtained in primary OPCs, a time dependent aSyn uptake by OPC-like
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Oli-neu cells within the first 6 hours upon administration of rh-aSyn was recently

demonstrated (Kisos et al., 2012). In addition, we detected h-aSyn-positive

immunofluorescence within PDGFRα-positive cells further confirming that OPCs are able

to take up rh-aSyn from the supernatant.

Both strategies – lentiviral vector based h-aSyn expression as well as exposure to rh-aSyn –

resulted in clearly detectable intracellular h-aSyn. Comparing subcellular distribution, OPCs

expressing h-aSyn upon lentiviral transduction show broadly spread h-aSyn

immunofluorescence within the entire cell including processes and the nucleus. In contrast,

rh-aSyn taken up from the supernatant is rather densely detected in the perinuclear

cytoplasm and appears in a more punctate pattern. The latter observation might be

attributable to the localization of rh-aSyn within endosomes as recent studies indicate that

aSyn is taken up by oligodendrocytes via endocytosis. Kisos and colleagues demonstrated a

clathrin-dependent endocytotic aSyn uptake in OPC-like Oli-neu cells (Kisos et al., 2012).

In addition, two independent studies recently reported a dynamin-1 dependent uptake of

recombinant aSyn monomers by oligodendrocytic cell lines concurring an endocytotic

uptake mechanism of aSyn in oligodendrocytes (Konno et al., 2012; Reyes et al., 2014).

Intracellular h-aSyn impairs OPC maturation

In order to study the impact of aSyn on the onset of OPC maturation, we assessed aSyn

expressing OPCs for early morphological changes. We analyzed the number and length of

primary processes at day 2 of differentiation as cellular homogeneity and dynamics of

process extension are very high at early stages of differentiation (Barateiro et al., 2013;

Huang et al., 2011). Having less and shorter primary processes, the onset of maturation in

SYN transduced oligodendrocytes is severely disrupted. Molecularly, we demonstrated that

h-aSyn expression leads to a significantly delayed upregulation of myelin gene expression

evidenced on the mRNA and protein levels. We were also able to show an increase in

protein levels of PDGFRα in h-aSyn expressing OPCs compared to controls which was still

present at day 6 of differentiation. This observation might be due to an inhibition of protein

degradation mechanisms by h-aSyn as impaired proteasomal activity leads to accumulation

of PDGFRα protein (Matei et al., 2007). Indeed, a direct interaction of h-aSyn with both the

ubiquitin-proteasome system and the autophagy-lysosome pathway with consecutive

functional impairment of these protein degradation pathways was shown possibly

contributing to the observed accumulation of PDGFRα protein (Cuervo et al., 2004; Snyder

et al., 2003; Tanaka et al., 2001). In summary, these findings point towards a delayed OPC

maturation upon h-aSyn expression and exclude h-aSyn mediated oligodendrocytic cell

death as cause for the observed reduction in myelin gene expression. In line with the present

study, we previously demonstrated that forced h-aSyn expression in CG4 cells remarkably

reduced their differentiation capacity (May et al., 2014). In this earlier study, we used an

alternative approach and generated a stable h-aSyn expressing CG4 line using a Sleeping

Beauty transposon vector.

In line with the lentiviral approach, maturation of primary OPCs exposed to 1μM rh-aSyn is

also disrupted. However, significantly reduced MBP protein at early stages of differentiation

is accompanied by unaltered PDGFRα and CNPase protein levels implicating a less
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pronounced interference of rh-aSyn with OPC differentiation upon uptake than in h-aSyn

expressing OPCs. The temporal dynamic of the rh-aSyn uptake suggests that the critical

level of intracellular rh-aSyn is reached after induction of CNPase and downregulation of

PDGFRα. Thus, we may observe an interference of rh-aSyn at a distinct later developmental

status during oligodendrocyte maturation compared to the lentiviral transduction approach.

Moreover, lentivirally expressed h-aSyn may undergo post-translational modifications

previously reported to exacerbate aSyn dependent effects (Diepenbroek et al., 2014; Kragh

et al., 2009).

Reduction of intracellular h-aSyn levels restores myelin gene expression

An interesting observation in both experimental paradigms – lentiviral transductions and

exposure experiments – is the almost complete restoration of myelin gene expression at day

6 of differentiation paralleled by a strong reduction of intracellular h-aSyn. GFP mRNA also

significantly declines by day 6 of differentiation indicating that EF1α promoter activity is

reduced during differentiation. Despite of its decline on the mRNA level, GFP protein levels

do not significantly change during OPC differentiation. However, reaching expression

maximum at day 4 of differentiation, GFP protein level is strongly decreased by day 6.

Although lentiviral vectors are used for long term expression studies, the observed decline

of EF1α promoter activity is in line with a recent report analyzing GFP expression driven by

the EF1α promoter upon lentiviral transduction during differentiation of mouse embryonic

stem (ES) cells (Hong et al., 2007). Therein, GFP mRNA significantly declines during

differentiation to less than 10% in fully differentiated neurons compared to proliferative ES

cells indicating that the promoter activity is downregulated in vitro upon differentiation.

Nevertheless, the observed reduction of aSyn expression during late stage differentiation of

oligodendrocytes matches the physiological pattern of aSyn expression since it is

downregulated in fully differentiated oligodendrocytes after initial upregulation (Richter-

Landsberg et al., 2000).

Although matching the physiological expression dynamics, downregulation of aSyn

expression in mature oligodendrocytes is in contradiction to the accumulation of aSyn as

GCIs in mature oligodendrocytes of MSA patients. However, we do not observe h-aSyn

aggregation in a GCI-like manner most likely due to the lack of further stimuli (e.g.

oxidative stress, environmental toxins) required to trigger aSyn aggregation (Nuber et al.,

2014; Xiang et al., 2013). As proposed by Ahmed and colleagues (2013), aSyn aggregation

might occur in delayed maturating oligodendrocytes and thus, we hypothesize in the light of

the present findings that increased aSyn levels in maturating oligodendrocytes of MSA

patients cause a delayed maturation of oligodendrocytes and further exogenous stimuli

consecutively trigger GCI formation and oligodendrocytic dysfunction.

Conclusion

In summary, the present study shows an interference of h-aSyn with the early maturation of

primary OPCs. Analyzing i) OPCs expressing h-aSyn upon lentiviral transduction as well as

ii) OPCs that incorporated extracellular rh-aSyn, our findings suggest that the intracellular

level of h-aSyn affects the maturation potential of primary OPCs. Upon lentiviral h-aSyn

expression, morphology of OPCs at early stages of maturation is severely affected
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accompanied by altered progenitor and myelin gene expression profiles. Moreover, OPCs

take up extracellular added rh-aSyn leading to reduced MBP expression at the onset of

maturation. Finally, h-aSyn levels decline during differentiation in both lentivirally

transduced and rh-aSyn exposed OPCs restoring myelin gene expression. Taken into

account that interventional approaches are very limited in MSA, enhancing maturation and

remyelination by lowering the level of aSyn within OPCs may open a novel therapeutical

window for MSA treatment. Future studies (i) analyzing the impact of aSyn on OPC

maturation in appropriate in vivo models and (ii) defining molecular mediators by which h-

aSyn interferes with OPC maturation will contribute to understand the impact of aSyn on

OPC maturation and will help to reveal promising interventional targets for MSA therapy.

Experimental Methods

Cell culture

Primary OPCs were derived from mixed glial cultures isolated from P0-P2 neonatal Wistar

rats as described elsewhere with minor modifications (McCarthy and de Vellis, 1980).

Briefly, mixed glial cultures were kept in Dulbecco’s minimum eagle medium supplemented

with 10% FCS and 1% penicillin/streptomycin at 37°C and 5% CO2. After 10–14 days of

culture, loosely attached microglia were removed by shaking for 1h at 200rpm and 37°C.

OPCs were enriched by additional 17h shaking at 200rpm and 37°C, and seeded at a density

of 50,000 cells/mm2 on poly-ornithine coated plates and cultured in SATO medium

(Bottenstein and Sato, 1979) supplemented with platelet derived growth factor and fibroblast

growth factor-2 at 20ng/ml (SATO/GF). Differentiation of primary OPCs was conducted by

replacing growth factors with 1% FCS (SATO/FCS). During differentiation, supernatant

was replaced with fresh SATO/FCS every second day.

Lentiviral vectors

For transgene delivery, lentiviral vectors under the control of an elongation factor-1 alpha

(EF1α) promoter were used and prepared as described previously (Winner et al., 2011).

Briefly, lentiviral vectors coding for h-aSyn followed by an IRES sequence and the GFP

coding sequence were used (SYN). Lentiviral vectors coding solely for GFP preceded by an

IRES signal served as control (CTRL). Viral particles were produced by transfecting

HEK293T cells with the coding vector and the following three packaging vectors: pMDL,

pREV, and pVSVG.

Transduction procedures

One day after seeding, transduction was conducted by replacing the supernatant with fresh

SATO/GF containing viral particles. For all experiments, a MOI of 2 was used. After one

day of incubation, supernatant was aspirated and cells were washed once with PBS prior to

starting differentiation using SATO/FCS.

Exposure to rh-aSyn

Rh-aSyn was prepared as described previously (Xiang et al., 2013). After shake off

procedure and 2 days of recovery, differentiation of primary OPCs was started in presence

Ettle et al. Page 10

Mol Cell Neurosci. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of 1μM (14.4μg/ml) rh-aSyn. Each second day during differentiation, OPCs were either

harvested or supernatant was replaced with fresh SATO/FCS including rh-aSyn.

Immunocytochemistry

For immunocytochemical analyses, cells were fixed using 4% paraformaldehyde for 15

minutes. After blocking in PBS supplemented with 3% donkey serum and 0.1% triton-X100

(blocking buffer), cells incubated with primary antibodies diluted in blocking buffer

overnight at 4°C. The following primary antibodies were used: rat anti MBP (AbD serotec;

MCA409S; 1:500), goat anti PDGFRα (R&D systems; AF1062; 1:100), rabbit anti Olig2

(Millipore; AB9610; 1:1000), mouse anti Olig2 (clone 211F1.1; Millipore; MABN50;

1:250), rabbit anti activated Caspase 3 (Asp175; Cell Signaling; #9661; 1:500), rat anti

human alpha-synuclein (15G7; ENZO; ALX-804-258; 1:200), rat anti GFP (GERBU;

GF090R; 1:1000), and mouse anti vimentin (Millipore; MAB3400; 1:1000). After

subsequent washing steps, incubation with fluorescent secondary antibodies in blocking

buffer was conducted for 2h at RT: donkey anti rat 488 (Invitrogen; 1:3000), donkey anti rat

Rhodamine Red™-X (Dianova; 1:3000), donkey anti goat 647 (Invitrogen; 1:3000), donkey

anti rabbit 568 (Invitrogen; 1:3000), and donkey anti mouse 647 (Dianova; 1:3000). Prior to

mounting with Prolong Gold Antifade, nuclei were counterstained with DAPI (Sigma;

1:10,000). Microscopy was performed using an Axio Imager.M2 fluorescence microscope

with ApoTome technology (Carl Zeiss) and the AxioVision Software. Cell counting was

performed semi-automatically using the AutMess module for AxioVision.

Analysis of morphology

In order to analyze morphology, a total of 50 cells per condition derived from two different

OPC preparations and transductions was subjected to Scholl analysis as previously described

(Barateiro et al., 2013). Briefly, primary processes of GFP/Olig2-positive cells after 2 days

of differentiation were outlined in accordance to vimentin expression using the NeuronJ

plugin for ImageJ. Scholl analysis was performed by adopting the following parameters:

start radius 4μm, step size 4μm, end radius 80μm.

Protein isolation and Western blotting

For Western blotting, total protein of primary cultures was extracted using

radioimmunoprecipitation assay buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, protease

inhibitor cocktail (Roche), 1% NP-40, 0.1% SDS, 0.5% S-DOC). Protein concentrations

were determined using BCA protein assay kit (Thermo Scientific) prior to loading 7.5μg of

total protein on 4–12% bis-tris gels (Invitrogen). Proteins were blotted on polyvinylidene

fluoride membranes optimized for fluorescence detection systems (Millipore). After

blocking for 1h in 1% bovine serum albumin diluted in PBS-T (PBS supplemented with

0.1% Tween-20), membranes were probed with primary antibodies overnight at 4°C: rat anti

MBP (AbD serotec; MCA409S; 1:500), goat anti PDGFRα (R&D systems; AF1062; 1:250),

mouse anti CNPase (clone 11-5B; Millipore; MAB326; 1:1000), rat anti h-aSyn (15G7;

ENZO; ALX-804-258; 1:30), rabbit anti GFP (E385; Abcam; ab32146; 1:1000), mouse anti

h-aSyn (Syn211; Thermo Scientific; MA1-12874; 1:500), and mouse anti GAPDH

(Millipore; MAB374; 1:100,000). Consecutively, membranes were incubated with

fluorescence-conjugated secondary antibodies: donkey anti rat 488 (Invitrogen; 1:3000),
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donkey anti goat 568 (Invitrogen; 1:3000), and donkey anti mouse 647 (Dianova; 1:3000).

Signal capture was conducted using a Fusion FX7 detection system (PeqLab). Densitometric

quantifications were performed using the Bio1D software (Vilber Lourmat) by normalizing

signals to GAPDH expression.

Real time polymerase chain reaction (RT-PCR)

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) following manufacturer’s

instructions. Briefly, cells were homogenized in 350μl RLT buffer supplemented with 0.1 M

2-mercaptoethanol. Genomic DNA was removed by subjecting lysates to gDNA elimination

columns prior loading on silica gel membrane columns to extract total RNA. After

sequential washing steps, RNA was eluted using deionized, RNase-free water. RNA

concentration was determined by spectometry using Nano-Drop technology (PeqLab).

Reverse transcription of total RNA was performed using GoScript™ Reverse Transcription

System (Promega) following the kit’s manual for first-strand cDNA synthesis. Random

primers were annealed to 50ng of total RNA. RT-PCRs were conducted on a Light Cycler

480 system (Roche) with the SSO Fast EvaGreen Supermix (Biorad) using the volume

corresponding to 150pg of the input RNA. Expression levels of target genes were

normalized to GAPDH expression. The following sequences were used as primers: gapdh

forward (5′-CACAGTCAAGGC-TGAGAATGGGAAG-3′) and gapdh reverse (5′-

GTGGTTCACACCCATCACAAACATG-3′); pdgfra forward (5′-

CTGCACCAAGTCAGGCCCCA-3′) and pdgfra reverse (5′-

ATAGGAGGCCGGCCGATCGT-3′); cnpase forward (5′-GCCCAACAGGATGTGG-

TGAGGAG-3′) and cnpase reverse (5′-CTTCCGGCTGCCGTGTACGG-3′); mbp forward

(5′-ACTACGGCTCCCTGCCCCAG-3′) and mbp reverse (5′-GGGATGGAGGGGGTGT-

ACGAGG-3′); gfp forward (5′-CACTACCTGAGCACCCAGTC-3′) and gfp reverse (5′-

TTGTACAGCTCGTCCATGCC-3′). Primers specific for h-aSyn were described elsewhere

(Ebrahimi-Fakhari et al., 2011).

Data analysis

Graphical and statistical data analyses were performed using GraphPad Prism® 5.0

(GraphPad Software). Data are presented as mean ± standard error of mean (SEM). Statistics

were conducted on the basis of either ANOVA (in the case of the Scholl analysis and

MBP/h-aSyn ratio comparison), two-tailed student’s t-test or one sample t-test when

reference values were fixed and considered to be significantly different when p-values were

lower than 0.05 (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Abbreviations

act-Casp3 activated Caspase3

aSyn alpha-synuclein

CG4 central glia-4

CNPase 2′,3′-cyclic-nucleotide-phosphodiesterase

CNS central nervous system

DLB Dementia with Lewy bodies

EF1α elongation factor 1-alpha

ES embryonic stem

FCS fetal calf serum

GCI glial cytoplasmic inclusion

GF growth factor

GFP green fluorescent protein

h-aSyn human alpha-synuclein

IRES internal ribosomal entry site

MBP myelin basic protein

MC medium change

MOI multiplicity of infection

MS multiple sclerosis

MSA multiple system atrophy

MSA-P multiple system atrophy with predominant parkinsonism

OPC oligodendrocyte progenitor cell

PD Parkinson’s disease

PDGFRα platelet derived growth factor receptor-alpha

rh-aSyn recombinant human wildtype alpha-synuclein

RT-PCR real-time PCR

TD transduction
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Fig. 1. Monitoring maturation of primary OPCs
(A) Experimental paradigm to analyze differentiation of primary OPCs. Maturation of

primary OPCs was assessed after 2, 4, and 6 days of differentiation. MC = medium change.

(B) Immunocytochemical evaluation (n=3) reveals decreasing numbers of PDGFRα-positive

oligodendrocyte precursors (light blue) paralleled by increasing numbers of MBP-positive

mature oligodendrocytes (red) during differentiation. Note the advanced maturated

morphology of oligodendrocytes with enlarged plasma membranes at day 6 of

differentiation (insert). Scale bars: 50μm. (C) mRNA expression profile of oligodendrocytic

markers (n=4) confirms progressive maturation of primary oligodendrocytes within 6 days

of differentiation. (D) Western blot analysis (n=5) shows the temporal dynamic of

oligodendrocyte maturation. Quantification of protein expression patterns reveals a decline

in PDGFRα expression while myelin gene expression (CNPase, MBP) increases during

differentiation. Analysis of GAPDH expression serves as loading control.
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Fig. 2. Lentiviral transduction of primary OPCs
(A) Experimental paradigm to assess the effect of lentivirally expressed h-aSyn on primary

OPC maturation. One day after seeding, transduction (TD) was performed. After another

day, differentiation was started. MC = medium change. (B) Representative pictures taken at

day 2 of differentiation for the immunocytochemical evaluation of OPC purity and survival

as well as lentiviral transduction efficiency. Notice the absence of h-aSyn immunoreactivity

(red) in mock as well as CTRL transduced cultures and the completely overlapping

expression of GFP (green) and h-aSyn in SYN transduced cells. Note that most DAPI-
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positive cells (blue) express the oligodendrocyte lineage marker Olig2 (magenta). Scale bar:

50μm. (C) Determination of lentiviral transduction efficiency as percentage of GFP-positive

cells of total DAPI-positive cells (n=3). Both lentiviruses result in a high and comparable

number of transduced cells (total means: CTRL 72.9%, SYN 65.6%). (D) Quantification of

culture purity illustrated as the percentage of Olig2-positive cells of total DAPI-positive

cells (n=3). The number of Olig2-positive cells changes neither during differentiation nor by

comparing non-transduced and transduced cultures (total means: mock 68.2%, CTRL

68.1%, SYN 70.1%). (E) Immunocytochemistry (n=3) confirms the absence of an increased

apoptotic profile in SYN compared to CTRL transduced oligodendrocytes. Arrows in

representative pictures taken at day 2 of differentiation depict apoptotic Olig2-positive cells

expressing activated Caspase 3 (act-Casp3). Quantification reveals ≤10% act-Casp3-positive

oligodendrocytes during differentiation of both CTRL and SYN transduced

oligodendrocytes. Scale bar = 50μm.
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Fig. 3. Morphological alterations of h-aSyn expressing OPCs
(A) Illustration of Scholl analysis performed to compare the number and length of processes

between SYN and CTRL transduced OPCs on the basis of vimentin-positive primary

processes. Scale bar: 20μm. (B) Numbers of primary processes are significantly reduced in

h-aSyn expressing oligodendrocytes (SYN) compared to controls (CTRL) on day 2 of

differentiation. (C) Scholl analysis of 50 GFP/Olig2-positive cells after 2 days of

differentiation reveals that h-aSyn expressing oligodendrocytes (SYN) exhibit significant

fewer primary processes intersecting Scholl radii between 20 and 36μm compared to

controls (CTRL).
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Fig. 4. Impaired maturation of h-aSyn expressing OPCs
(A) Representative pictures of oligodendrocytes (identified by Olig2 expression) at day 4 of

differentiation. Note that CTRL transduced oligodendrocytes already show MBP expression

(white arrows) whereas the SYN transduced cells do not (orange arrows). Scale bar: 20 μm.

(B) mRNA expression profile (n=4) of oligodendrocyte maturation markers for h-aSyn and

GFP expressing cultures (SYN) relative to solely GFP expressing controls (CTRL).

Significantly lower levels of myelin gene transcripts (CNPase, MBP) are detected in h-aSyn

expressing cells at day 2 and day 4 of differentiation. The difference in myelin gene

expression is not present at day 6. (C) Western blots (n=5) comparing expression of

progenitor and maturation markers between SYN and CTRL oligodendrocytes.

Densitometric analysis reveals significantly increased levels of the progenitor marker

PDGFRα in h-aSyn expressing cells reaching the highest difference at day 6. Note the

severely reduced levels of the myelin proteins CNPase and MBP in h-aSyn expressing

oligodendrocytes at day 2 and day 4, however not present at day 6.
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Fig. 5. Temporal dynamics of GFP and h-aSyn expression in lentivirally transduced OPCs
(A) Representative Western blot showing GFP and h-aSyn protein levels in lentivirally

transduced primary OPCs. (B) Quantification of GFP as well as h-aSyn mRNA (n=4) and

protein (n=4) expression reveals significant declined GFP mRNA levels during

differentiation of both CTRL (left panel) and SYN (mid panel) transduced OPCs while GFP

protein is not significantly altered. H-aSyn expression in SYN transduced OPCs (right

panel) significantly declines both on the mRNA (day 4, day 6) and protein (day 6) level

during differentiation.
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Fig. 6. Impaired maturation of primary OPCs upon uptake of rh-aSyn
(A) Experimental paradigm to assess the effect of rh-aSyn on primary OPC maturation.

OPCs were exposed to 1μM rh-aSyn 2 days after seeding prior to differentiation for

additional 6 days. MC = medium change. (B) Western blot of primary OPCs lyzed at 0, 30,

60, 120, and 360 minutes upon rh-aSyn administration. Densitometry reveals that primary

OPCs take up rh-aSyn in a time dependent manner. (C) Immunocytochemistry demonstrates

the presence of intracellular rh-aSyn (green) in PDGFRα-positive primary OPCs (red) at day

2 upon exposure to rh-aSyn. Three-dimensional analysis using the z-stack module

(AxioVision, ZEISS) verifies the presence of intracellular rh-aSyn rather than membranous

attached rh-aSyn (merged picture). Note that bipolar PDGFRαhigh OPCs show h-aSyn

immunoreactivity in the perinuclear cytoplasm (white arrow) as well as in processes (white

arrowheads) whereas multipolar PDGFRαlow oligodendrocyte precursors only exhibit
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perinuclear h-aSyn signals (orange arrow). Scale bar: 20μm. (D) Representative Western

blots (n=3) of whole cell lysates show a decline of the intracellular h-aSyn level within the

course of differentiation. (E) Representative Western blot (n=3) of primary oligodendrocytes

differentiated for 2, 4, and 6 days in the presence of rh-aSyn (1μM) shows the MBP

expression pattern. Densitometric analysis reveals a significant reduction in MBP levels

restricted to early stages (day 2 and day 4) of oligodendrocyte differentiation upon exposure

to rh-aSyn.
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Fig. 7. Inverse dynamics of MBP expression and intracellular h-aSyn levels
(A) Intracellular levels of h-aSyn (normalized to h-aSyn signal at day 2 of differentiation)

and fold change of MBP expression (compared to control conditions, i.e. to CTRL

transduced cultures or without rh-aSyn exposure, respectively) are blotted. MBP expression

increases in parallel with declining levels of intracellular h-aSyn using both approaches. (B)

Proposed model for the effect of intracellular h-aSyn on the differentiation potential of

OPCs. In presence of high h-aSyn levels, maturation towards high MBP-expressing pre-

myelinating oligodendrocytes is impaired. After the intracellular h-aSyn level declines, the

maturation potential is restored.
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