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Abstract

Background/Aims: Alpha synuclein (aSN) is a widely distributed protein in vertebrates
whose physiological significance in many tissues remains unclear, being a key protein present
in neurodegenerative disease such as Parkinson’s Disease, Lewy Body Dementia, and in
Sporadic-Inclusion Body Myositis. We search for oSN in skeletal muscle (SM) and neuronal
plasma membrane isolated from brain (BR) from young and old rats. Methods: In isolated
Sarcolemma from SM and from myelin-free neuronal plasma membrane isolated from BR,
we determine by Western blot with anti-aSN (2B2D1) and anti-P-aSN (EP1536Y) the aSN
membrane distribution, and the SM oSN intra and extracellular localization. Results: In SM
and BR, oSN is present in cytosol (CYT) as monomer and oligomer structures mainly tetramers
(TM) and in plasma membranes as oligomers (TM and PM). All aSN oligomers were localized
in non-lipid rafts and their distribution was unaffected by cholesterol-depletion with Methyl-
B-Cyclodextrin. Membranes with natively high cholesterol content such as Transverse Tubules
in SM and myelin in BR, reduce the presence of aSN. Under the same experimental conditions,
aged SM and BR plasma membranes show =2 folds more aSN. In SM, aSN is extruded without
cell damage in young and old rats. Conclusion: We conclude that oligomeric aSN are regularly
present in SM and BR plasma membranes of healthy young and old rats. Interestingly, low-
cholesterol content membranes promote aSN interaction. SM, the largest tissue in vertebrate
body is a source of aSN and may contribute to the presence of aSN in extracellular fluids.

© 2022 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Alpha synuclein (aSN) is a vertebrate specific protein with no identified invertebrate or
prokaryotic homologue [1]. It has received significant scientific attention due its presence in
pathological intra and extracellular aggregate structures in Parkinson’s Disease (PD), Lewy
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Body Dementia, and in Sporadic-Inclusion Body Myositis [2] among other neurodegenerative
diseases [3, 4]. When present in the cytoplasm, the 140 aa residues soluble protein has a
natively unfolded structure and is comprised of three domains; the N-terminal (aa 1-60)
positively charged domain which contains a highly conserved -KTKEGV- motif, known to
be involved in membrane binding capacity; the hydrophobic non-amyloid 8 component
region (aa 61-95), and the negatively charged C-terminal (aa 96-140) region, susceptible to
post-translational changes such as phosphorylation of serine S129 [5]. Various studies have
shown aSN acquires secondary structure in the form of a-helix in the presence of lipids [6-8].
In biological membranes, aSN is present as stable homo-oligomers of different sizes [9, 10].
Although a cytoplasmic protein, aSN is found in a variety of intracellular membranes such as
the membranes from endoplasmicreticulum [11, 12], Golgi apparatus [12], mitochondria[12,
13], lysosomes [14], synaptic vesicles [15], nuclei [12, 16] and in plasma membrane isolated
from diverse cell cultures and tissues [17-19]. In Addition to its intracellular distribution,
oSN has been observed in the extracellular fluids [20], and is secreted to the external
environment, like proteins of the 14-3-3 family such as the tau protein, by normal healthy
cells [21, 22]. aSN contains sequence homology that relates it with the 14-3-3 protein family
which are ubiquitous cytoplasmic chaperones that mediate signal transduction by binding to
phosphoserine-containing proteins [23].

A general physiological role of aSN has not yet been clearly defined. Due to its widespread
protein interactions and presence in specific signalling pathways, as a monomer it has been
associated with multiple physiological functions. In the Central Nervous System (CNS) aSN
is synthesized by neurons and glia [24, 25]. In brain (BR) homogenates, a direct interaction
between aSN and tyrosine hydroxylase (TH), the rate-limiting enzyme in the synthesis of
catecholamines and melanin, has been shown [26]. This interaction inhibits TH activity in
a dose-dependent manner thereby regulating the synthesis of dopamine in the substantia
nigra pars compacta [27], noradrenaline in the locus coeruleus [28], and adrenaline in the
adrenal glands [29]. The physiological consequences of a decrement in catecholamines and
melanin synthesis are present in the symptomatology of PD and Lewy Body Dementia [30].
Several other studies show multimeric membrane-bound oSN is a triggering factor in the
assembly of the SNARE protein complex, where aSN primarily interacts with Synaptobrevin,
amembrane protein presentin the storage neurotransmitter vesicle [10]. Interaction of these
proteins on the neurotransmitter vesicle leads to binding of the presynaptic membrane,
promoting the fusion and release of neurotransmitters. Interestingly, deletion of aSN in mice
does not have negative implications for normal CNS activity or survival [31].

Skeletal muscle (SM) accounts for 40% of vertebrate body weight and is therefore the
most abundant excitable tissue in the body. The aSN gene, mRNA and protein has been
detected in SM [32-34]. In human SM, it has also been detected to be part of the inclusion
bodies in the progressive muscle disorder Inclusion-Body Myositis [2]. However, its exact
role in muscle function has not been systematically studied. Recently, it has been shown to
participate in the traffic of GLUT4 transporter vesicles to the plasma membrane, independent
of insulin stimulation [34]. Additionally, when treated with recombinant aSN, SM and pre-
adipocytes in culture have increased glucose transport inside the cell through the LPAR2/
GAB1/P13K/Akt route, an insulin-independent pathway [35]. In SM and BR, there is a clear
involvement of aSN with the plasma membrane.

Ageing is part of normal physiological development of most animals, characterised by
deterioration in physiological functions and metabolic processes, as well as an important
factor that increases the risk of neurodegenerative diseases in humans. During normal
aging, post-mitotic tissues such as SM and BR have been associated with a progressive loss
in cell numbers. The progressive effect of aging, mainly on SM is a fundamental feature to
understand the frailty observed in old animals.

The association between aSN in SM and BR during normal aging remains to be evaluated,
in particular, the distribution and interaction in surface membranes. Understanding the
interaction of aSN with lipid membranes and the conformational properties of its bound
state in vivo can help identify what promotes transition from physiological to pathological

383



Cellular Physiology Cell Physiol Biochem 2022;56:382-400

. . DOI: 10.33594/000000558 © 2022 The Author(s). Published by
and BIOChemIStry Published online: 25 August 2022 |Cell Physiol Biochem Press GmbH&Co. KG

Ramirez-Soto et al.: Skeletal Muscle: A Source of Extracellular a-Synuclein during Aging

condition during aging in some individuals. In the present study, we investigate in isolated
plasma membranes from SM and BR of young and old rats the presence and membrane
distribution of aSN to determine whether aSN belongs to a group of proteins that are
naturally overexpressed during aging. Furthermore, we studied the contribution of SM
towards extracellular aSN that may be of relevance to aSN presence in body fluids.

Materials and Methods

Animals

All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources of the United States as approved in Mexico by
the Ethics Committee of the School of Medicine of the National Autonomous University of Mexico (UNAM)
(NOM-062-Z001999).

Male Wistar rats 3 and 24 months old, considered to be young and old, were euthanized by cervical
dislocation and fast skeletal muscle and brain were isolated at room temperature.

Isolation of Skeletal Muscle membrane fractions

Isolation of Skeletal Muscle Cytosol and Sarcolemma. The Sarcolemma was obtained from fast skeletal
muscle (forelimbs, hind limbs, and back muscles) by differential centrifugation and a discontinuous sucrose
gradient as previously described [36]. Briefly, for one isolation, cleaned muscle obtained from 4 rats were
homogenized with a polytron for 10 seconds in a solution containing in mM: 20 Tris-malate and 100 KCl,
pH 7.0, followed by a 10 second rest; this procedure was repeated two times. The homogenate was
centrifuged at 12,000 x g for 20 min at 4°C. The supernatant was collected and filtered through four layers
of gauze. The filtered supernatant was then centrifuged at 140,000 x g for 40 min at 4°C. Some of the
supernatant was retrieved and stored as skeletal muscle cytosol (CYT) and tested to be devoid of Flotillin-2.

Solid KCI was added to a final concentration of 0.6 M to the remaining supernatant and the sample was
incubated for 1 h with continuous stirring on ice. The homogenate was then centrifuged at 140,000 x g for
40 min at 4°C. The precipitated fraction was suspended in a solution containing in mM: 20 Tris-malate and
100 KCl, pH 7.0 (Buffer A), to eliminate excess KCl. the collected precipitated fraction was suspended in a
solution containing 20 mM Tris-malate and 250 mM sucrose, pH 7.0, transferred to a sucrose gradient of
23%, 26%, 29% and 35% w/v and centrifuged at 75,000 g for 16 h at 4°C. The 23/26% interphase has been
proven to correspond to the Sarcolemma fraction (SL), enriched in -dystroglycan and low dihydropyridine
receptor content as determined by [36]. Each fraction in the gradient was collected separately and
suspended in Buffer A and centrifuged at 140 000 x g for 40 min at 4°C. The precipitated membranes from
each interphase were collected and suspended in 500 pL of Buffer A, and stored at -20°C to further test for
purification.

The protein concentration was determined with the Coomassie Plus Protein Assay Reagent (Pierce,
Rockford, IL, USA) with BSA as the standard.

Isolation of transverse tubules membranes. Microsomes of SM homogenate were obtained by differential
centrifugation as described in section 2.2.1, and placed on a discontinuous sucrose gradient of 25, 27.5, 30,
and 35% (w/v) and centrifuged at 75,000 x g for 16 h. The membranes isolated from the sucrose gradient
at the 25/27.5% interphase corresponded to the transverse tubule (TT) as previously characterized in rat
SM [37].

Isolation of Brain Cytosol, Myelin and myelin-free brain cell membranes (BNm)

Whole brain plasma membranes and CYT were isolated using a modified protocol [38] first described
by [39]. Briefly, male Wistar rats weighing 240 to 280 g were euthanized by cervical dislocation. For one
isolation, fresh or frozen brains obtained from 4 rats were first minced and then homogenized with a
glass-Teflon homogenizer by hand with 20 strokes in 15 mM Tris-HCl, 320 mM sucrose buffer, pH 7.8 and
centrifuged three times to discard nuclei and other debris at 3000 x g for 10 min at 4°C. A fraction of the
collected supernatants was combined and centrifuged at 140,000 x g for 40 minutes at 4 °C to obtain CYT.
The supernatant was retrieved and tested to be devoid of Flotillin-2 and stored as brain CYT.
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Remaining supernatants were layered over an 850 mM, Tris-HCl 15mM, pH 7.8 sucrose cushion and
centrifuged for 1 h, 70,000 x g, at 4°C. The interphase cloud between 320 mM and 850 mM sucrose buffers
corresponds to myelin which has been proven to be enriched in two of the main myelin protein markers:
myelin binding protein and proteolipid and was stored [38]. To eliminate mitochondria and possible residual
myelin for further myelin-free brain plasma membrane (BNm), the remaining sample was centrifuged for
30 min at 20,000 x g, 4 °C. The supernatant was recovered and centrifuged at 100,000 x g, 4 °C, for 1 h to
sediment the BNm.

Isolation of detergent-resistant membrane (DRM)

DRM were isolated as previously described [40]. Briefly, aliquots of 0.1 mg/ml isolated SL or BNm were
incubated for 30 min with a solution containing 1% Triton X-100 on ice. After incubation, the membranes
were gently mixed with an equal volume of 80% sucrose (w/v) to give a final sucrose concentration of
40% and placed at the bottom of an ultracentrifuge tube. The membranes were overlaid with 2.5 ml 30
% sucrose, followed by 1 ml 5 % sucrose and centrifugation at 200,000 xg for 18 hr. Nine 0.5-ml fractions
(excluding the pellet) were collected from the top of the gradient where fraction 1 corresponds to the top of
the tube and fraction 9 the bottom. The protein was suspended in an equal volume for each fraction, and the
protein content was analysed by SDS-PAGE and immunoblotting under reducing conditions.

Plasma membrane cholesterol depletion

To study the effect cholesterol removal has on «SN membrane distribution, isolated SL or BNm was
incubated for 1 h at 37 °C with 30 mM Methyl-B-cyclodextrin (MBCD, Sigma-Aldrich) with agitation. The
membrane was then washed with a PBS buffer, pH 7.0, centrifuged at 100,000 x g, 4 °C for 1 h, and underwent
the DRM isolation protocol as described in section 2.4.

Immunoblots and densitometry

Fraction samples were separated by 10% SDS-PAGE on a 10% polyacrylamide gel and transferred to a
nitrocellulose membrane. After transfer, nitrocellulose membranes were either used directly or fixed with
0.5% paraformaldehyde in PBS buffer and incubated for 30 min (in any case there was no difference and finally
used without paraformaldehyde). Membranes or recombinant aSN protein (abcam 51189) for Western blot
or dot blot were blocked for at least 40 minutes with 5% nonfat dry milk (Bio-Rad) and incubated with the
corresponding antibody or toxin. Anti- aSN primary antibody (1:500, 2B2D1, sc-53955, monoclonal, Santa
Cruz), Flotillin-2 (1:1000, B-6, sc-28320, monoclonal, Santa Cruz), anti-aSN (Phospho-5129) (1:1000, ab-
51253, monoclonal, abcam), Transferrin receptor (1:1000, H68.4, ab-269513, monoclonal, abcam), GAPDH
antibody [GT239] Gene Tex (1:1000), Peroxidase conjugated cholera toxin B subunit (1:50,000, C3741,
Sigma Aldrich). After washing and incubation with the corresponding peroxidase-labelled secondary
antibody AffiniPure Goat Anti-Mouse (115-035-003, Jackson Immunoresearch), blots were developed using
the C-DiGit Blot scanner (LI-COR Biosciences). Densitometry analysis of Western blots were performed by
using the Image studio software (Li-COR Biosciences). The same amount of area was defined as antibody
response for each of the different blots and used the same area for bands located on the same Western blot.
Densitometry values (0.D.) of bands were corrected for background by subtracting the non-reactive part of
the membrane for that blot.

All SDS-PAGE were loaded using the same protein concentration. Equal protein loading was confirmed
by Ponceau-S staining of the membranes. The 0.D. values for every protocol used are expressed as means *
standard deviation (SD).

Intact muscle experiments

Isolation of Extensor digitorum longus muscle. Male Wistar rats weighing 280-300 g of 3-months old
and male Wistar rats weighing 550-600 g of 24-months old, were euthanized by cervical dislocation, and
the EDL muscles were isolated at room temperature. The isolated muscle was placed into an acrylic chamber
that was equipped with platinum electrodes along each side of the chamber wall to allow contact with the
Krebs solution as previously described [41]. Briefly, we used Krebs solution containing in mM: 135 NacCl, 5
KCl, 1 MgCl2, 2.5 CaCl2, 11 dextrose, 1 NaP04 dibasic, and 15 NaHCO3 and a gas mixture of 95% 02 and 5%
CO2 toreach a pH of 7.0. Isolated EDL muscle was fastened by its distal tendon to forceps and by its proximal
tendon to a force transducer (FT-03, Grass Medical Instruments, RI, USA). The platinum electrodes were
connected in parallel to two stimulators (S88, Grass Medical Instruments, RI, USA).
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EDL muscle incubation medium to detect aSN. EDL muscle placed in the experimental chamber was
kept in Krebs solution, the incubation medium was collected before the first stimulation protocol and after
3 hincubation and stored the incubation solution as extracellular media isolated from skeletal muscle. EDL
muscle from young and old rats were examined for viability by mechanical stimulation time zero and after
the 3 h incubation. The incubation medium was used to detect a-SN by Western blot analysis.

EDL muscle stimulation protocol. Single twitch (ST) of 0.6 ms were used to reach the voltage for maximal
tension. To obtain the optimal sarcomere length (2.4 pm), the muscles were stretched to the length at which
the twitch force was maximal. The muscles were stretched to the optimum length at which the three ST force
was maximal (1 Hz and 100 V), followed by tetanic stimulations (T1 to T5) of 75 Hz for 3 s at 90 V followed
by 2 min rest. At the end of the protocol, the muscle was rested for 10 min before new stimulation was

applied to probe for muscle force recovery after fatigue (R).
All values for every protocol used are expressed as means * standard deviation.

Results

Presence of aSN in Skeletal muscle and

Brain cytosol and plasma membrane

In Fig. 1A, to confirm whether the
separation of the CYT and membranes in
BR and SM was performed accurately, we
evaluated by western blot the membrane
marker protein flotillin which was absent
in the CYT of SM and BR, meaning that
there was no membranes contamination,
whereas its presence is detected in the
isolated SL and BNm. Fig. 1B shows a
representative western blot and the
statistical representation of aSN content
in CYT and SL. In SL, aSN signal was two
times more when compared to the aSN in
the CYT with equal mg of protein is loaded.
In SM aSN is detected as a monomer and
oligomers mainly tetramer (TM) and
pentamer (PM), where the PM structure is
mainly found in SL and the monomer in CYT.
The recombinant aSN was used as standard
to confirm aSN recognition. Considering
the presence of aSN in BR from normal rats,
Fig. 1C shows a representative western blot
and the statistical representation of aSN
content in CYT and BNm. In BNm, aSN is
present in similar proportions to the CYT
with equal mg of protein loaded. However,
in BR CYT, aSN exists as a monomer and
TM. In BNm aSN is detected as TM and PM.
Because aSN can exist as a phosphorylated
protein (P-aSN), we investigated whether
P-aSN exists in normal SM and BR CYT and
membranes using the antibody against
P-aSN129 (EP1536Y).

Fig. 1. Expression of aSN in cytosol and cellular
membrane isolated from young rat SM and BR. A)
anti-Flotillin expression in CYT (from SM and BR),
SL and BNm. B) Representative Western blot of SM
aSN distribution in CYT and SL and recombinant
aSN (Rec- aSN). Statistical analysis of optical den-
sity (OD) of aSN monomer (MN, 14KDa); tetramer
(TM, 55KDa) and pentamer (PM, 70KDa) structures
present in CYT (closed bars +SD) and SL (open bars
+SD), n=4. C) Representative Western blot of BR
aSN distribution in CYT and BNm and recombinant
aSN (Rec- aSN). Statistical analysis of optical den-
sity (OD) of aSN MN, TM and PM structures present
in CYT (close bars +SD) and BNm (open bars #SD),
equal mg protein loaded (n=4).
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Presence of P-aSN in Skeletal muscle and

Brain cytosol and plasma membrane

Fig. 2A shows a representative western
blot and the statistical representation of
P-aSN content in CYT and SL. In CYT, the
monomer and TM structure of P-aSN were
present, while TM and PM structures were
present in SL. The amount of total P-aSN
in CYT was similar to the total amount of
P-aSN observed in SL, equal protein loaded.
Contribution of each individual structural
form of P-aSN was calculated; the P-aSN
monomer comprises 34%, while the P-aSN
TM corresponds to the remaining 66% of
P-aSN in CYT. In SL the P-aSN TM comprises
53%, while the P-aSN PM corresponds to
the remaining 47% of P-aSN detected.

In BR, Fig. 2B corresponds to a
representative western blot and the
statistical representation of P-aSN content
in CYT and BNm with equal protein loaded.
Inbrain P-aSN monomer was mainly present
in CYT which accounts for 58%, while the
TM P-aSN corresponds to the remaining
42%.In BNm the P-aSN TM comprises 84%,
while the P-aSN PM corresponds to the
remaining 16%. Thus, our results show that
aSN, along with the P-aSN, were present
in CYT, SL and BNm in normal rats. Since
aSN oligomers were a part of an isolated
membrane of healthy rats, we determined
if aSN remains present in isolated plasma
membranes from old rats.

Fig. 2. Phosphorylated aSN (P-aSN) expression in
cytosol and plasma membranes of skeletal muscle
and Brain. Representative Western blot of P-aSN in
SM fractions, cytosol (CYT), Sarcolemma (SL). A)
Statistical analysis of optical density (OD) of P-aSN
monomer (MN, 14KD); tetramer (TM, 55KDa) and
pentamer (PM, 70KDa) structures present in CYT
(closed bars +SD) and SL (open bars +SD), n=4. B)
Representative Western blot of P-aSN in Brain frac-
tions, CYT and free myelin brain cell membrane
(BNm). Statistical analysis of optical density (OD)
of P-aSN MN, TM and PM structures present in CYT
(closed bars +SD) and BNm (open bars, +SD), equal
mg protein loaded (n=4).

Comparative aSN expression in isolated

Sarcolemma and Transverse tubule membranes of skeletal muscle

Fig. 3 shows a representative western blot of aSN and statistical representation of the
immunoblot density of young and old SL (Fig. 3A) and TT membranes (Fig. 3B) isolated
from SM, where aSN is mainly observed as TM and PM structures. As determined in equal
mg protein loaded, aSN expressed twofold more in old SL when compared to young SL.
Interestingly, we found that aSN is seven times lower in TT-membranes than in SL. In BR,
there are two main sources of plasma membranes, from neuron and glial cells. By isolating
the myelin fraction, we obtained the BNm and studied the presence of aSN in isolated BNm
and myelin from young and old rats.

Comparative aSN expression in isolated myelin-free brain cells plasma membranes and

isolated Myelin

Fig. 4 shows a representative western blot of aSN expressed in BNm and Myelin and
the statistical representation of the immunoblot density in young and old BNm, by equal
mg protein loaded. Inset graph corresponds to the statistical representation of the aSN
immunoblot density of Myelin obtained from young rat equal mg protein loaded. In BNm,
there was determined a similar amount of aSN TM and PM in young rat whereas in the old rat
aSN PM was double the expression with respect to the TM. Inset plot shows aSN expression
in Myelin was five-fold lower in both TM and PM structures when compared to BNm from
young rats as determined by equal mg protein loaded.
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Fig. 3. Western blot analysis of aSN expression in sar-
colemma and transverse tubules membranes isolated
from young and old rat. A) Representative Western
blot of aSN in Sarcolemma from young (YNG) and old
(OLD) rats. Statistical analysis of optical density (OD)
of aSN tetramer (TM, 55KDa) and pentamer (PM,
70KDa) structures present in YNG (closed bars +SD)
and OLD Sarcolemma (opens *SD), equal mg protein
loaded (n=5). B) Representative Western blot of aSN
in Transverse tubule membranes from YNG and OLD
rats. Statistical analysis of optical density (OD) of
aSN TM, PM structures present in YNG (closed bars)
and OLD Transverse tubule membranes (open bars),
equal mg protein loaded (n=3). GAPDH (OD) values
are similar in YNG and OLD.

Fig. 4. Western blot analysis of aSN expression in
Myelin and myelin-free brain cell plasma membranes
(BNm) from young and old rats. Left panel is a rep-
resentative Western blot of aSN in BNm from YNG
and OLD rats and aSN in Myelin from YNG rats. Right
panel is the statistical analysis of optical density (OD)
of aSN tetramer (TM, 55KDa) and pentamer (PM,
70KDa) structures present in YNG (closed bars +SD)
and OLD (open bars +SD), equal mg protein loaded
(n=6). Inset plot shows OD quantification of aSN
structures in Myelin TM and PM structures from YNG
rats, equal mg protein loaded, (n=4). GAPDH (0OD)
values are similar in YNG and OLD rats.

By separating natively high cholesterol content plasma membranes such as TT-
membranes in SM and Myelin in BR we demonstrated that aSN is poorly expressed in high
cholesterol content membranes. To determine the distribution of aSN in muscle and neural
cells, DRM from SL and BNm were isolated and characterized.

Distribution of aSN in Sarcolemma and myelin-free brain cells plasma membrane treated

with Triton X-100

Fig. 5 shows aSN distribution solely in the non-detergent resistant membrane (non-
lipid raft) fractions isolated from SL of young (Fig. 5A) and old (Fig. 5B) SM and from BNm
of young (Fig. 5C) and old (Fig. 5D) brains. In all cases, dot blot analysis of ganglioside GM1,
a lipid raft marker, was detected in the fractions 1-3 and the transferrin receptor (TfR), a
non-lipid raft protein marker was distributed mainly in the fractions 7-9 in SL and BNm. To
better visualize the distribution of aSN along the 1-9 fraction gradient, western blot analysis
of aSN shows its distribution mainly localized in the 7-9 fractions for SL (Fig. 5A) and BNm
(Fig. 5C). As observed, aSN was a non-raft protein in both SL and BNm. With respect to aSN
distribution during aging, western blot analysis of aSN showed it remains in the 7-9 fractions
for old SL (Fig. 5B) and old BNm (Fig. 5D). To prove cholesterol concentration has an effect, if
any, on aSN membrane distribution, we depleted cholesterol from the membrane.
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Fig. 5. Distribution of aSN in Sarcolemma (SL) and

Sarcolemma BNm
myelin-free brain cell plasma membranes (BNm). A YNG C YNG
Characterization by dot blot analysis of SL DRM / T Non-DRM DRM Non-DRM
non-DRM isolated from YNG (A) and OLD (B) rat; e m m gy @-9 .
GM1 (gangloside), TfR anti-transferrin receptor. | guq | ) | GM1 |¢ ® .|
Fractions (fx) 1-3 correspond to DRM, 4-9 are non-
DRM. Western blot with anti-aSN antibody in SL iso- ™" | e | TR | = _ |
lated from YNG (A) and OLD (B) rat throughoutthe | fx 1 23 ¢ 567 8 9 ik #2345 6 782
nine fractions. Characterization by dot blot analysis | sL e BNm 4
of BNm-DRM and BNm-non-DRM isolated from YNG '
(C) and OLD (D) rat brains. Western blot with anti- B oLD D oLD
aSN in BNm from YNG (C) and OLD (D) rat brains DRM  Non-DRM DRM Non-DRM
throughout nine fractions. T Y B fray e ed)
an [9 ]
e | ‘ | ™ | ° |
fx 1234567809 fXx 1 2 3 456 789
sL M BNm LR L1

Distribution of aSN in Sarcolemma and myelin-free neural cell plasma membrane from

young rats incubated with MBCD and treated with Triton X-100

Fig. 6 shows aSN was distributed in the non-raft fractions of SL (Fig. 6A) and BNm (Fig.
6B) after incubation with 30 mM MBCD. Dot blot analysis of GM1 and TfR was detectable in
the fractions 1-3 and 7-9 respectively in SL and BNm. Interestingly in both membranes, there
was no movement of aSN towards the detergent resistant membrane (lipid raft).

Extracellular aSN in incubation medium from intact functional skeletal muscle from

young rats

Since aSN levels were relatively higher in SM, when compared to BR, specifically in
plasma membranes, we determined if in isolated muscle under incubation conditions in
Krebs solution, aSN can be released to the extracellular medium. Fig. 7A shows representative
western blot and the statistical representation of the aSN structures present in extracellular
media obtained from intact SM, specifically Extensor digitorum longus (EDL) muscle. The
major aSN structures detected were TM and PM. When compared to extracellular monomer
aSN, the oligomers were twelve times more abundant. Fig. 7B is the registered tension of
EDL mechanical parameters obtained before the incubation period, shows maximal tension,
fatigue and fatigue recovery of a freshly dissected EDL muscle. Fig. 7C shows the stimulation
of muscle after the 3 h incubation to test the functionality of the EDL muscle. We observed
that after the incubation the mechanical parameters were conserved with full recovery after
fatigue, demonstrating EDL muscle was not affected after three-hour incubation and the aSN
present in the incubation medium was not the result of muscle damage.

Extracellular aSN in incubation medium from intact functional skeletal muscle from

old rats

Since aSN levels increase old SM, we determined if in isolated muscle under incubation
conditions in Krebs solution, aSN released to the extracellular medium varies with age. Fig.
8A shows representative western blot and the statistical representation of the aSN structures
present in extracellular media obtained from intact old SM, specifically Extensor digitorum
longus (EDL) muscle. The major aSN structures detected were TM and PM. When compared
to extracellular monomer aSN, the oligomers were twelve times more abundant. Fig. 8B is
the registered tension of EDL mechanical parameters obtained before the incubation period,
shows maximal tension, fatigue and fatigue recovery of a freshly dissected EDL muscle. The
maximal tension observed is half the maximal tension observed in young EDL. Fig. 8C shows
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the stimulation of muscle after the 3 h incubation to test the functionality of the EDL muscle.
Although tension decreased in average 30%, we observed that after the incubation there was
a full recovery after fatigue, indicated that EDL muscle was partially affected after three-hour
incubation. aSN present in the incubation medium is not the result of muscle damage in the

old muscle.

Fig. 6. Sarcolemma (SL) and myelin-free brain cell

plasma membranes (BNm) aSN distribution in the A sarcolemma B BN:‘NG
YNG
presence of MBCD. A) Dot-blotanalysis of DRM marker J—
GM1 and non-DRM marker Transferrin receptor DRNT aM(;D oRM
. . on- DRM _Non-DRM
(TfR) in SL treated with 30 mM MBCD. Western blot Py Tei @8 B8

with anti-aSN in SL throughout nine fractions. B) Dot- | g4 | °

blot analysis of DRM and non-DRM marker in BNm

treated with 30 mM BMCD. Western blot with anti- | TR | o | ™|

aSN in BNm throughout nine fractions.
sL

|GM1| ¢ o |

fx 1 2 3 456 789 fx1 2 3 456 7839

%4 | BNm '
(=]

Fig. 7. Extracellular aSN from extensor digitorum
longus (EDL) muscle of 3-months old rat. Isolated
muscle was incubated for 3 h in Krebs solution.
A) Representative Western blot of aSN present in
the extracellular medium (EC-aSN). Bars represent
the statistical analysis of optical density (OD) of aSN
monomer (MN, 14KDa); tetramer (TM, 55KDa) and
pentamer (PM, 70KDa) structures, equal mg protein
loaded (n=6) (+SD. B) Stimulation protocol before
EDL muscle incubation; Three single twitch (ST);
consecutive tetanic stimulation (T1 to T5) and fa-
tigue recovery (R). C) Stimulation protocol after 3 h
incubation of the same EDL muscle.
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Fig. 8. Extracellular aSN from extensor digitorum
longus (EDL) muscle of 24-months old rat. Isolated
muscle was incubated for 3 h in Krebs solution. A)
Representative Western blot of aSN present in the
extracellular medium (EC-aSN). Bars represent the
statistical analysis of optical density (OD) of aSN
monomer (MN, 14KDa); tetramer (TM, 55KDa) and
pentamer (PM, 70KDa) structures, equal mg protein
loaded (n=6) (*SD). B) Stimulation protocol before
EDL muscle incubation; consecutive tetanic stimula-
tion (T1 to T4) and fatigue recovery (R). C) Stimula-
tion protocol after 3 h incubation of the same EDL
muscle consecutive tetanic stimulation (T1 to T3)
and fatigue recovery (R).
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Discussion

Alpha-Synuclein is animportantand ubiquitous protein biomarker in neurodegenerative
diseases mainly but not unique to the PD. This protein has been labelled as a neuronal
protein, although present in several tissues, including skeletal muscle [2, 32, 33], the most
abundant tissue in vertebrates. In normal young and old rat plasma membranes isolated from
SM and BR we found; 1) aSN is present as oligomers mainly tetramers and pentamers. 2)
Phosphorylated aSN is a normal protein form in SM and BR. 3) In BR and SM, aSN oligomers
levels are higher in old rats. 4) aSN membrane distribution is in non-lipid rafts, 5) natural
high cholesterol content TT membranes in SM and Myelin in BR contains significant less
aSN. 6) Cholesterol depletion in SL and BNm with MBCD does not modify «SN membrane
distribution. 7) Extracellular aSN is detected in incubation medium from intact functional
SM.

Oligomers of a-SN in plasma membranes isolated from SM and BR tissues of normal rats

The a-SN MN is observed in cytosolic SM and BR. This soluble cytosolic form of a-SN has
been previously reported in other mammalian cell types as well [42]. In SM, the oligomeric
structures in the 70 kDa and 55 kDa band have the highest expression level. Given that the MW
of monomeric a-SN reported to be 14.515 kDa (UniProt), the detected band around 55 kDa
corresponds to the homo-TM with a-calculated MW of 58 kDa, and the band around 70 kDa
corresponds to the homo-PM of a-SN with a calculated MW of 73 kDa. This means that the most
abundant species of a-SN corresponds to the TM and PM structures in SL. However, there is a
significant difference in expression between SL and BNm, with approximately two-fold more
expression in SL. The TM structure, although mainly present in the membranes, is also found
in the CYT of both tissues. The existence of the oligomeric species of aSN in an untreated
biological system as we used in this study, place the question of whether the oligomers play
a biological function in the regulation of monomeric aSN activity as has been previously
proposed [43]. Many reports claim that aggregation of aSN into oligomers has cytotoxic
effects by altering cell membrane integrity or protein homeostasis [44]. Interestingly, in this
study we show that aSN multimers are expressed in normal, healthy young and old rats. Thus,
it is likely that a-SN multimers are not cytotoxic elements by themselves. In fact, it has been
previously demonstrated that aSN exists in the blood of healthy human as a TM structure
[45], indicating that under normal conditions aSN can exist as these oligomers without
causing harm. In addition, aSN is present during erythropoiesis and in the erythrocyte
[46, 47]. If a-SN oligomers were cytotoxic, then the presence of aSN oligomers would be
detrimental for the integrity and function of the erythrocyte. Experimental evidence against
cytotoxic pore forming aSN can be seen when aSN homo-TM are incubated with liposomes
showing no effect on the permeability for potassium, sodium and calcium [48]. Furthermore,
cell viability of neuronal tissue culture with aSN TM structure is unchanged, proving that
there are no membrane disrupting effects when applied extracellularly [48].

Phosphorylated aSN is a normal protein form in SM and BR

The role of posttranslational modifications of aSN, specifically the phosphorylation of
serine-129-site (P-aSN) in normal brain and other normal tissue continues to be controversial
and in the case of SM, unknown. Some studies have suggested that P-aSN in the brain can
act as a protective agent against neurotoxicity, since inclusion bodies in neurodegenerative
diseases such as in PD contains mainly aggregates of P-aSN [49]. Additionally, it has been
proposed that an increased number of inclusion bodies correlates with reduced toxicity,
protecting neurons from cell death [50, 51]. Conversely, several studies argue that the
abnormal elevation of P-aSN is the crucial mechanism mediating toxicity, aggregation
and pathological propagation of proteinaceous structures in neurodegenerative diseases
[52, 53]. However, there is no conclusive evidence indicating that elevated P-aSN has this
effect. For example, several neurodegenerative diseases sustain lower expression of P-aSN
in comparison with total aSN observed in the cerebro-spinal fluid of control individual
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and patients with several neurodegenerative diseases, except for PD, where the observed
increment in P-aSN detected with the anti-P-aSN, ab51253 (EP1536Y) is weak [54]. The
contradictory roles of P-aSN clearly show that the exact pathophysiological mechanisms of
P-aSN are still unclear.

In this study, we show that SM and BR CYT from control rats have similar 0.D. with equal
mg protein loaded. Because the anti-P-aSN, ab51253 has been proven to not cross react with
the non-phosphorylated form [55], this might mean that in CYT oSN exists mainly in its
phosphorylated form. However, there are evidences showing that using the same EP1536Y
but fixing nitrocellulose membrane with 4% paraformaldehyde and increasing concentration
of glutaraldehyde, aSN MN increases signal showing an increasing disparity with P-aSN
MN [56]. However, they show only the line for the MN. We detected with the EP1536Y the TM
structure in CYT, which might suggest that this oligomer is formed by the P-aSN monomer
form in CYT. Interesting to note was the absence of the PM structure in CYT, and its presence
in the membrane fractions. Due to this finding, it is likely the PM structure requires lipid
interaction to associate into this conformation in the membrane. Considering what was
mentioned in regards to the specificity of the antibodies used, in SL and BNm half of the total
aSN 0.D. from oligomeric structures observed were phosphorylated. However, we did not at
this point look for the ratio aSN/P-aSN in the presence of paraformaldehyde/glutaraldehyde
as previously done [56]. Our results show that P-aSN is part of the population of aSN protein
in SM and BR in normal healthy rats. Therefore, it is unlikely that the phosphorylation status
of aSN is solely responsible for the onset of proteinaceous aggregates. In CYT, SL and BNm
studied, P-aSN is detected as MN, TM and PM. Consequently, oligomers of P- aSN exist in
normal rats. We therefore stress the potential physiological importance of the P-aSN not
solely in BR but in SM as well, the most abundant tissue of vertebrates.

a-SN expression in Sarcolemma and Brain plasma membranes from young and old rats

Our results show that membrane a-SN expression in SM and BR increases in old
rats. Cholesterol is a lipid mainly found in plasma membranes and has several important
physiological contributions in excitable cells such as membrane integrity, cell morphology
and intercellular communication, the latter of which occurs by supporting membrane
protein clustering and exclusion of other proteins for correct function. In both SM and BR
there are membrane systems with elevated cholesterol concentration. The TT-membranes of
SM can represent up to seven times more plasma membrane than SL in SM [57]. Importantly,
SM represents close to 50% of the total mass in the adult vertebrate body, where we show
a-SN is expressed, meaning this tissue has a significant a-SN synthesis. Although this protein
has been labelled as a neuronal protein, aSN gene, mRNA and protein has been shown to be
present in several tissues, including skeletal muscle. It has been recently show the aSN gene
expression in the mayor organs of adult Xenopus with similar quantities found in brain and
muscle [32], and the expression of mRNA in C2C12 skeletal muscle culture cells [33], it also
has been reported to be an important part in the inclusion bodies of Human Inclusion-Body
Myositis [2], yet it has not been reported to be present in muscle by the Human Protein
Atlas. The aSN is a protein expressed in vertebrates being SM the most abundant tissue. In
the brain, two pools of cholesterol exist, Myelin accounting for 70% of total brain cholesterol
which is found within the white matter enveloping axons, and 30% is within the plasma
membrane of neurons that compose the grey matter. Lipidomic analysis in SM and BR shows
plasma membrane composition does not change during aging: In specific. In specific rat’s
whole-SM [58] and in bulk muscle from healthy humans, cholesterol concentration does not
alter significantly with age [59]. Similarly, in rat’s brain regions during aging, evidence shows
that the cholesterol/phospholipid ratio in several areas does not change substantially [60].
Therefore, shifts in the cholesterol content in SL and BNm may not be the factor that induces
the increment of aSN in healthy rats. Instead of having a cytotoxic effect, an increased aSN
expression in normal aging could reflect a possible protective role during aging. The fact that
TT-membranes and Myelin contain less aSN than the SL and BNm suggest that «-SN does not
partition in high cholesterol content membranes. A fact which contradicts several studies
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indicating a-SN interacts in cholesterol rich membrane regions. However, these observations
are made with recombinant a-SN in artificial membrane systems which do not recapitulate
the complexity of the biological membrane.

Distribution of a-SN into non-detergent resistant membranes from Sarcolemma and

myelin-free brain plasma membranes

In BR and SM from young and old rats, we find a-SN partitions in the non-DRM (non-
lipid rafts). In SM, TT-membranes behave like lipid rafts, since these membranes are enriched
in cholesterol, sphingomyelin and caveolin-3. As described in the previous paragraph, TT-
membranes isolated from healthy young and old rats show poor expression of aSN. It has
also been observed that Myelin which contains the largest amount of cholesterol in the brain
has a reduced expression of aSN. To the contrary of what we have observed, it has been
reported that aSN is a lipid raft located protein detected in DRM from two different cell
types; neurons isolated from mice and HeLa cells, incubated with recombinant aSN [61]. It
is important to review the images that demonstrate a-SN is a DRM protein in neurons which
co-localized with lipid raft markers [61]. Here, it is possible to observe that aSN is distributed
mainly along the non-DRM. Therefore, the conclusion that aSN is located exclusively in lipid
rafts is not an accurate interpretation of the result. Additionally, the aSN detected in the
experiments are not endogenous to the cell, the mice used to isolate brain cell membranes
are transgenic mice overexpressing wild type human aSN. It is also possible that the amount
of aSN in the membranes does not reflect what exists in a normal cell within tissues and this
fact may alter its distribution. By using a similar extraction protocol as in the present study,
detergent treated membrane fractions were obtained from HelLa cells transfected with aSN
to observe its distribution in the plasma membrane. A similar result is observed where there
is presence of aSN in most of the fractions including non-DRM. In fact, most of aSN partitions
into the non-DRM seen by band optical density and size, consequently, a-SN is not localized
in lipid rafts exclusively as described [61]. The presence of aSN in the DRM fraction seen in
this study can be due to a similar effect as seen in the case of transfected mice. Thus, the data
and interpretation claiming aSN is a lipid raft protein is not accurate in their experimental
conditions, furthermore it is not indicative of what may be occurring under physiological
tissue conditions. Our results do share the same result, using the same isolation protocol, in
non-DRM obtained from plasma membrane isolated from healthy skeletal muscle and brain,
aSN partitions in the non-DRM co-localizing with the TfR, a classical non-lipid raft marker.

Invivo studies suggest that aSN can exist embedded into the hydrophobic core of the lipid
membrane. Membrane fractions isolated from the rat brain were used to test the involvement
of electrostatic force in the interaction between aSN and a biological membrane [62]. To
do this, membrane fractions were incubated in different salt concentrations, and were then
isolated and probed for remaining aSN. This experiment showed that aSN remained bound
to membranes throughout the ionic strength range tested [62]. If aSN were a peripheral
membrane protein, the expected result would be aSN release in the supernatant. This salt-
wash experiment confirms aSN interaction with membranes is of a hydrophobic nature,
since hydrophobic interactions are not interrupted by changes in the ionic strength of the
solvent. In the isolation protocol of SL and TT-membrane, homogenized SM is incubated with
0.6 M KCI to extract and eliminate the major contractile proteins. Under these conditions,
any membrane associated protein that is bound by electrostatic forces would be displaced
from the membrane into the solvent [63]. Our results also indicate that aSN interaction with
biological membranes is mainly through hydrophobic interactions as can be observed for
other brain cell plasma membrane proteins [36]. In addition, molecular dynamic simulations
reveal that aSN can penetrate the cell membrane rapidly. Within 4ns of simulation aSN can
penetrate up to 2/3 of the membrane and within 9 ns can fully penetrate the lipid bilayer [64].
The molecular dynamic model of aSN insertion into lipid bilayer reveals that membrane
penetration promotes the incorporation of additional aSN monomers into the complex [64].
These studies provide a molecular explanation for the incorporation and multimerization
of aSN in a lipid membrane. In vitro studies with a-SN reveal the trypsin digestion with
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small unilamellar vesicles composed of phosphatidylcholine and phosphatidylserine results
in a population of partially degraded and whole aSN is observable even after 30 minutes
of trypsin digestion suggesting two things: A population of aSN remains embedded in the
membrane and another population of aSN can cross lipid membranes protein and located
inside, protected from protease activity [65].

Effect of cholesterol depletion on Sarcolemma and myelin-free brain plasma membranes

with MBCD does not modify aSN membrane distribution

The surface-acting molecule MBCD can selectively extract membrane cholesterol by
incorporating it in a nonpolar cavity of cyclic oligomers of glucopyranoside 1,4 glycosidic
binding [66]. Sarcolemma cholesterol depletion with 30 mM MBCD has been previously
shown to reduce the cholesterol content by 12% with an important effect on membrane
protein distribution related to lipid raft [36]. The same 30 mM MBCD in BNm reduced
cholesterol content by 80% [38]. The MBCD-resistant cholesterol in total plasma membrane
or in Triton X-100-isolated DRMs from isolated membranes, represents the cholesterol
tightly associated with sphingolipids forming the lipid rafts, whereas the rest of the plasma
membrane cholesterol is readily extracted by MBCD [67]. We demonstrate in this study that
depletion of cholesterol in SL and BNm, which affects lipid raft proteins distribution, [68]
does not affect aSN content and distribution outside the DRM, indicating that cholesterol
modification in the DRM does not have a substantial change to allow aSN distribution in
the lipid raft membrane fractions, these characteristics is also shared by TfR. Because of
the fact aSN is not a lipid raft protein, a-SN is hypothetically excluded from participating in
intracellular signalling [69].

Extracellular aSN is detected in the incubation medium from intact functional skeletal

muscle

Throughout the years, several studies demonstrate that when a-SN is overexpressed in
cells, there is oligomerization of a-SN, leading to proteinaceous aggregates in the cytoplasm
and ultimately cell death [70, 71]. At the membrane level, other studies demonstrate in vivo
and in silico that aSN forms oligomeric associations in the membrane, forming a pore-like
structure that disrupts the ion homeostasis in cells leading to cytotoxicity [64]. Increasing
studies seem to suggest that the oligomeric association of aSN is the initiating factor in the
development of degenerative diseases, acting as a seed that promotes the misfolding of
aSN into pathological fibre structures [72]. In the results presented in this study we show
that intact functional isolated EDL muscle incubated in Krebs solution after 3 h, shows an
important extrusion of a-SN as monomer, TM and PM structures which is higher in old EDL
muscle. The mechanical activity of the EDL muscle does not have a significant change in
force, and recovery from fatigue after the incubation protocol, meaning that the soluble a-SN
found in the Krebs solution was not due to muscle damage or death. The existence of a-SN
as extracellular multimeric complexes implies that these associations can cross SL through
the non-raft domains. Translocation of a-SN across the plasma membrane of several cell
systems has been observed previously [73]. The study shows that fluorescently tagged aSN
is transported internally into a variety of cells, including HeLa, neuronal, hematopoietic,
and Chinese hamster ovary cells [73]. A confocal analysis of the fluorescently tagged
aSN revealed that aSN begins to appear inside cells within 5 minutes of incubation. Flow
cytometric analysis of control cells and incubated with aSN incubation corroborates the
confocal microscopic observations. Since the translocation of «-SN into cells is not cell type
specific this suggests that aSN does not require a specific cell receptor for transport into
cells. Interestingly, the same study discovered that translocation into cells requires one or
more of the repeat sequence motifs located in the amino terminal of aSN [73]. The uptake
of aSN into cells was independent of receptor-mediated endocytosis. These features of
aSN prove that it is behaving as a cell penetrating protein. Combining this fact with other
Information provided by the transport of aSN, the SM as a source of extracellular aSN raises
an interesting concern specially during aging. The relevance of aging muscle is implicated
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Fig. 9. Schematic representation summarizing our findings, proposing a mechanism that involves Skeletal
Muscle as a source of extracellular aSN during aging. The panel is a representation of aSN content as a func-
tion of age (3 and 24 months old). Membrane, represents Sarcolemma aSN distribution in the non-lipid raft,
intracellular and extracellular space. Tetramer (TM) structure is present in the cytosol and in Sarcolemma,
whereas the pentamer (PM) structure is in the Sarcolemma and in the extracellular space. Monomer, is pres-
ent inside and outside the cell. Hypothetical contribution of extracellular aSN from Skeletal Muscle to Brain.

in the appearance of aSN in the extracellular environment, which become incorporated
into biological fluids, eventually reaching the blood-brain barrier. This new information is
a fact that may be worth considering further investigation in neurodegenerative diseases in
the elderly. It is established that aSN crosses the blood-brain barrier in the blood-to-brain
direction [74]. Even though the exact mechanism for aSN to cross the SL is unknown, the
transport of aSN across cell membranes is possible [73]. The SL lipid composition with age
changes to produce a more rigid and ordered plasma membrane [75], resembling the ordered
stable structure of lipid rafts. However, aSN was found outside the lipid raft meaning that
the change in fluidity does not affect aSN membrane distribution, rather the cholesterol/
sphingolipid content. Given this information, it is possible that the biophysical properties in
SL, which may not necessarily be related to cholesterol concentration change with age and
may promote the dissociation of aSN from SL to the extracellular medium. For a schematic
representation of our findings and potential implications in human pathophysiology, see
Fig. 9.

Conclusion

The equilibrium that normally exists between membrane-associated and membrane-
free a-SN during younger stages in life is shifted towards membrane-free during ageing.
Depletion of membrane cholesterol of excitable cells may interfere with aSN structure
formation and release. This could potentially increase the concentration of extracellular
aSN, which could be very significant considering the amount of muscle mass that exists in
vertebrates.
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