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Exosomes, which are small extracellular vesicles produced from various cell types,
contain a variety of molecular constituents, such as proteins, lipids, and RNA.
Recently, exosomal biomarkers have been investigated to probe the understanding
and diagnosis of neurodegenerative disorders. Previous reports have demonstrated
increased exosomal α-synuclein (α-syn) in patients with Parkinson’s disease (PD) in
comparison to healthy controls (HC). Interestingly, the cholinergic loss was revealed in the
central and peripheral nervous systems in histopathology and molecular neuroimaging.
Thereby, we simultaneously examined acetylcholinesterase (AChE) with α-syn as
exosomal markers. Exosomes were isolated from the plasma of 34 FP-CIT PET proven
patients with PD and 29 HC. Exosomal α-syn and AChE activity were quantified and
the relationship with clinical parameters was analyzed. Remarkably, exosomal AChE
activity was significantly decreased in PD compared to HC (P = 0.002). Moreover,
exosomal AChE activity in PD revealed a strong negative correlation with disease severity,
including H&Y (P = 0.007) and UPDRS part III (P = 0.047) scores. By contrast, no
significant difference in exosomal α-syn concentration was observed between groups.
These results support the occurrence of cholinergic dysfunction in PD, and they could be
implicated with disease progression, especially motor deficits. Exosomal AChE activity
with advanced exosome isolation techniques may be a reliable biomarker for the early
diagnosis and prognosis of PD.
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INTRODUCTION

One of the pathophysiological characteristics of Parkinson’s disease (PD) is the formation of Lewy
bodies in the brain (Spillantini et al., 1997), which are mainly composed of insoluble aggregated
α-synuclein (α-syn; Shults, 2006). Accordingly, α-syn has been studied extensively as a potential
biomarker and indicator of disease progression in PD and its related synucleinopathies (El-Agnaf
et al., 2003; Hong et al., 2010; Devic et al., 2011; Mollenhauer et al., 2011; Shi et al., 2011). However,
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inconsistent plasma α-syn data in PD have been reported, and the
diagnostic performance of α-syn in biofluids was still insufficient
for application in PD diagnosis (Lee et al., 2006; Li et al., 2007;
Foulds et al., 2011, 2013; Gorostidi et al., 2012; Ishii et al.,
2015; Lin et al., 2017; Shim et al., 2020). The absence of reliable
biofluidic biomarkers for PD has limited the monitoring of
disease progression or treatment response.

Recent exosome studies have presented diverse possibilities
for the etiology, diagnosis, and treatment of previously
unexplained diseases (Lin et al., 2015). Exosomes, which are small
extracellular vesicles with proteins and other components, are
communication vehicles between cells or tissues. Themechanism
of α-syn secretion via exosomes is not fully understood; however,
several studies have demonstrated the secretion of α-syn on
membrane vesicles of endocytic origin, sized 30–150 nm (Lee
et al., 2005; Emmanouilidou et al., 2010; Alvarez-Erviti et al.,
2011; Danzer et al., 2012; Tofaris, 2017). Recently, researchers
have attempted to use exosomes in diagnosing PD by isolating
them from their biofluids (Ho et al., 2014; Shi et al., 2014; Wu
et al., 2017; Cerri et al., 2018; Zhao et al., 2019; Jiang et al.,
2020; Niu et al., 2020). In particular, the levels of exosomal α-
syn isolated from the blood were higher in the patients with
PD than in the control group (Shi et al., 2014; Cerri et al.,
2018; Zhao et al., 2019; Jiang et al., 2020). Accumulated results
are required for explicit interpretations; therefore, detecting
exosomal biomarkers from biofluids may contribute to the
discovery of other potential PD biomarkers.

PD is a multifaceted and complex disorder, affecting
multiple neurotransmissions rather than a single-system
neurodegenerative disease (Braak et al., 2003; Langston, 2006).
Growing evidence has suggested an association between
degeneration of the nigrostriatal dopaminergic system and
cholinergic denervation in PD (Müller and Bohnen, 2013).
Interestingly, a study using positron emission tomography
(PET), which measured acetylcholinesterase (AChE) activity, has
reported severe cholinergic denervation in the brain of patients
with PD when compared with Alzheimer’s disease (AD; Bohnen
et al., 2003). Moreover, 11C-donepezil uptake is significantly
reduced in the peripheral organs in PD patients, indicating a
decrease in AChE in the peripheral system (Gjerløff et al., 2014;
Fedorova et al., 2017). Taken together, this suggests that AChE is
extensively associated with the pathophysiological process of PD
in the peripheral organs and the brain.

In the present study, exosomes were isolated from the
plasma samples of patients with PD and healthy controls (HC)
using ultracentrifugation. Exosomal AChE activity and α-syn
levels were measured to investigate the correlation with clinical
parameters and their biomarker potential.

MATERIALS AND METHODS

Participants
Patients with PD were recruited between May 2019 and June
2020 from the Veterans Health Service Medical Center. PD
was diagnosed based on the UK Parkinson’s Disease Society
Brain Bank criteria. All patients underwent FP-CIT PET,
were staged according to Hoehn and Yahr (H&Y) criteria,

and evaluated by the Unified Parkinson’s Disease Rating
Scale (UPDRS). Age-matched HC who had no evidence of
neurological or serious medical illnesses in their medical
history or via neurological examination were recruited. All
participants underwent brain magnetic resonance imaging
and Mini-Mental State Examination (MMSE) to evaluate
global cognitive impairments. All participants or their legal
representatives provided written informed consent. The study
protocol was approved by the Institutional Review Board of
Veterans Healthcare Medical Center (2019-05-004).

Sampling
Blood samples were collected in tubes containing EDTA to
prevent blood clotting. Plasma was separated within 4 h after
blood collection. Samples were centrifuged for 10 min at 1,500 g
to eliminate red blood cells, platelets, and cell debris. The
separated plasma was transferred to the polypropylene tube and
stored at −80◦C until analysis.

Plasma Exosome Isolation
Plasma (1 ml) was centrifuged at 20,000 g for 1 h to remove
large extracellular vesicles. The supernatant was transferred in
an ultra-centrifugation tube filled with phosphate-buffered saline
(PBS; 28348, Thermo Fisher) and ultra-centrifugated at 100,000 g
(Optima XE-90 with 90Ti rotor, Beckman Coulter) for 1.5 h to
pellet exosomes. The supernatant was discarded, and the pellets
were resuspended in PBS with phosphate (4906845001, Roche)
and protease (5892970001, Roche) inhibitors. Exosomes were
lysed by incubating with M-PER (Cat. #78501; Thermo Fisher
Scientific, Carlsbad, CA, USA), a mild detergent lysis buffer
that yields highly efficient soluble proteins in a non-denatured
state, for 30 min at 4◦C (Guix et al., 2018). BCA assay
(23227, Thermo Fisher Scientific, USA) was performed to
quantify the exosomal protein concentration, according to the
manufacturer’s instructions. The plates were read using a plate
reader (SpectraMax Plus 384; Molecular Devices, Sunnyvale, CA,
USA) at 540 nm.

Transmission Electron Microscopy
The exosomes were fixed with 4% formaldehyde in PBS for
1 h at 4◦C. Fixed samples were dropped onto formvar carbon
film-coated 150 mesh copper grids for 1 min. The filter paper
was used to remove any excess sample. The grids were negatively
stained with 2% uranyl acetate. The excess liquid was washed
using filter paper, and imaging was performed on a Hitachi
H7600 transmission electron microscope, operated at 80 kV.

Nanoparticle Tracking Analysis
Nanoparticle tracking analysis was conducted with the isolated
plasma exosomes to determine the concentration and the size
distribution of particles using a ZetaView (Particle Metrix).
The samples were diluted properly with particle-free PBS.
Videos of the light-refracting particles were recorded with
the following settings: 25◦C fixed temperature, 11 positions,
three cycles, sensitivity 80, shutter 100, 30 fps, 5 s videos/position,
three measurements. The number and size distribution were
analyzed by ZetaView Analyze 08.05.12. SP2.
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Western Blot Analysis
The isolated exosomes (∼20 µg proteins) were solubilized with
Laemmli sample buffer and heated for 5 min at 98◦C. The
proteins were separated on an SDS-PAGE gel and transferred
to a PVDF membrane. The membranes were blocked with 3%
Nonfat-dried milk bovine (Sigma, M7409) in TBST (Thermo,
#28360) for 1 h at room temperature (RT). Primary antibodies
against Alix (Cell Signalling Technology, #2171) and GM130
(Cell signaling Technology, #12480) were diluted 1:1,000 in
TBST with 3% Nonfat-dried milk bovine and incubated
overnight at 4◦C. The membranes were washed with TBST and
incubated with HRP-conjugated secondary antibodies for 1 h
at RT. The immunostained proteins were detected by applying
chemiluminescent substrate (Thermo, #34577) and imaged by
the DAVINCH-Chemi imager.

Exosomal Acetylcholinesterase Activity
Measurement
AChE activity was determined using a fluorometric
acetylcholinesterase assay kit (ab138872, Abcam). The following
procedure was performed according to the manufacturer’s
instructions. Briefly, AChE standard and samples were diluted
in assay buffer and applied to a 96-well plate in duplicate. The
reaction mixture was added to each well and incubated for 1 h at
RT. The fluorescence signal was monitored using a fluorescence
microplate reader (FLUOstar Omega; BMG Labtech Inc., Cary,
NC, USA; λex. = 490 nm, λem. = 520 nm).

Quantification of Exosomal α-Synuclein
Exosomal α-syn was measured by a commercial ELISA kit (AS-
55550-H, Anaspec) according to the manufacturer’s instructions.
Briefly, exosomal lysates were diluted in sample buffer and added
to each well in duplicate. After 4 h of incubation at RT, the
microplate was washed six times, then TMB was applied to each
well. Stop solution was added to terminate the reaction, and
the optical signal was determined at 450 nm using a microplate
reader.

Statistical Analysis
Statistical analyses were conducted using SPSS 24 (SPSS
Inc., Chicago, IL). Fisher’s exact test was used to assess
the sex difference. Student’s t- and Mann-Whitney U tests
were performed to compare the biomarker between groups.
P < 0.05 was regarded as statistically significant. Significant
correlations were assessed using Spearman’s correlation
coefficient. The receiver operating characteristic (ROC) curve
was analyzed to assess the accuracy of the diagnostic performance
by calculating the area under the curve (AUC). The cutoff value
was determined when the sum of the sensitivity and specificity
maximized the Youden index.

RESULTS

Participant Demographics and Clinical
Characteristics
Demographic characteristics and clinical features are
summarized in Table 1. No significant differences in age or

TABLE 1 | Demographics and clinical characteristics of the Parkinson’s disease
(PD) and healthy controls (HC) groups.

PD HC P-value

N of individuals 34 29 -
Age 74.2 (4.7) 73.9 (4.6) 0.816a

Sex (M/F) 30/4 24/5 0.721b

MMSE 24.7 (3.8) 25.8 (2.5) 0.232c

H&Y score (1/1.5/2/2.5) 15/8/6/5 - -
UPDRS part III 40.0 (13.1) - -
Disease duration (year) 5.1 (4.3) - -
FP-CIT PET (P/N) 34/0 0/7 0.000b

Data are presented as mean (standard deviation); aStudent’s t-test; bFisher’s Exact test;
cMann-Whitney test.

sex were found between groups; however, males were recruited
more than females due to the specificity of recruitment from
a veteran’s hospital. There was no difference in MMSE score
between groups. FP-CIT PET was performed in all patients with
PD; all patients presented with reduced dopamine transport
activity. In the HC group, seven individuals underwent FP-CIT
PET; this revealed normal dopamine transport activity.

Analysis of Plasma Exosomal Biomarkers
in Clinical Samples
Diagnostic performances were evaluated by measuring AChE
activity and α-syn levels from the isolated plasma exosomes.
Exosomes were isolated via ultracentrifugation, which was
confirmed by visualization with transmission electron
microscopy and nanoparticle tracking analysis (Figure 1A
and Supplementary Figure 1C). The estimated size of exosomes
was distributed around 140 nm by nanoparticle tracking analysis
(Figure 1B). In Western blot, exosomes were enriched in
Alix, but not in GM130 (Figure 1C). No differences in plasma
exosome size and concentration were found between PD and
HC (Supplementary Figures 1A,B). The total amount of
proteins in the isolated exosomes may vary between individuals;
therefore, total exosomal protein content was measured and
used to normalize the two biomarkers. Total exosomal protein
levels were highly correlated with the concentration of exosomes
and the exosomal AChE activity, indicating the adequacy
as a normalization factor (Supplementary Figure 2). The
concentrations of exosomal α-syn showed no difference between
groups (PD, 234.0 ± 183.2 pg/mg; HC, 219.7 ± 135.3 pg/mg;
Figure 2A). Remarkably, exosomal AChE activity was
significantly decreased in PD group (3.9 ± 1.0 mU/mg)
when compared with HC group (4.7 ± 1.0 mU/mg; P = 0.002;
Figure 2B). The ROC curve analysis revealed that exosomal
AChE activity exhibited a moderate performance for PD
diagnosis (AUC = 0.709; 95% confidence interval, 0.582–0.836;
Figure 2C). When a cutoff value of 4.05 was applied, sensitivity
and specificity were 61.8% and 79.3%, respectively.

Correlation Between Exosomal AChE
Activity and PD Progression
Next, we analyzed the correlation between exosomal AChE
activity and disease severity in patients with PD to investigate
its clinical implication. Intriguingly, exosomal AChE activity
was significantly correlated with H&Y (p = 0.007, r2 = 0.197,
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FIGURE 1 | Characteristics of the isolated exosomes by ultracentrifugation. (A) Representative transmission electron micrograph of isolated plasma exosomes
(Scale bar = 100 nm). (B) A representative plot depicting the size and concentration of exosomes. (C) Western blot of the exosomes from Parkinson’s disease (PD)
and healthy controls (HC) individuals with specific antibodies against Alix and GM130 as positive and negative controls, respectively.

FIGURE 2 | Evaluation of plasma exosomal biomarkers. Box plots of exosomal α-syn levels (A) and acetylcholinesterase (AChE) activity (B). Boxes represent the
interquartile range; the horizontal lines mean medians and the whiskers. The Student’s t-test was used for comparison of the two groups. (C) Receiver operating
characteristic (ROC) analysis of exosomal AChE activity.

ρ = −0.451) and UPDRS part III scores (p = 0.047, r2 = 0.109,
ρ = −0.342; Figures 3A,B). Disease duration tended towards
a moderate negative correlation with exosomal AChE activity
(ρ = 0.101; Figure 3C). MMSE score and the administration
of AChE inhibitors, including donepezil, galantamine, and
rivastigmine, were not significantly correlated with exosomal
AChE activity (Figures 3D,E).

DISCUSSION

In the current study, exosomal AChE activity was significantly
reduced in the PD group compared to the HC group. Moreover,
exosomal AChE activity was significantly negatively correlated
with disease severity. Previous studies have examined the
cholinergic deficits in PD via histopathology and molecular
neuroimaging. A reduced number of cholinergic neurons
was reported in the pedunculopontine nuclei of PD patients,
which was correlated with H&Y scores (Rinne et al., 2008). A
cholinergic PET study showed that patients of PD and PD with
dementia had cholinergic denervation in the medial secondary
occipital cortex (Müller and Bohnen, 2013). Additionally, the
cholinergic loss was found using 11C-donepezil PET, which

supported parasympathetic denervation in the peripheral
nervous system of PD patients (Gjerløff et al., 2014; Fedorova
et al., 2017). A significant decrease in colonic 11C-donepezil
signal in the early stages of PD might explain the increased
constipation as the first nonmotor symptom in the prodromal
phase (Fedorova et al., 2017). Taken together, these studies
demonstrate cholinergic dysfunction in the central and
peripheral nervous systems of patients with PD, which supports
the reduction in exosomal AChE activity found in this study.
Furthermore, the strong association between the decreased
exosomal AChE activity and disease severity highlights the
importance of AChE in PD pathophysiology. Exosomal AChE
activity was an insufficient single diagnostic biomarker for
PD; however, it may have the potential to further elucidate
PD pathophysiology. Despite the exosomal AChE levels had
no difference between the two groups in the preliminary
results (Supplementary Figure 3), we will keep considering the
measurement of exosomal AChE levels to improve the diagnostic
performance in the future.

The etiology of the decreased AChE activity in PD remains
obscure. One hypothesis is that the decreased production
and secretion of exosomal AChE are associated with α-syn-
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FIGURE 3 | Scatter plot of exosomal AChE activity and clinical data. Correlation between AChE activity and H&Y scores (A), UPDRS part III score (B), disease
duration (C), Mini-mental state examination (MMSE) score (D), and AChE inhibitor use (donepezil, galantamine, and rivastigmine) (E). 0 = without AChE inhibitors;
1 = with AChE inhibitors. The dashed line represents the 95% prediction interval of the regression line. ρ, Spearman’s rho. Spearman’s correlation analysis was used
to determine any statistical significance.

induced neuronal death. Moreover, α-syn aggregates interfere
with the axonal transport of protein (Chung et al., 2009;
Chu et al., 2012); therefore, exosomal AChE activity might
be decreased via related mechanisms. A different hypothesis
relating to the balance between acetylcholine (ACh) and
dopamine (DA) may explain this phenomenon (Spehlmann
and Stahl, 1976; Aosaki et al., 2010). This balance is the
main feature of motor activity control. DA deficiency in
PD pathology can trigger a severe decline in basal ganglia
circuit dynamics, leading to motor and cognitive impairment
with cholinergic system imbalance (Aosaki et al., 2010). In a
mouse PD model genetically modified for a decline in DA
levels, an imbalance between ACh and DA exacerbated motor
deficit (McKinley et al., 2019). Interestingly, administration
of a high dose of donepezil highlighted that disturbing
the balance of ACh and DA leads to medication-induced
Parkinsonism (Rangseekajee et al., 2016). In the current study,
it could be hypothesized that an imbalance between DA and
ACh via DA depletion exacerbated the decrease in AChE
activity.

In previous studies, exosomal α-syn was increased in
PD when compared with HC (Shi et al., 2014; Cerri et al.,
2018; Zhao et al., 2019; Jiang et al., 2020; Niu et al.,
2020). By contrast, other studies have shown a decrease
(Stuendl et al., 2016; Si et al., 2019) or no difference in
exosomal α-syn between PD and HC groups (Tomlinson
et al., 2015; Cao et al., 2019). These discrepancies may be
due to biofluid type or technical differences in exosome
isolation. For example, ultracentrifugation, as performed in
this study, resulted in total exosome isolation from plasma;

however, L1CAM antibody could specifically separate
neuronal-derived exosomes in other studies. Subsequently,
results may differ based on exosome origin, which suggests
different pathways and significance. Therefore, comparing
several exosome isolation techniques and subdividing them
into specific cell-derived exosomes would best elucidate
these mechanisms.

There are several limitations in the current study. First, the
cohort was recruited from a limited number of individuals;
therefore, the current study should be extended and reproduced
with a larger cohort. Second, we recruited more male than female
patients in a single center; therefore, the next study should recruit
the samples from a multicenter cohort. Third, no organ-specific
derived exosomes were extracted. Exosomes are released from
various cells, including neurons, blood cells, and epithelial cells;
therefore, priority should be given to isolating neuron-derived
exosomes to investigate AChE activity in subsequent studies.

CONCLUSION

This study demonstrated the reduced AChE activity in plasma
exosomes from patients with PD when compared with HC.
Furthermore, a significant negative correlation between AChE
activity and disease severity was observed in the PD group. These
results suggested that plasma exosomal AChE could serve as a
surrogate biomarker to monitor disease progression. Exosomal
AChE activity showed amoderate diagnostic performance, which
could be improved by applying an advanced exosome isolation
technique. Exosomes may play pivotal roles in the occurrence
and progression of PD; therefore, further studies will continue
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to elucidate the pathophysiology of PD and develop diagnostic
and therapeutic tools.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board of Veterans Healthcare
Medical Center. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

KS, SA, and MK: conceptualization. HB: data curation. MK:
funding acquisition. KS, HG, and DK: investigation. KS and
MK: project administration. D-EJ and MK: resources. YY, SK,
and SA: supervision. SA and MK: validation. KS and MK:
writing—original draft. SA: writing—review and editing. All

authors contributed to the article and approved the submitted
version.

FUNDING

This research was supported by a National Research Foundation
of Korea (NRF) grant awarded by the Korean government
(NRF-2020R1F1A1075666; NRF-2020R1A2B5B01002463 to SA)
and a VHSMedical Center research grant, South Korea (VHSMC
19041).

ACKNOWLEDGMENTS

We would like to express our gratitude to the participants for
providing the samples and their agreement to participate in this
research.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2021.6654
00/full#supplementary-material.

REFERENCES

Alvarez-Erviti, L., Seow, Y., Schapira, A. H., Gardiner, C., Sargent, I. L.,
Wood, M. J., et al. (2011). Lysosomal dysfunction increases exosome-mediated
alpha-synuclein release and transmission. Neurobiol. Dis. 42, 360–367.
doi: 10.1016/j.nbd.2011.01.029

Aosaki, T., Miura, M., Suzuki, T., Nishimura, K., and Masuda, M. (2010).
Acetylcholine-dopamine balance hypothesis in the striatum: An update.
Geriatr. Gerontol. Int. 10, S148–S157. doi: 10.1111/j.1447-0594.2010.00588.x

Bohnen, N. I., Kaufer, D. I., Ivanco, L. S., Lopresti, B., Koeppe, R. A., Davis, J. G.,
et al. (2003). Cortical cholinergic function is more severely affected in
parkinsonian dementia than in Alzheimer disease: an in vivo positron emission
tomographic study. Arch. Neurol. 60, 1745–1748. doi: 10.1001/archneur.60.
12.1745

Braak, H., Del Tredici, K., Rüb, U., De Vos, R. A., Jansen Steur, E. N., Braak, E.,
et al. (2003). Staging of brain pathology related to sporadic Parkinson’s disease.
Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)00065-9

Cao, Z., Wu, Y., Liu, G., Jiang, Y., Wang, X., Wang, Z., et al. (2019). α-Synuclein
in salivary extracellular vesicles as a potential biomarker of Parkinson’s disease.
Neurosci. Lett. 696, 114–120. doi: 10.1016/j.neulet.2018.12.030

Cerri, S., Ghezzi, C., Sampieri, M., Siani, F., Avenali, M., Dornini, G., et al.
(2018). The exosomal/total α-synuclein ratio in plasma is associated with
glucocerebrosidase activity and correlates with measures of disease severity in
PD patients. Front. Cell. Neurosci. 12:125. doi: 10.3389/fncel.2018.00125

Chu, Y., Morfini, G. A., Langhamer, L. B., He, Y., Brady, S. T., Kordower, J. H.,
et al. (2012). Alterations in axonal transport motor proteins in
sporadic and experimental Parkinson’s disease. Brain 135, 2058–2073.
doi: 10.1093/brain/aws133

Chung, C. Y., Koprich, J. B., Siddiqi, H., and Isacson, O. (2009). Dynamic
changes in presynaptic and axonal transport proteins combined with striatal
neuroinflammation precede dopaminergic neuronal loss in a rat model of AAV
alpha-synucleinopathy. J. Neurosci. 29, 3365–3373. doi: 10.1523/JNEUROSCI.
5427-08.2009

Danzer, K. M., Kranich, L. R., Ruf, W. P., Cagsal-Getkin, O., Winslow, A. R.,
Zhu, L., et al. (2012). Exosomal cell-to-cell transmission of alpha synuclein
oligomers.Mol. Neurodegener. 7:42. doi: 10.1186/1750-1326-7-42

Devic, I., Hwang, H., Edgar, J. S., Izutsu, K., Presland, R., Pan, C., et al. (2011).
Salivary α-synuclein and DJ-1: potential biomarkers for Parkinson’s disease.
Brain 134:e178. doi: 10.1093/brain/awr015

El-Agnaf, O. M., Salem, S. A., Paleologou, K. E., Cooper, L. J., Fullwood, N. J.,
Gibson, M. J., et al. (2003). Alpha-synuclein implicated in Parkinson’s disease
is present in extracellular biological fluids, including human plasma. FASEB j.
17, 1945–1947. doi: 10.1096/fj.03-0098fje

Emmanouilidou, E., Melachroinou, K., Roumeliotis, T., Garbis, S. D., Ntzouni, M.,
Margaritis, L. H., et al. (2010). Cell-produced alpha-synuclein is secreted in
a calcium-dependent manner by exosomes and impacts neuronal survival.
J. Neurosci. 30, 6838–6851. doi: 10.1523/JNEUROSCI.5699-09.2010

Fedorova, T. D., Seidelin, L. B., Knudsen, K., Schacht, A. C., Geday, J.,
Pavese, N., et al. (2017). Decreased intestinal acetylcholinesterase in early
Parkinson disease: An 11C-donepezil PET study. Neurology 88, 775–781.
doi: 10.1212/WNL.0000000000003633

Foulds, P. G., Diggle, P., Mitchell, J. D., Parker, A., Hasegawa, M., Masuda-
Suzukake, M., et al. (2013). A longitudinal study on α-synuclein in
blood plasma as a biomarker for Parkinson’s disease. Sci. Rep. 3:2540.
doi: 10.1038/srep02540

Foulds, P. G., Mitchell, J. D., Parker, A., Turner, R., Green, G., Diggle, P., et al.
(2011). Phosphorylated α-synuclein can be detected in blood plasma and is
potentially a useful biomarker for Parkinson’s disease. FASEB J. 25, 4127–4137.
doi: 10.1096/fj.10-179192

Gjerløff, T., Fedorova, T., Knudsen, K., Munk, O. L., Nahimi, A., Jacobsen, S.,
et al. (2014). Imaging acetylcholinesterase density in peripheral organs
in Parkinson’s disease with 11C-donepezil PET. Brain 138, 653–663.
doi: 10.1093/brain/awu369

Gorostidi, A., Bergareche, A., Ruiz-Martínez, J., Martí-Massó, J. F., Cruz, M.,
Varghese, S., et al. (2012). α-synuclein levels in blood plasma from
LRRK2 mutation carriers. PLoS One 7:e52312. doi: 10.1371/journal.pone.
0052312

Guix, F. X., Corbett, G. T., Cha, D. J., Mustapic, M., Liu, W., Mengel, D.,
et al. (2018). Detection of aggregation-competent tau in neuron-derived
extracellular vesicles. Int. J. Mol. Sci. 19:663.doi: 10.3390/ijms19030663

Ho, D. H., Yi, S., Seo, H., Son, I., and Seol, W. (2014). Increased DJ-1 in
urine exosome of Korean males with Parkinson’s disease. Biomed. Res. Int.
2014:704678. doi: 10.1155/2014/704678

Hong, Z., Shi, M., Chung, K. A., Quinn, J. F., Peskind, E. R., Galasko, D., et al.
(2010). DJ-1 and alpha-synuclein in human cerebrospinal fluid as biomarkers
of Parkinson’s disease. Brain 133, 713–726. doi: 10.1093/brain/awq008

Ishii, R., Tokuda, T., Tatebe, H., Ohmichi, T., Kasai, T., Nakagawa, M., et al.
(2015). Decrease in plasma levels of α-synuclein is evident in patients with

Frontiers in Aging Neuroscience | www.frontiersin.org 6 May 2021 | Volume 13 | Article 665400

https://www.frontiersin.org/articles/10.3389/fnagi.2021.665400/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.665400/full#supplementary-material
https://doi.org/10.1016/j.nbd.2011.01.029
https://doi.org/10.1111/j.1447-0594.2010.00588.x
https://doi.org/10.1001/archneur.60.12.1745
https://doi.org/10.1001/archneur.60.12.1745
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/j.neulet.2018.12.030
https://doi.org/10.3389/fncel.2018.00125
https://doi.org/10.1093/brain/aws133
https://doi.org/10.1523/JNEUROSCI.5427-08.2009
https://doi.org/10.1523/JNEUROSCI.5427-08.2009
https://doi.org/10.1186/1750-1326-7-42
https://doi.org/10.1093/brain/awr015
https://doi.org/10.1096/fj.03-0098fje
https://doi.org/10.1523/JNEUROSCI.5699-09.2010
https://doi.org/10.1212/WNL.0000000000003633
https://doi.org/10.1038/srep02540
https://doi.org/10.1096/fj.10-179192
https://doi.org/10.1093/brain/awu369
https://doi.org/10.1371/journal.pone.0052312
https://doi.org/10.1371/journal.pone.0052312
https://doi.org/10.3390/ijms19030663
https://doi.org/10.1155/2014/704678
https://doi.org/10.1093/brain/awq008
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Shim et al. Exosomal Acetylcholinesterase in Parkinson’s Disease

Parkinson’s disease after elimination of heterophilic antibody interference.
PLoS One 10:e0123162. doi: 10.1371/journal.pone.0123162

Jiang, C., Hopfner, F., Katsikoudi, A., Hein, R., Catli, C., Evetts, S., et al.
(2020). Serum neuronal exosomes predict and differentiate Parkinson’s disease
from atypical parkinsonism. J. Neurol. Neurosurg. Psychiatry 91, 720–729.
doi: 10.1136/jnnp-2019-322588

Langston, J. W. (2006). The Parkinson’s complex: parkinsonism is just the tip of
the iceberg. Ann. Neurol. 59, 591–596. doi: 10.1002/ana.20834

Lee, H. J., Patel, S., and Lee, S. J. (2005). Intravesicular localization and
exocytosis of alpha-synuclein and its aggregates. J. Neurosci. 25, 6016–6024.
doi: 10.1523/JNEUROSCI.0692-05.2005

Lee, P. H., Lee, G., Park, H. J., Bang, O. Y., Joo, I. S., Huh, K., et al. (2006). The
plasma alpha-synuclein levels in patients with Parkinson’s disease and multiple
system atrophy. J. Neural. Transm. 113, 1435–1439. doi: 10.1007/s00702-005-
0427-9

Li, Q. X., Mok, S. S., Laughton, K. M., Mclean, C. A., Cappai, R., Masters, C. L.,
et al. (2007). Plasma alpha-synuclein is decreased in subjects with Parkinson’s
disease. Exp. Neurol. 204, 583–588. doi: 10.1016/j.expneurol.2006.12.006

Lin, C.-H., Yang, S.-Y., Horng, H.-E., Yang, C.-C., Chieh, J.-J., Chen, H.-H., et al.
(2017). Plasma α-synuclein predicts cognitive decline in Parkinson’s disease.
J. Neurol. Neurosurg. Psychiatry 88, 818–824. doi: 10.1136/jnnp-2016-314857

Lin, J., Li, J., Huang, B., Liu, J., Chen, X., Chen, X.-M., et al. (2015).
Exosomes: novel biomarkers for clinical diagnosis. Sci. World J. 2015:657086.
doi: 10.1155/2015/657086

McKinley, J.W., Shi, Z., Kawikova, I., Hur,M., Bamford, I. J., SudarsanaDevi, S. P.,
et al. (2019). Dopamine deficiency reduces striatal cholinergic interneuron
function in models of Parkinson’s disease. Neuron 103, 1056–1072.e1056.
doi: 10.1016/j.neuron.2019.06.013

Mollenhauer, B., Locascio, J. J., Schulz-Schaeffer, W., Sixel-Döring, F.,
Trenkwalder, C., Schlossmacher, M. G., et al. (2011). α-Synuclein and tau
concentrations in cerebrospinal fluid of patients presenting with parkinsonism:
a cohort study. Lancet Neurol. 10, 230–240. doi: 10.1016/S1474-4422(11)
70014-X

Müller, M. L. T. M., and Bohnen, N. I. (2013). Cholinergic dysfunction in
Parkinson’s disease. Curr. Neurol. Neurosci. 13, 377–377. doi: 10.1007/s11910-
013-0377-9

Niu, M., Li, Y., Li, G., Zhou, L., Luo, N., Yao, M., et al. (2020). A longitudinal
study on α-synuclein in plasma neuronal exosomes as a biomarker for
Parkinson’s disease development and progression. Eur. J. Neurol. 27, 967–974.
doi: 10.1111/ene.14208

Rangseekajee, P., Paholpak, S., Aphisitphinyo, S., Pimpanit, V., and
Paholpak, P. (2016). P.5.b.011—Severe medication-induced parkinsonism
from a higher dose of donepezil (23 mg/day) in early-onset alzheimer’s
disease. Eur. Neuropsychopharmacol. 26:S646. doi: 10.26226/morressier.
5785edcfd462b80296c99f8a

Rinne, J. O., Ma, S. Y., Lee, M. S., Collan, Y., and Röyttä, M. (2008). Loss of
cholinergic neurons in the pedunculopontine nucleus in Parkinson’s disease
is related to disability of the patients. Parkinsonism Relat. Dis. 14, 553–557.
doi: 10.1016/j.parkreldis.2008.01.006

Shi, M., Bradner, J., Hancock, A. M., Chung, K. A., Quinn, J. F., Peskind, E. R.,
et al. (2011). Cerebrospinal fluid biomarkers for Parkinson disease

diagnosis and progression. Ann. Neurol. 69, 570–580. doi: 10.1002/ana.
22311

Shi, M., Liu, C., Cook, T. J., Bullock, K. M., Zhao, Y., Ginghina, C., et al.
(2014). Plasma exosomal α-synuclein is likely CNS-derived and increased in
Parkinson’s disease. Acta Neuropathol. 128, 639–650. doi: 10.1007/s00401-014-
1314-y

Shim, K. H., Kim, S. C., Youn, Y. C., Sung, Y.-H., and An, S. S. A. (2020).
Decreased plasma α-synuclein in idiopathic Parkinson’s disease patients after
adjusting hemolysis factor.Mol. Cell Toxicol. 16, 477–484. doi: 10.1007/s13273-
020-00104-7

Shults, C. W. (2006). Lewy bodies. Proc. Natl. Acad. Sci. U S A 103, 1661–1668.
doi: 10.1073/pnas.0509567103

Si, X., Tian, J., Chen, Y., Yan, Y., Pu, J., Zhang, B., et al. (2019). Central nervous
system-derived exosomal alpha-synuclein in serum may be a biomarker in
Parkinson’s disease. Neuroscience 413, 308–316. doi: 10.1016/j.neuroscience.
2019.05.015

Spehlmann, R., and Stahl, S. M. (1976). Dopamine acetylcholine imbalance
in Parkinson’s disease. Possible regenerative overgrowth of cholinergic
axon terminals. Lancet 1, 724–726. doi: 10.1016/s0140-6736(76)
93095-6

Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R.,
Goedert, M., et al. (1997). Alpha-synuclein in Lewy bodies. Nature 388,
839–840. doi: 10.1038/42166

Stuendl, A., Kunadt, M., Kruse, N., Bartels, C., Moebius, W., Danzer, K. M., et al.
(2016). Induction of α-synuclein aggregate formation by CSF exosomes from
patients with Parkinson’s disease and dementia with Lewy bodies. Brain 139,
481–494. doi: 10.1093/brain/awv346

Tofaris, G. K. (2017). A critical assessment of exosomes in the pathogenesis
and stratification of Parkinson’s disease. J. Parkinsons Dis. 7, 569–576.
doi: 10.3233/JPD-171176

Tomlinson, P. R., Zheng, Y., Fischer, R., Heidasch, R., Gardiner, C., Evetts, S., et al.
(2015). Identification of distinct circulating exosomes in Parkinson’s disease.
Ann. Clin. Transl. Neurol. 2, 353–361. doi: 10.1002/acn3.175

Wu, X., Zheng, T., and Zhang, B. (2017). Exosomes in Parkinson’s disease.
Neurosci. Bull. 33, 331–338. doi: 10.1007/s12264-016-0092-z

Zhao, Z.-H., Chen, Z.-T., Zhou, R.-L., Zhang, X., Ye, Q.-Y., Wang, Y.-Z., et al.
(2019). Increased DJ-1 and α-synuclein in plasma neural-derived exosomes
as potential markers for Parkinson’s disease. Front. Aging Neurosci. 10:438.
doi: 10.3389/fnagi.2018.00438

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Shim, Go, Bae, Jeong, Kim, Youn, Kim, An and Kang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 May 2021 | Volume 13 | Article 665400

https://doi.org/10.1371/journal.pone.0123162
https://doi.org/10.1136/jnnp-2019-322588
https://doi.org/10.1002/ana.20834
https://doi.org/10.1523/JNEUROSCI.0692-05.2005
https://doi.org/10.1007/s00702-005-0427-9
https://doi.org/10.1007/s00702-005-0427-9
https://doi.org/10.1016/j.expneurol.2006.12.006
https://doi.org/10.1136/jnnp-2016-314857
https://doi.org/10.1155/2015/657086
https://doi.org/10.1016/j.neuron.2019.06.013
https://doi.org/10.1016/S1474-4422(11)70014-X
https://doi.org/10.1016/S1474-4422(11)70014-X
https://doi.org/10.1007/s11910-013-0377-9
https://doi.org/10.1007/s11910-013-0377-9
https://doi.org/10.1111/ene.14208
https://doi.org/10.26226/morressier.5785edcfd462b80296c99f8a
https://doi.org/10.26226/morressier.5785edcfd462b80296c99f8a
https://doi.org/10.1016/j.parkreldis.2008.01.006
https://doi.org/10.1002/ana.22311
https://doi.org/10.1002/ana.22311
https://doi.org/10.1007/s00401-014-1314-y
https://doi.org/10.1007/s00401-014-1314-y
https://doi.org/10.1007/s13273-020-00104-7
https://doi.org/10.1007/s13273-020-00104-7
https://doi.org/10.1073/pnas.0509567103
https://doi.org/10.1016/j.neuroscience.2019.05.015
https://doi.org/10.1016/j.neuroscience.2019.05.015
https://doi.org/10.1016/s0140-6736(76)93095-6
https://doi.org/10.1016/s0140-6736(76)93095-6
https://doi.org/10.1038/42166
https://doi.org/10.1093/brain/awv346
https://doi.org/10.3233/JPD-171176
https://doi.org/10.1002/acn3.175
https://doi.org/10.1007/s12264-016-0092-z
https://doi.org/10.3389/fnagi.2018.00438
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Decreased Exosomal Acetylcholinesterase Activity in the Plasma of Patients With Parkinson's Disease
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Sampling
	Plasma Exosome Isolation
	Transmission Electron Microscopy
	Nanoparticle Tracking Analysis
	Western Blot Analysis
	Exosomal Acetylcholinesterase Activity Measurement
	Quantification of Exosomal -Synuclein
	Statistical Analysis

	RESULTS
	Participant Demographics and Clinical Characteristics
	Analysis of Plasma Exosomal Biomarkers in Clinical Samples
	Correlation Between Exosomal AChE Activity and PD Progression

	DISCUSSION
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


