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Background: Erythrocytes contain most of the peripheral α-synuclein (α-syn), which
is the key pathological molecular of α-synucleinopathies including Parkinson’s disease
(PD). Our objectives were to assess the efficiency of erythrocytic total and oligomeric
α-syn levels as PD diagnostic biomarkers, and to identify the correlations between
erythrocytic α-syn levels and physiological/psychiatrical assessment scales.

Methods: Home-brewed electrochemiluminescence assays were applied to assess the
concentrations of erythrocytic total and oligomeric α-syn levels in a cohort including 124
patients with PD and 79 healthy controls (HCs). The correlations between erythrocytic
α-syn levels and clinical measurements were assessed using Spearman’s rank test.

Results: Both the erythrocytic total and oligomeric α-syn levels were significantly higher
in PD patients than HCs. The biomarkers adjusted for age and sex discriminated PDs
from HCs well with 80% sensitivity, 89% specificity and 79% sensitivity, 83% specificity,
respectively. Combining erythrocytic total and oligomeric α-syn levels by using binary
logistic regression analysis with the controlling of age and sex generated a factor
discriminates PDs from HCs with 88% sensitivity and 85% specificity. The erythrocytic
total but not oligomeric α-syn levels adjusted for age and sex significantly correlated with
anxiety scales and the MDS-UPDRS III scales in PD patients, respectively.

Conclusion: We showed the usefulness of erythrocytic total and oligomeric α-syn
levels as biomarkers for PD. Our results also suggest the capability of erythrocytic
α-syn as a potential pathological factor and therapeutic target for psychiatric
symptoms in PD patients.

Keywords: α-syn, erythrocyte, Parkinson’s disease, electrochemiluminescence, depression, anxiety

Frontiers in Aging Neuroscience | www.frontiersin.org 1 February 2022 | Volume 14 | Article 8274935

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2022.827493
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2022.827493
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2022.827493&domain=pdf&date_stamp=2022-02-03
https://www.frontiersin.org/articles/10.3389/fnagi.2022.827493/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-827493 January 29, 2022 Time: 15:32 # 2

Yu et al. Erythrocytic α-Synuclein for PD Characterization

INTRODUCTION

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases, featured by neuronal α-synuclein
(α-syn) pathological aggregation and the loss of dopaminergic
neurons in the midbrain. Currently, the diagnosis of PD is
mainly based on clinical symptoms, which leads to a varying
diagnostic accuracy according to clinical expertise and disease
duration (Kalia and Lang, 2015). Cerebrospinal fluid (CSF)
α-syn and it’s species were widely studied as potential biomarkers
for PD diagnosis (Tokuda et al., 2010; Parnetti et al., 2019).
However, despite the blood derived α-syn contamination in
CSF, which is commonly seen (Hong et al., 2010), routinely
collection of CSF is difficult in many ways for patients with
neurodegenerative diseases and healthy controls (HCs) due to
the invasive procedures.

Plasma and erythrocytes are more readily available sources of
biomarkers. In recent years, it has been found that more than
99% of peripheral α-syn is derived from erythrocytes (Barbour
et al., 2008). Although the role α-syn plays in erythrocyte is
blurred, studies have reported that aggregated α-syn was found
higher on the membranes of erythrocytes from PD patients than
HCs (Tian et al., 2019). Furthermore, altered morphology of
erythrocytes was noticed in PD patients (Pretorius et al., 2014).
These results suggest a possible correlation of erythrocytic α-syn
with PD pathology and clinical characteristics.

Although PD mainly manifests motor abnormality, a series
of non-motor symptoms including depression and anxiety were
also commonly seen in patients with PD (Reijnders et al., 2008;
Broen et al., 2016). Beyond the motor features, psychiatric
symptoms seriously affect the life quality of PD patients and
even their families, which requires further attention (Schrag,
2006; Upneja et al., 2021). Studies have demonstrated that PD
related pathological changes occur in both motor and non-
motor regions of brain including substantia nigra (SN), cortex,
olfactory bulb, etc., which reflect the autonomic dysfunctions
in PD (Maillet et al., 2016). However, the understanding of
pathogenesis of psychiatric symptoms in PD is very limited. The
purpose of this study is to learn the performance of erythrocytic
α-syn in PD diagnosis and the correlation between erythrocytic
total/oligomeric α-syn and PD clinical symptoms including
motor function and depression/anxiety scales.

MATERIALS AND METHODS

Demographic and Clinical
Characteristics
The demographic information and clinical measurements of 124
PD patients and 79 healthy controls are presented in Table 1.
All participants were recruited from Beijing Tiantan Hospital,
and the PD diagnostic criteria were in accordance with those
of the Parkinson’s UK Brain Bank and the Movement Disorder
Society (MDS) Clinical Diagnostic Criteria for PD (Postuma
et al., 2015). Control subjects without neurological diseases were
recruited from the Tiantan Hospital physical examination center.
Exclusion criteria were as follows: (1) atypical or secondary

parkinsonian syndromes; (2) a history of stroke, moderate
to severe head trauma, hydrocephalus, brain tumor, or deep
brain stimulation implantation. This study was approved by the
Institutional Review Board, and written informed consent was
obtained from all participants before inclusion in the study.
The disease severity was assessed using Movement Disorder
Society sponsored Unified Parkinson’s Disease Rating Scale Part-
III (MDS-UPDRS III) rating and Hoehn and Yahr (H&Y)
staging. Montreal Cognitive Assessment (MoCA) and Mini-
mental State Examination (MMSE) were used to detect the
cognitive functioning. The depression and anxiety scores were
assessed using the 17-item Hamilton Depression Rating Scale
(HAMD) and Hamilton Anxiety Rating Scale (HAMA).

Blood and Erythrocyte Sample
Preparations
Venous blood samples were collected in the morning using
polypropylene collection and storage tubes with EDTA (BD
Biosciences, CA, United States). The samples were centrifuged at
4◦C and 2,000 × g for 15 min within 1 h since collection, and the
erythrocytes were in the lower layer. 2 µl erythrocytes were mixed
with 198 µl pre-chilled STET buffer (pH8.0 Leagene, Beijing,
China) for protein extraction. The mixtures were vortexed for
15 s and rotated at 4◦C for 30 min, followed by centrifugation
at 4◦C 12,000 × g for 10 min in order to get rid of the cell debris.
The supernatant was transferred into a new tube and stored at
−80◦C for further analysis.

Meso Scale Discovery
Electrochemiluminescence
Immunoassays
Home-brewed 96-well Meso Scale Discovery (MSD, Rockville,
MD, United States) U-Plex plates were used for the quantification
of erythrocytic total and oligomeric α-syn. Recombinant α-syn
monomers (Alpha-synuclein Protein – monomer; Cat# PR-001,
Proteos, Inc., Kalamazoo, MI, United States) and filaments
(Alpha-synuclein Protein – filament; Cat# PR-002, Proteos, Inc.)
were used as standard proteins. The Sulfo-TAG labeled anti-
α-syn clone 42 (610786, BD Bioscience, CA, United States) was
used as detector for both total and oligomeric α-syn assays. The
assays were described as reported previously (Tian et al., 2019).
Briefly, capture antibodies for total α-syn (ab138501, Abcam,
Cambridge, MA, United States) and α-syn filaments (ab209538,
Abcam, Cambridge, MA, United States) were biotinylated and
coated on the MSD U-Plex plates. Excess capture antibodies were
eluted three times with 150 µl 1× wash buffer (MSD, Rockville,
MD, United States), and the plates were blocked using 150 µl
Diluent 35 (D35, MSD, Rockville, MD, United States) for 1 h with
600 rpm shaking. Samples were diluted (1:100 dilution in D35 for
total α-syn measurement and raw STET lysis for α-syn filament
measurement) and loaded together with standard proteins to the
pre-coated plates for 1 h with 600 rpm shaking. After three times
of washing, 50 µl Sulfo-TAG-labeled detection antibody solution
at the concentration of 1 µg/ml was applied for 1 h with 600 rpm
shaking. Afterward, the detection antibody was washed off, and
150 µl 2 × Read Buffer T (MSD, Rockville, MD, United States)
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was applied for protein quantification in Sector Imager 6000
(MSD, Rockville, MD, United States). The concentrations were
then normalized to the original erythrocyte volume.

Statistical Analysis
IBM SPSS 25 (IBM, Chicago, IL, United States) and GraphPad
Prism 9 (GraphPad Software, La Jolla, CA, United States)
were used for statistical analyses. Univariate general linear
model adjusted by age and sex was used to determine the
differences of the biomarkers between PD and HC. Multivariable
logistic regression model was used for differentiating PD from
HC, controlling for age and sex of participants. The model
included age, sex, erythrocytic total α-syn and oligomeric
α-syn concentrations. Partial correlation analysis with the
controlling of age and sex was used to assess the correlations
of erythrocytic total or oligomeric α-syn concentrations with
clinical characteristics. Receiver operating characteristic (ROC)
curves were used to evaluate the sensitivities and specificities
in distinguishing PD from healthy controls. The maximal sum
of sensitivity and specificity was determined as the “optimum”
cutoff value for a ROC curve. P< 0.05 was regarded as significant.

RESULTS

Demographic Information, Clinical
Characteristics, and Erythrocyte
Measurements
The demographic information, clinical characteristics and
erythrocyte measurements are summarized in Table 1. The HCs
were age and sex ratio matched with PD subjects (Table 1).
The levels of both erythrocytic total and oligomeric α-syn were
significantly higher in PD subjects compared to healthy controls
(Table 1 and Figures 1A,B, p < 0.001, p < 0.001). All clinical
characteristics were listed in Table 1.

Diagnostic Performance of Biomarkers
In order to analyze the diagnostic performance of the biomarkers
for PD, ROC analysis was performed based on erythrocytic total
and oligomeric α-syn concentrations adjusted for age and sex.
The area under curve (AUC) of erythrocytic total α-syn for the
diagnosis of PD is 0.87 (95% CI 0.82–0.92), with 80% sensitivity
and 89% specificity (Figure 1C). For the erythrocytic oligomeric
α-syn, the sensitivity and specificity are 79 and 83% for PD
diagnosis, and the AUC is 0.84 (95% CI 0.78–0.90) (Figure 1D).

Then we performed a multivariable logistic regression
including erythrocytic total and oligomeric α-syn concentrations
as well as age and sex for discriminating PD patients. The AUC
of this multivariable model is 0.92 (95% CI 0.88–0.96), with 89%
sensitivity and 86% specificity (Figure 1E).

Correlation Analysis of Clinical
Characteristics and Erythrocytic
α-Synuclein
The correlations between erythrocytic α-syn concentrations
and clinical characteristics including MDS-UPDRS III, H&Y,
HAMA, HAMD, MoCA, and MMSE in patients with PD were
summarized in Table 2 and Figure 2. Briefly, erythrocytic total
α-syn concentrations adjusted for age and sex were significantly
associated with MDS-UPDRS III scores (Figure 2E, p < 0.001)
and HAMA scores (Figure 2A, p = 0.016), but they were not
associated with HAMD scores (Figure 2C, p = 0.140). The
erythrocytic oligomeric α-syn concentrations adjusted for age
and sex were neither correlated with HAMA and HAMD scores
in PD patients (Figures 2B,D, p = 0.649, p = 0.291) nor MDS-
UPDRS III scores (Figure 2F, p = 0.368).

DISCUSSION

In the current study, we investigated the erythrocytic
total/oligomeric α-syn concentrations in PD patients and healthy

TABLE 1 | Demographic information, clinical characteristics, and erythrocytic biomarker levels.

HC PD Significance

Number of subjects 79 124

Age (mean ± SD) 62.6 ± 7.9 61.2 ± 8.5 0.6641

Sex (men: women) 44: 35 67: 57 0.8162

MDS-UPDRS III (median, range, N = 74) NA 40.0 (8–73) NA

HAMA (median, range, N = 70) NA 14 (3–47) NA

HAMD (median, range, N = 70) NA 14 (2–54) NA

H&Y (median, range, N = 90) NA 3 (1–5) NA

MMSE (median, range, N = 67) NA 27 (16–30) NA

MoCA (median, range, N = 67) NA 22.5 (6–29) NA

Erythrocytic α-syn (mean ± SD, ng/mL) 645.0 ± 248.0 1520.5 ± 824.5 <0.0013

Erythrocytic oligomeric α-syn (mean ± SD, ng/mL) 135.0 ± 42.2 218.1 ± 86.5 <0.0013

1Based on Mann–Whitney test.
2Based on Chi-square test.
3Based on univariate general linear model with the controlling of age and sex.
All significant p-values are highlighted by bold characters.
HC, healthy control; PD, Parkinson’s disease; MDS-UPDRS III, Movement Disorder Society sponsored Unified Parkinson’s Disease Rating Scale Part-III; α-syn, α-synuclein.
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FIGURE 1 | Evaluation of erythrocytic total and oligomeric α-syn concentrations and the receiver operating characteristic curves for erythrocytic α-syn species and
an integrative model to differentiate PD from HC. (A) Assessment of erythrocytic total α-syn levels. ***p < 0.001. (B) Assessment of erythrocytic oligomeric α-syn
levels. ***p < 0.001. (C) Receiver operating characteristic curve for erythrocytic total α-syn adjusted for age and sex to differentiate PD from HC. (D) Receiver
operating characteristic curve for erythrocytic oligomeric α-syn adjusted for age and sex to differentiate PD from HC. (E) Receiver operating characteristic curve for
the multivariable model to differentiate PD from HC. The multivariable model includes erythrocytic total α-syn and erythrocytic oligomeric α-syn levels, controlling for
age and sex. Univariate general linear model with the controlling of age and sex was used for two factor comparisons. HC, healthy control; PD, Parkinson’s disease;
AUC, area under curve; α-syn, α-synuclein.

TABLE 2 | Correlation of erythrocytic biomarkers with clinical characteristics.

Erythrocytic biomarkers Diagnosis HAMA (N = 70) HAMD (N = 70) MDS-UPDRS III (N = 74) H&Y (N = 90) MMSE (N = 67) MoCA (N = 67)

Total α-syn PD r −0.292 −0.182 0.455 0.170 −0.134 −0.153

p 0.016 0.140 <0.001 0.113 0.291 0.227

Oligomeric α-syn PD r 0.057 0.131 0.107 −0.106 −0.147 −0.152

p 0.649 0.291 0.368 0.327 0.248 0.229

Partial correlation analysis with the controlling of age and sex was used to assess the r and p -values between erythrocytic biomarkers and clinical characteristics.
PD, Parkinson’s disease; α-syn, α-synuclein; HAMA, Hamilton Anxiety Rating Scale; HAMD, 17-item Hamilton Depression Rating Scale; MDS-UPDRS III, Movement
Disorder Society sponsored Unified Parkinson’s Disease Rating Scale Part-III; H&Y, Hoehn & and Yahr scale; MMSE, Mini-mental State Examination; MoCA, Montreal
Cognitive Assessment.
All significant p-values are highlighted by bold characters.

controls, as well as their correlations with clinical characteristics
including MDS-UPDRS III, H&Y, MoCA, MMSE, HAMA, and
HAMD with the controlling of age and sex. We found that
erythrocytic total and oligomeric α-syn concentrations were
significantly higher in PD patients than healthy controls. The
results were consistent with several previous findings (Wang
et al., 2015; Tian et al., 2019), suggesting the possibility of
peripheral α-syn involvement in PD pathology. Tian et al.
(2019) explored the total, aggregated and phosphorylated α-syn
in cytoplasm and membrane of erythrocytes, and found both

total and aggregated α-syn levels in erythrocytic membrane
were significantly higher in PD patients. Interestingly, they
didn’t see the differences of total and aggregated α-syn levels in
erythrocyte whole lysates between PD patients and HCs. One
major difference between the two analyses is that they normalized
the erythrocytic total α-syn levels to total erythrocytic protein
concentrations, and the aggregated α-syn levels to total α-syn
concentrations, while we normalized both erythrocytic total and
aggregated α-syn levels to the volume of erythrocytes. It has
been reported PD patients’ oligomeric α-syn levels in CSF and
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FIGURE 2 | Correlation analysis of erythrocytic total and oligomeric α-syn concentrations with clinical characteristics in PD. (A) Erythrocytic total α-syn
concentrations adjusted by age and sex were significantly correlated with HAMA scales (p = 0.016, r = –0.292) in PD patients. (C) No significant correlations
between erythrocytic total α-syn concentrations and HAMD scales (p = 0.140, r = –0.182) were observed in PD patients. (B,D) Erythrocytic oligomeric α-syn
concentrations were not correlated with HAMD scales (p = 0.291, r = 0.131) and HAMA scales (p = 0.649, r = 0.057) in PD patients. (E) Significant correlations
between MDS-UPDRS III scores and erythrocytic total α-syn levels (p < 0.001, r = 0.455) were found in PD patients. (F) No correlations were found between
MDS-UPDRS III scores and erythrocytic oligomeric α-syn levels (p = 0.368, r = 0.107). Dash lines represent 95% confidence intervals. Partial correlation analysis with
the controlling of age and sex was used to assess the correlations. α-syn, α-synuclein; HAMA, Hamilton Anxiety Rating Scale; HAMD, 17-item Hamilton Depression
Rating Scale; MDS-UPDRS III, Movement Disorder Society sponsored Unified Parkinson’s Disease Rating Scale Part-III; RBC, red blood cell.

plasma were higher than controls (El-Agnaf et al., 2006; Tokuda
et al., 2010; Majbour et al., 2016; Eusebi et al., 2017). However,
the origin of α-syn was not well studied. Our study suggests that
erythrocytic α-syn is elected and may reflect the pathogenesis of
PD in the periphery, which should be validated as a predictive
biomarker in a prodromal cohort in the future.

We found erythrocytic total and oligomeric α-syn are
potential PD diagnostic biomarkers yielding even higher
sensitivity and specificity than the results based on CSF α-syn
concentrations or previously published erythrocytic α-syn levels
(Mollenhauer et al., 2008; Hong et al., 2010; Shi et al., 2011;

Wang et al., 2015; Tian et al., 2019). Notably, our results
were achieved from a relatively small cohort (N = 129
for PD patients). Cohort expansion will be needed for the
validation of the diagnostic efficiency of these biomarkers for
PD in the future. Additionally, our cohort doesn’t recruit
patients with multiple system atrophy (MSA), which is another
important α-synucleinopathy and commonly misdiagnosed as
PD especially at disease early phase (Fanciulli et al., 2019).
It is important to assess the α-synucleinopathy discriminative
efficiency in the future in order to better utilize our biomarkers
in clinical diagnosis.
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Psychiatric symptoms including depression and anxiety are
commonly seen in patients with PD, and badly affect the quality
of life in PD patients and their families (Kano et al., 2011; Piredda
et al., 2020). Most of the PD patients with depression also suffer
from anxiety (Kano et al., 2011; Cui et al., 2017). Fan et al.
(2016) found only 2.2% PD patients are suffering from depression
alone in a cohort from Taiwan Region. It has been reported
that several risk factors including poor sleep quality, tumor, not
having partner, anxiety were associated with depression, and
depression, autonomic dysfunction, larger SN area and rapid
eye movement behavior disorder (RBD) were associated with
anxiety in PD patients (Cui et al., 2017). Negre-Pages et al. (2010)
found depression in PD patients was associated with reduced
dopamine transporter (DAT) activity and motor dysfunction.
However, it is still elusive if depression and anxiety were the
psychological responses of progressive motor and non-motor
disability. Caudal et al. (2015) found that α-syn overexpressing
in dopaminergic neurons from midbrain induced a depressive-
like phenotype in Sprague-Dawley rats. Another study based
on late life major depressive disorder (MDD) didn’t found CSF
α-syn levels altered between MDD and control participants
(Bruno et al., 2021). Although α-syn level in peripheral blood
is much higher than CSF and more than 99% of peripheral
α-syn is from erythrocyte (Barbour et al., 2008; Hong et al.,
2010; Shi et al., 2010), up-to-date, no study has explored the
correlation of erythrocytic α-syn levels with depression and
anxiety in PD patients.

In the current study, for the first time we discovered that
the anxiety levels assessed by HAMA scales were negatively
associated with erythrocytic total α-syn concentrations.
Interestingly, we didn’t see the association of MDS-UPDRS III
motor scales with HAMD/HAMA scales in PD patients. This
result suggests that the depression and anxiety symptoms are
not likely the secondary psychological responds of PD motor
disability, and erythrocytic total/oligomeric α-syn is potential
therapeutic target for those symptoms. However, one of the
most important phosphorylated form of α-syn-PS129 involved
in PD pathogenesis was not measured in the current study, which
should be considered in an expanded cohort in the future.

Earlier observations have shown that erythrocytic α-syn can
pass through blood–brain barrier (BBB) via extracellular vesicles
(EVs) such as exosomes, and intravenous injection of PD mice
derived erythrocytic EVs could activate microglia in a pro-
inflammatory manner (Matsumoto et al., 2017; Sheng et al.,
2020). Considering the large amount of α-syn in erythrocytes,
the erythrocytic EV concentrations and the α-syn contained in
erythrocytic EVs are promising biomarker candidates for PD
diagnosis, which should be investigated next.

CONCLUSION

Our current study demonstrated that erythrocytic total and
oligomeric α-syn levels are efficient biomarkers for PD diagnosis
yielding high sensitivity and specificity. Next, we found a
significant correlation of erythrocytic total α-syn concentrations
and MDS-UPDRS III scores in PD patients. Furthermore, for
the first time we found that erythrocytic total but not oligomeric
α-syn levels controlled by age and sex were negatively correlated
with anxiety scales assessed by HAMA in PD patients.
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Sequestosome 1 (SQSTM1)/p62 is a multifunctional scaffolding protein and plays a
major role in the cellular processes of autophagy, upregulation of which has been
shown in several neurodegenerative disorders, including Alzheimer’s disease (AD). To
investigate its genetic effects and relationship with AD pathologies, we analyzed the
genetic associations of SQSTM1 rs4935 with the risk of AD and the levels of AD
biomarkers using the AD Neuroimaging Initiative (ADNI) Database. We further analyzed
the distribution pattern of p62 immunoreactivity in relation to AD pathologies in the
postmortem human brain tissues from AD and non-AD controls. We found that SQSTM1
rs4935 was not associated with the risk of AD, but its T allele was significantly
associated with decreased β-amyloid (1–42) (Aβ42) levels in the cerebral spinal fluid (CSF)
of patients with AD (β = −9.336, p = 0.022). In addition, p62 immunoreactivity in AD is
increased, but it shows an inverse relationship to Aβ deposition. A small proportion of
senile plaques show p62 positive neurites. Our results suggest that SQSTM1/p62 may
play an important role in the progression of AD via associations with Aβ42 levels in CSF
and Aβ deposition in the brain of patients with AD.

Keywords: SQSTM1/p62, Alzheimer’s disease, genetics, biomarkers, neuropathology

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly, accounting for
approximately 60–80% of cases with dementia. AD is a neurodegenerative disorder characterized
by memory loss, cognitive deterioration, functional capacity progressive impairment, and
behavioral/personality abnormalities (Scheltens et al., 2016). The main pathological characteristics
of AD comprise β-amyloid (Aβ) deposition, neurofibrillary tangles (NFTs) of hyperphosphorylated
tau, and neuronal destruction (Duyckaerts et al., 2019). It has been indicated that pathological
changes of AD begin long before the clinical manifestation (Morris and Price, 2001).
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Therefore, it is important to identify the biomarkers for
establishing a correct diagnosis as early as possible. In the 2018
NIA-AA research framework, AT (N) classification categorized
the biomarkers into three groups: “A” refers to Aβ deposition,
“T” refers to pathologic tau, and “N” refers to neurodegeneration.
Diminished Aβ (1–42) (Aβ42), elevated phosphorylated tau
(p-tau), and total tau (t-tau) in the cerebral spinal fluid
(CSF) were well acknowledged as diagnostic biomarkers for
AD research (Jack et al., 2018). Postmortem neuropathology
examination remains the gold standard in AD diagnosis.
Thal amyloid phase, Braak NFT staging, and CERAD neuritic
plaque score were incorporated into the recommendations
for neuropathological measurements of dementia, and the
ABC scoring system was derived to assess AD-featured
neuropathologies (Montine et al., 2012).

Sequestosome 1/p62 (SQSTM1/p62) is a multifunctional
protein that contains several protein-protein interaction
domains. Through these interactions, p62 involves in the
regulation of various cellular processes, such as autophagy, cell
differentiation, apoptosis, and immune response (Salminen
et al., 2012). The ubiquitin-associated (UBA) domain structure
in the C-terminal of p62 interacts with ubiquitinated proteins,
which allows it to transport polyubiquitinated protein to
autophagosomes for degradation (Lamark et al., 2017).
Another vital domain of p62 is the light chain 3 (LC3)-
interacting region (LIR), which binds directly to LC3 and
recruits ubiquitinated proteins to autophagosomal degradation
pathway (Salminen et al., 2012). Autophagy involves in
the degradation of intracellular damaged organelles or
aggregated protein, and it is a conserved cellular process
for maintaining cellular homeostasis (Levine and Kroemer,
2008). Regulating the autophagy pathway has been shown
to ameliorate AD symptoms (Cai et al., 2021). The role of
p62 on tau protein metabolism and NFT formation has been
established (Kuusisto et al., 2002; Babu et al., 2005). Deficiency
in p62 involves in a complex metabolic pathway associated
with tau pathology and loss of short memory (Ramesh Babu
et al., 2008). However, the expression of p62 in AD brain tissues
remains controversial (Du et al., 2009; Ahmed et al., 2017). In
addition, the involvement of p62 in relation to Aβ pathologies
in AD is not clear, although increased p62 expression leads
to reduced deposition of Aβ42, Aβ40, and amyloid precursor
protein (APP) in the hippocampus of the AD animal model
(Deng et al., 2020).

Genetic factors have been considered to play an important
part in the occurrence and development of AD. Apolipoprotein
E (ApoE) gene was recognized as the strongest genetic risk
factor for sporadic AD (Saunders et al., 1993), and sporadic AD
has been divided according to ApoE genetic status (Xu et al.,
2021). In recent years, large-scale sequencing studies, genome-
wide association studies (GWAS), and their meta-analyses with
large sample sizes have elucidated many susceptible loci and
disease-causing pathways in sporadic AD (Andrews et al.,
2020). In the common variant meta-analysis of the Flanders-
Belgian and European early onset dementia cohorts, rs4935 of
SQSTM1 was reported to have a significant association with
the risk of AD (Cuyvers et al., 2015). The rs72807343 was also

identified as a risk single nucleotide polymorphism (SNP) for
AD in a GWAS meta-analysis (Lambert et al., 2013). However,
their associations with CSF biomarkers in AD have not been
investigated.

This study aims to explore the effects of SQSTM1
polymorphism on the levels of CSF biomarkers in AD. We
further investigated its protein levels in association with AD
pathological markers in the postmortem human brain tissues.

MATERIALS AND METHODS

General Information
The data used in this study were obtained from the AD
Neuroimaging Initiative (ADNI) database. The ADNI study
was launched as a public-private partnership, led by Principal
Investigator Michael W. Weiner, MD. The foremost goal of
ADNI was to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessments can
be combined to measure the progression of mild cognitive
impairment (MCI) and early AD. ADNI was approved by
the institutional review boards of all participating institutions.
A written informed consent was obtained from all participants
or their guardians. For more details, please refer to www.adni-
info.org. The dataset used in this study was obtained from ADNI
2 and ADNI GO subgroups, which comprised 125 AD patients
and 154 normal controls. Postmortem human brain tissues from
five AD and five normal controls were obtained from Human
Brain Bank at the China National Clinical Research Centre
for Neurological Diseases and through collaboration with MCC
(Zhou et al., 2018; Supplementary Table 1).

Single Nucleotide Polymorphisms of
Interest
In the two AD risk SNPs rs4935 and rs72807343 of SQSTM1 that
were previously reported, neither of them was included in ADNI
1 genetic database, and only rs4935 was included in the ADNI
2 and ADNI GO genetic database. Thus, genotyping results
of rs4935 and ApoE were extracted from ADNI GO/2 GWAS,
which was tested using the Illumina HumanOmniExpress
BeadChip (730525 markers). Quality control procedures for the
genetic data were performed using PLINK software version 1.9.1

No deviation from the Hardy-Weinberg (H-W) equilibrium
was found (p = 0.430). The alternative allele frequency (T
allele) of rs4935 is 0.541, and the minor allele frequency
is 0.459.

Cerebral Spinal Fluid Biomarker
Measurements
The data of the levels of Aβ42, t-tau, and p-tau181 in CSF
were also obtained from the ADNI database. The protocol
of CSF AD biomarker measurements could be found in the
ADNI database. Briefly, CSF samples from all enrolled subjects

1http://www.cog-genomics.org/plink/1.9/
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were collected, frozen on dry ice, and immediately transported
to ADNI Biomarker Core laboratory at the University of
Pennsylvania Medical Center. The samples were then thawed
at room temperature (RT), mixed gently, and used for the
preparation of aliquots (0.5 ml). The levels of Aβ42, t-tau, and
p-tau181 in CSF were measured using the multiplex xMAP
Luminex platform (Luminex Corp., Austin, TX, United States)
with the INNOBIA AlzBio3 kit (Fujirebio, Ghent, Belgium). In
this study, AD characteristic CSF biomarker measurements were
extracted from the “UPENNBIOMK_MASTER.csv” dataset.

Immunohistochemistry
Three consecutive serial sections from each human brain tissue
were prepared for immunohistochemistry (IHC) staining of
p62, Aβ, and tau. Briefly, after deparaffinization and hydration,
sections were submerged in heated citrate buffer (pH = 6)
for antigen retrieval. The tissues were rinsed with phosphate-
buffered saline (PBS) and immersed/incubated in 3% hydrogen
peroxide and PBS for 30 min at RT. The tissues were blocked with
3% bovine serum albumin (BSA) at RT for 30 min. Tissue sections
were separately incubated at 4◦C overnight with the primary
mouse monoclonal antibodies, namely, anti-p62 (1:2,000, clone:
2C11, Abcam, ab56416), anti-Aβ (1:2,000, clone: 4G8, BioLegend,
#800708), and anti-phospho-tau (1:2,500, clone: AT8, Invitrogen,
AB_223647). On the following day, the sections were washed
with PBS and incubated with secondary antibody (1:200, goat
anti-mouse, Servicebio, GB23301) for 1 h at RT. Finally, the
immunoreactive proteins were visualized by incubation with
diaminobenzidine (DAB). All the slides were counterstained
with hematoxylin for IHC staining. Panoramic scanning was
performed after IHC staining using the CaseViewer software
(3DHISTECH, Budapest, Hungary). Densitometric analysis of
p62 immunostaining was performed on the average p62 mean
optical density (MOD, integrated optical density/area) of six
randomly selected views covering the entire cortical region
of each subject using Image pro plus software (version 6.0)
to evaluate p62 immunostaining intensity, which was further
compared between AD and controls. In addition, six p62
immunostaining views covering cortical layers III to IV of each
AD case were selected randomly and further dichotomized
into three low and three high p62 intensity areas according to
their MOD values. In the same areas with characteristic p62
immunoreactivities, densitometric analysis of Aβ-positive plaque
was performed on the average Aβ plaque MOD using Image
pro plus software (version 6.0) to evaluate Aβ immunoreactive
plaque intensity, which was further compared between the
areas with low and high p62 immuno-reactive intensity. The
colocalization of p62 with Aβ plaques in AD was further
assessed using the consecutive immunostaining sections of
p62 and Aβ.

Statistical Analysis
The SPSS (IBM SPSS version 26.0) and PLINK version 1.9 were
used for statistical analysis. SPSS t-test and Mann-WhitneyU-test
were used to examine continuous variables (e.g., age, education
year, CSF biomarker levels, the levels of p62 protein and Aβ

deposition), and chi-square test was used to test differences

in categorical data (e.g., gender, rs4935 genotype, and ApoE
ε4 status). The difference in allele frequencies in rs4935 was
compared between AD patients and normal controls by the
logistic regression using PLINK software with age, gender,
education years, and ApoE ε4 status corrections. The correlations
between rs4935 and the levels of CSF Aβ42, t-tau, and p-tau181 in
patients with AD were estimated with multiple linear regression
models using PLINK software with age, gender, education years,
and ApoE ε4 status as covariates. GraphPad Prism software
(GraphPad Prism 9.0.0) was used for data visualization. As for
the missing data, multiple imputations with chained equations
was performed using the mice package in R version 4.0.5 to avoid
potential bias, assuming data were missing at random (White
et al., 2011). Difference with a p-value < 0.05 was considered to
be statistically significant.

RESULTS

Generic Information of This Cohort
There was no difference in demographic factors (e.g., age,
gender, and education) between AD and normal controls,
although ApoE ε4 conjugated in patients with AD (Table 1).
There was a significant reduction in Aβ42 levels and
elevated t-tau and p-tau181 levels in CSF of AD compared
to normal controls.

Effects of rs4935 on the Risk of
Alzheimer’s Disease and the Levels of
Cerebral Spinal Fluid Biomarkers in
Patients With Alzheimer’s Disease
There was no significant association of rs4935 T allele with the
risk of AD after correction for age, gender, education year, and
ApoE ε4 status [odds ratio (OR) = 1.121, p = 0.562]. However,
rs4935 T allele was significantly associated with decreased levels
of CSF Aβ42 in patients with AD (β = −9.336, p = 0.022),

TABLE 1 | The demographic and genetic characteristics and CSF biomarker
measurements of ADNI 2/GO cohort.

AD (N = 125) NC (N = 154) P-value

Age (years)ab 75.7 (10.8) 73.4 (8.4) 0.180

Gender (M/F)c 75/50 80/74 0.178

Education (years)de 15.8 (2.7) 16.4 (2.5) 0.063

ApoEε4 (0/1/2)c 37/55/33 115/35/4 <0.001

SQSTM1 rs4935 (TT/TC/CC)c 39/59/27 46/73/35 0.961

CSF Aβ42 (pg/ml)ab 129.0 (33.5) 204.0 (76.5) <0.001

CSF t-tau (pg/ml)ab 121.0 (75.8) 56.7 (35.4) <0.001

CSF p-tau181 (pg/ml)ab 51.3 (30.6) 28.3 (22) <0.001

Aβ42, β-amyloid (1–42); AD, Alzheimer’s disease; ADNI, Alzheimer’s disease
Neuroimaging Initiative; ApoE, apolipoprotein E; CSF, cerebrospinal fluid; M/F,
male/female; NC, normal control; p-tau181, phosphorylated tau181; SQSTM1,
sequestosome 1; t-tau, total tau; the data are presented as the median (interquartile
range)a or mean (standard deviation)d ; p-values for continuous variables were from
Mann-Whitney U-testb or unpaired t-teste; p-value for categorical data was from
chi-square testc.
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TABLE 2 | Allele frequency differences of rs4935 and ApoE in AD CSF biomarkers
in patients with AD.

Gene SNP allele AD biomarker BETA STAT P-value

SQSTM1 rs4935 T1 CSF Aβ42 −9.336 −2.324 0.022a

CSF t-tau −2.152 −0.274 0.784

CSF p-tau181 −5.082 −1.356 0.178

ApoE ε42 CSF Aβ42 −18.485 −4.578 <0.001

CSF t-tau 10.228 1.296 0.197

CSF p-tau181 16.455 4.368 <0.001

Aβ42, β-amyloid (1–42); AD, Alzheimer’s disease; ApoE, apolipoprotein E;
BETA, regression coefficient; CSF, cerebrospinal fluid; p-tau181, phosphorylated
tau181; SNP, single nucleotide polymorphisms; SQSTM1, sequestosome 1; STAT,
coefficient t-statistic; t-tau, total tau; multiple linear regression model in PLINK was
used with correction for age, gender, education year, and ApoE ε4 status1 or with
correction for age, gender, education year, and rs4935 T allele status2; ap < 0.05.

although no significant association was found between rs4935
T allele and the levels of CSF t-tau or p-tau181 (Table 2). In
addition, ApoE ε4 was significantly associated with decreased
levels of CSF Aβ42 and increased levels of CSF p-tau181 in
patients with AD (Table 2). Later, the associations of rs4935 T
allele with the risk of AD and the levels of CSF Aβ42 and CSF
p-tau181 were analyzed by stratifying ApoE ε4 status, but there
was no ε4 status preferable to rs4935 effects (Supplementary
Tables 2, 3).

The Immunostaining Intensity of p62 in
Alzheimer’s Disease and Its Relationship
With Senile Plaques
There was an increase in p62 immunoreactivity in patients with
AD compared to controls (Mann-Whitney U-test, p = 0.032,
Figure 1). Granular or fibril p62 immunopositivity was
frequently found in the perikaryons, cytoplasm, axons, and
dendrites of neurons, and occasionally found in the cytoplasm of
glial cells. The p62 immunopositivity could also be found in the
nuclear membrane. There was less NFTs density in the temporal
cortical layers III to IV (Supplementary Figure 1). In layers
III to IV, in the area with lower p62 immunostaining intensity,
there was a relatively higher density of Aβ-positive senile plaques
(Figures 2A,B), while in the area with higher intracellular
p62 immunoreactive intensity, there was a relatively lower
Aβ extracellular deposition, and Aβ immunostaining was also
found intracellularly (Figures 2C,D). The p62 immunostaining
intensity was negatively associated with the immunostaining
intensity of Aβ plaque in AD human brain tissues (paired t-test,
p= 0.040, Figure 2E).

We next examined whether p62 colocalized with Aβ

plaques in AD by comparing the locations of p62 and Aβ

immunostainings of AD human brain tissues. We randomly
selected 85 Aβ senile plaques in the temporal cortex of five
AD cases. After manually matching the consecutive sections of
Aβ immunostaining and p62 immunostaining, we found that
p62-positive immunostaining appeared only in one Aβ-positive
senile plaque, which accounted for 1.18% (Figures 3A,B).
The majority of Aβ senile plaques did not contain p62
(Figures 3C,D).

DISCUSSION

In this study, we investigated the genetic associations of rs4935
with AD and the AD CSF biomarkers. We found that the T
allele of rs4935 was not significantly associated with the risk
of AD, but it was significantly associated with decreased Aβ42
levels in CSF of patients with AD. A lower level of CSF Aβ42
is a strong prognostic marker for mortality of patients with AD
(Boumenir et al., 2019), which indicates that the T allele of rs4935
may lead to more severe symptoms and higher mortality in
AD. In the previous study, the T allele of rs4935 significantly
increased the risk of AD in the cohorts of 1,361 early onset
(with early onset age and/or family disease) AD and 2,348
non-affected individuals (Cuyvers et al., 2015). The change of
C to T of rs4935 is a synonymous variant identified in exon
6 (D292D). Synonymous variants may contribute to the risk
of human diseases and multiple traits through affecting RNA
processing, splicing efficiency, translation initiation, translation
elongation, or co-translational folding (Sauna and Kimchi-
Sarfaty, 2011; Rauscher and Ignatova, 2018), therein contributing
to the increased risk of AD (Tang et al., 2020). The D292D
is in the PEST1 domain of p62 protein. The PEST domain is
enriched in proline, glutamate, serine, threonine, and aspartate.
PEST sequences also serve as a proteolytic signal for rapid
protein degradation relevant to short-lived proteins (Rechsteiner
and Rogers, 1996). Many PEST sequences serve as targets for
caspase cleavage (Belizario et al., 2008). It has been reported
that p62 is a short-lived protein and a target for caspase-
6 and -8, and the caspase cleavage of p62 can inhibit the
autophagic process (Norman et al., 2010). T allele of rs4935
may be associated with accelerated clearance of p62 protein,
leading to a jeopardized cellular process of autophagy. In AD,
the monomeric Aβ peptides form oligomeric intermediates and,
eventually, form amyloid fibrils and plaques. The oligomeric
intermediates are tightly linked to AD pathogenesis and cause
neurotoxicity (Friedrich et al., 2010; Jin et al., 2016). Since
the reduced CSF Aβ42 level is a biomarker indicating Aβ

deposition in the brain (Jack et al., 2018), the synonymous variant
C to T may contribute to impaired clearance of oligomeric
intermediates and, therefore, increase Aβ plaque formation due
to p62 deficiency.

In this study, we found increased p62 protein intensity in
the temporal cortex affected by AD compared to controls.
Meanwhile, the immunostaining intensity of p62 was negatively
associated with those of Aβ plaques in a certain cortical area
with less NFTs density of AD, and these two molecules were
barely colocalized. In the frontal cortex, the expression of
p62 was reduced in AD (Du et al., 2009). However, in the
temporal cortex, p62 accumulation was found in AD (Ahmed
et al., 2017). Previous studies have demonstrated that p62
is involved in NFTs formation (Kuusisto et al., 2002; Babu
et al., 2005). The disparity of different p62 protein levels in
AD may reflect a different number of NFTs in the frontal
and temporal cortices, given that NFTs are present in the
temporal cortex earlier compared to the frontal cortex in AD
according to Braak NFTs stages (Braak et al., 2006). This
study is consistent with previous findings that p62 was absent
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FIGURE 1 | Comparison of p62 immunostaining in the temporal cortex of patients with Alzheimer’s disease (AD) and normal control. (A,B) There is higher p62
immunostaining intensity in AD (A) compared with normal control (B). Scale bar: 100 µm. (C) Quantification of p62 immunostaining intensity based on average p62
mean optical density (MOD) in AD and normal control brains. Data were analyzed as median ± interquartile range from each subject (n = 5) using Mann-Whitney
U-test. ∗p < 0.05.

FIGURE 2 | Association of β-amyloid (Aβ) and p62 immunostaining intensities in layers III to IV of temporal cortex of patients with AD. Consecutive serial sections
were used for immunostaining of Aβ and p62, respectively. (A–D) Representative images of AD case. (A,C) sections were immunostained with anti-Aβ (4G8). (B,D)
Sections were immunostained with anti-p62. There was a relatively higher density of Aβ-positive senile plaques (A) in the cortical area with lower p62
immunoreactive intensity (B). There was a relatively lower Aβ extracellular deposition (C) in the area with higher intracellular p62 immunoreactive intensity (D). Aβ

immunostaining was also found intracellularly. Scale bar: 100 µm. (E) Quantification of Aβ immunostaining intensity based on average Aβ plaque MOD in low and
high p62 immunoreactive intensity areas. Data were analyzed as mean ± SEM from each subject (n = 5) using paired t-test. ∗p < 0.05.
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FIGURE 3 | Representative images of Aβ plaque and p62 localization in AD
cases. There was occasional p62-positive immunostaining (B, red arrowed)
present in the Aβ-positive senile plaque (A, black arrowed). Aβ-positive senile
plaque (C, black arrowed) did not contain p62-positive immunostaining (D,
red arrowed). The two black arrows in (A,C) sections are in the same position
with the two red arrows in (B,D) sections, respectively. Scale bar: 50 µm.

in neuritic plaques (Kuusisto et al., 2002) and increased p62
exerted neuroprotective effects and reduced the number of
senile plaques (Cecarini et al., 2020; Deng et al., 2020). The
p62 accumulation in NFTs might reduce cytosolic availability
of p62 and decrease its physiological function in autophagy
(Feng et al., 2020), cellular signaling (Gureev et al., 2020),
and protein trafficking (Ramesh Babu et al., 2008; Salminen
et al., 2012). Indeed, upregulation of macroautophagy markers
has been shown as an early event involved in the major
pathologies, including Aβ plaques in AD (Ma et al., 2010).
Our study demonstrated that in the cortex layers with no
apparent involvement of NFTs, higher p62 expression may
contribute to enhanced neuronal Aβ metabolism and further
reduced extracellular Aβ deposition. In addition, our study
also suggested that different subtypes of cortical neurons may
predispose neuropathologies of AD, which requires further
evaluation through molecular and morphological definition
(Peng et al., 2021).

There are a couple of advantages and limitations in this
study. First, we applied different techniques (genetics and
pathologies) and different designs (case vs. control and
case only) investigating the role of p62 in the pathogenesis
of AD and had consistent findings. This study would
be improved if the clinical cohort was large enough to

accommodate more SQSTM1 polymorphisms for genetic
analysis and if the CSF p62 levels of patients with AD
in ADNI were available for the correlation analysis with
SQSTM1 polymorphisms.

CONCLUSION

The SQSTM1 genetic variant rs4935 associates with Aβ levels
in CSF of patients with AD. The p62 protein was significantly
increased in AD brain tissue and its levels were negatively
associated with the levels of extracellular Aβ deposition in a
certain cortical area of the AD brain.
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SUPPLEMENTARY MATERIAL
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Supplementary Figure 1 | Cortical distribution of neurofibrillary tangles (NFTs) in
AD cases. The section was immunostained with anti-phospho-tau (1:2500, AT8,

Invitrogen) and NFTs were conjugated in the super and deeper cortical layers.
Scale bar: 500 µ m.

Supplementary Figure 2 | Representative images of Aβ plaque and p62
localization in AD. Consecutive serial sections were used for immunostaining
of Aβ and p62 respectively (A–D). (A,C) Sections were immunostained
with anti-Aβ. (B,D) Sections were immunostained with anti-p62. High
magnification of the black boxed area were shown as Figures 3A–D. Scale
bar: 100 µ m.
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Neuronal ceroid lipofuscinosis (NCL) is composed of a group of inherited
neurodegenerative diseases, with the hallmark of lipofuscin deposit (a mixture of lipids
and proteins with metal materials) inside the lysosomal lumen, which typically emits
auto-fluorescence. Adult-onset NCL (ANCL) has been reported to be associated with
a mutation in the DNAJC5 gene, including L115R, L1161, and the recently identified
C124_C133dup mutation. In this study, we reported a novel C128Y mutation in a young
Chinese female with ANCL, and this novel mutation caused abnormal palmitoylation and
triggered lipofuscin deposits.

Keywords: cysteine string protein α, adult-onset neuronal ceroid lipofuscinosis, neurodegenerative disease,
lysosome, cognitive decline

INTRODUCTION

Neuronal ceroid lipofuscinosis (NCL) is a group of inherited neurodegenerative diseases and is
typified by the abnormal accumulation of lipofuscin (a mixture of lipids, proteins, and metal
materials) inside the lysosomal compartment, which emits auto-fluorescence (Haltia and Goebel,
2013; Mole et al., 2019). Despite significant clinical variability, common symptoms include
cognitive decline, motor dysfunction, seizures, visual impairment, and even premature death due to
prominent neurodegeneration. The NCLs are classified according to the age at onset, and there are
at least 13 distinct genes identified in different patients, including CLN1/PPT1, CLN2/TPP1, CLN3,
CLN4/DNAJC5, and CLN14/KCDT7 (Naseri et al., 2021) (NCL mutation and patient database)1.
Therapies, such as gene therapy and stem cell therapy, are promising for NCL, though currently
remaining at the early stage (Mole et al., 2019; Naseri et al., 2021).

Most pathogenic genes of NCL harbor the autosomal recessive inheritance, while
CLN4/DNAJC5 is exceptional and results in the autosomal dominant adult-onset NCL (AD-
ANCL). Patients with AD-ANCL developed their symptoms during adulthood. One research

1http://www.ucl.ac.uk/ncl
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summarized the symptoms of the reported case series of AD-
ANCL (45 patients), with most patients developing seizures at
around 25, 8.8% patients presenting with memory loss, and
20% patients with motor dysfunction (Naseri et al., 2021).
A heterozygous point mutation (p.L115R) and an in-frame
codon deletion (p.L1161) in the DNAJC5 gene have been
identified in pedigrees of AD-ANCL. Most research underlying
the mechanism of AD-ANCL focused on the L115R and L1161
mutations, which limits the understanding of the disease itself.
In a recent study, a 30-bp duplication in the DNAJC5 gene
(p.C124_C133dup) has been identified in two brothers, whose
mother died from AD-ANCL at the age of 56 (Jedličková et al.,
2020), indicating the association between DNAJC5 genotype and
clinical phenotype.

DnaJ heat shock protein family (Hsp40) member C5
(DNAJC5) encodes cysteine string protein α (CSP α), a protein
of 198 amino acids (around 22 kDa). The CSP α is located
at the synapses and is vital for synaptic function (Burgoyne
and Morgan, 2015; Nieto-González et al., 2019; Gundersen,
2020). The CSP α targets the organelle membrane to mediate
neurotransmitter release and membrane fusion. Deletion of the
CSP α leads to a decrease in SNAP-25 and the downstream
soluble NSF attachment receptor (SNARE) complex assembly
(Chandra et al., 2005; Sambri et al., 2017). Homozygosis knock-
out of the CSP α in the mouse model induced the significant
neurodegeneration (Fernández-Chacón et al., 2004).

In this study, we reported a case of a Chinese female carrying
the novel p.C128Y mutation in the DNAJC5 gene and further
verified its pathogenicity in vitro and in vivo.

MATERIALS AND METHODS

Human Subject Research
All procedures were approved by the ethical committee of Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine.
Informed consent was obtained from the participant and her
parents. The DNA was extracted from blood samples using
the QIAamp DNA Mini Kit (Qiagen, Germany). Whole-exon
sequencing was applied to identify the genetic profile of the
patient, and the detected mutation was further verified by the
PCR. Brain MRI was performed on a 3.0 T scanner (Philips,
United States). Around 3-mm deep punch of medial upper arm
was taken for observing the sweat glands under transmission
electron microscopy (TEM).

In silico Analysis
The substitution score for Cys128 was quantified by the
BLOSUM62 matrix2. The potential impacts of L115R and
C128Y mutation on the function and structure of the CSP
α were assessed by Mutation Taster3 PolyPhen-24, SIFT, and
PROVEAN5. The influence of amino acid substitution on the
2https://www.ncbi.nlm.nih.gov/IEB/ToolBox/C_DOC/lxr/source/data/
BLOSUM62
3http://mutationtaster.org/
4http://genetics.bwh.harvard.edu/pph2/
5http://provean.jcvi.org/index.php

palmitoylation potential was evaluated using CSS-Palm 4.0.
Furthermore, the hydrophobicity of the cysteine-string domain
was assessed using the Kyte-Doolittle algorithm6.

Plasmid and Lentivirus Construction
To build plasmid overexpressing wild-type (WT) CSP α, the
DNAJC5 cDNA (NM_025219) was inserted into the PGEX-KG
vector between EcoRI and XbaI restriction sites. Based on the
WT plasmid, site-directed mutagenesis was performed using
the QuickChangeTM site-directed mutagenesis kit (Stratagene,
United States) to construct L115R and C128Y mutation
according to the manufacturer’s instruction. The primers for the
plasmid verification were in the Supplementary Table 1. To
build the lentiviral vector accordingly, human cDNA encoding
wild-type CSP α and C128Y mutation were cloned into a
Lenti-GFP vector. The viral particles were concentrated by
ultracentrifugation at 20,000 rpm for 120 min at 4◦C using a
Beckman XPN-100 ultracentrifuge.

Cell Culture and Cell Transfection
The SH-SY5Y cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) and penicillin-streptomycin (Gibco, United States) at 37◦C
in a 5% CO2 incubator. One day before transfection, the cells
were cultured in a 6-well plate at a density of 0.3× 106 cells/well.
Cell transfection was performed with C128Y, L115R, WT CSP
α plasmid, or vector using the Lipofectamine 3000 (Thermo
Fisher Scientific, United States) according to the manufacturer’s
instruction. Forty-eight hours after transfection, the cells were
harvested for downstream analysis.

Cell Viability
Cell viability after transfection was quantified using the
CellTiter-LumiTM plus assay (Beyotime, China) according to the
manufacturer’s instructions. Forty-eight hours after transfection,
100 µl reagent was added to each of the parallel wells for 10-min
incubation. The plates were read using standard luminescence
settings on a Synergy MX plate reader (BioTeck, United States).

Animal and Stereotactic Injection
The C57BL/6J mice (female, 5 months old, 3 for each group)
were purchased from the GemPharmatech company. The animals
were kept in a specific pathogen free (SPF) environment with a
12:12 light-dark cycle with free access to food and water. Animal
experiments were performed according to the NIH Guide for
the Care and Use of Laboratory animal. All procedures were
approved by the ethical committee of Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine.

Isoflurane was deployed for anesthesia, and a stereotaxic
instrument (RWD life science, China) was used to locate
the hippocampal CA3 region (coordinates: –2.8 mm
anteroposterior, ± 20.5 mm mediolateral, and –3 mm
dorsoventral). Before injections, lentiviral vectors were diluted
with sterile phosphate-buffered saline (PBS) to achieve a titer
of 1 × 108 TU/ml and shortly stored on ice. Each mouse was

6https://web.expasy.org/protscale/
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transcranially injected with 2 µl Lvv-GFP-CSP αWT, Lvv-GFP-
CSP αC128Y, or Lvv-GFP (vector) bilaterally using a 10-µl
syringe over 5 min. The needle remained in place for 5 min
after complete injection and then was slowly removed. Two
months after stereotactic injection, the mice were sacrificed. One
hemisphere was fixed in 4% paraformaldehyde (PFA), and the
other hemisphere was fixed in the 2.5% glutaraldehyde.

Histochemistry Staining
Fixed brain tissue was embedded with paraffin, sectioned, and
mounted on slides. The tissue section then underwent procedures
of deparaffinization and rehydration. For periodic acid-Schiff
(PAS) staining, tissues were oxidized in 0.5% periodic acid
solution for 5 min and rinsed in distilled water three times. Then,
the sections went for incubation sequence of Schiff ’s reagent
(15 min) and Mayer’s hematoxylin (1 min), with an interval of
5 min washing under tap water. For long Ziehl-Neelsen staining,
the sections were incubated in the carbol-fuchsin solution
overnight and followed by incubation in methylene blue solution
for 1 min after washing in the tap water. After staining, the
sections were incubated in the gradient alcohol for dehydration
and mounted by the permanent mounting medium (VectorLab,
United States). The images were captured by the Leica DM6B
microscope system.

Immunofluorescent Staining
After deparaffinization and rehydration, the sections were
blocked with 5% bovine serum albumin (BSA) in PBS buffer for
1 h at room temperature and then incubated with anti-SNAP25
antibody (Abcam, United States, ab41455, 1:100) overnight at
4◦C. The next day, after washing with PBS-T 3 times, the sections
were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor R©

594) (Abcam, United States, ab150077, 1:500) for 1 h at room
temperature. Following washing with PBS-T 3 times, the sections
were mounted with Antifade Mountant [with 4′,6-diamidino-2-
phenylindole (DAPI)]) (Thermo Fisher Scientific, United States).
The immunofluorescence images were captured using a Leica SP8
confocal microscope.

Western Blot Analysis
The transfected cells were lysed using a Mammalian Protein
Extraction Reagent with Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific, United States) and then subjected
to a 12,000 rpm centrifugation at 4◦C for 10 min to collect
the supernatant. Total protein concentration was determined
using the BCA protein assay kit (Thermo Fisher Scientific,
United States). Forty micrograms of proteins were loaded onto
12.5% sodium lauryl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels. After separation, proteins were transferred to
0.22 µm polyvinylidene fluoride (PVDF) membranes (Millipore,
United States). The membranes were blocked for 2 h and then
incubated with an anti-CSP antibody (Enzo life, United States,
ADI-VAP-SV003-E, 1:1,000) and an anti-beta actin antibody
(Sigma, United States, A5441, 1:1,000) overnight at 4◦C. After
washing three times with Tris-buffered saline with Tween-20
(TBST), the membranes were incubated with corresponding

secondary peroxidase-conjugated antibodies (Beyotime, China,
A0208 or A0216, 1:1,000). Protein bands were visualized with
an ECL kit (Thermo Fisher Scientific, United States). The
images were captured using an Odyssey Image Station (LI-COR,
United States).

Transmission Electron Microscopy
Rapidly excised blocks of the skin tissue and the mice
hippocampal CA3 region were immediately fixed with 2.5%
glutaraldehyde for 24 h at 4◦C. Then, specimens were postfixed
in 1% osmium tetroxide for 1 h at room temperature, dehydrated
in an ethanol series, and embedded in Epon 812 resin. Ultrathin
sections (70 nm) were collected on Formvar-coated slot grids
using an ultramicrotome (Leica EM UC7, Germany) equipped
with a diamond knife and stained with lead citrate. The
ultrastructure images were recorded in a Talos L120C electron
microscope (Thermo Fisher Scientific, United States) operated at
an accelerating voltage of 80 kV.

Statistical Analyses
All the analyses of the acquired pictures were conducted using
ImageJ/Fiji plugin. Data were presented as mean ± SEM and
analyzed by the GraphPad Prism 8.0 software. One-way ANOVA
followed by the post hoc Dunnett’s test was applied to compare
between each group. Statistical significance was defined as
P < 0.05. Data visualization was based on R-4.1.0 (www.r-
project.org).

RESULTS

Clinical Features of the Patient With
ANCL
A 20-year-old female undergraduate was referred to the memory
clinic, Ruijin Hospital, Shanghai Jiao Tong University School
of Medicine due to progressive memory loss with personality
changes reported by her parents. We reviewed her medical
records, and about 9 months earlier, she paid a visit to the
community hospital, and claiming memory loss. However,
assessments by the primary physician were completely negative.
At this visit to Ruijin Hospital, a series of neuropsychological
assessments were deployed to this patient, and the result
indicated the cognitive decline (Figure 1A). The patient
presented with Parkinsonian motor features, including tremors
in the left upper limb and bradykinesia. The specialist found her
facial expression relatively decreased, while the muscle tension
increased. Brain MRI revealed moderate atrophy of the bilateral
cerebral cortex [Global cortical atrophy (GCA) scale = 2] and the
hippocampus [Medial Temporal lobe Atrophy (MTA) scale = 2]
(Figure 1B). The detailed medical records were listed in the
Supplementary Material of this article.

p.C128Y CSP α Is Associated With ANCL
Considering the progressive cognition decline, personality
change, motor dysfunction, and noteworthy brain atrophy,
we further conducted the whole-exome sequencing on this
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FIGURE 1 | Summary of clinical records of an affected patient with Adult-onset NCL (ANCL). (A) Neuropsychological assessments indicated the cognitive decline in
this patient. Scores of each assessment were converted to centesimal systems. (B) Typical MRI imaging of the proband revealed the symmetric atrophy of the
bilateral cortex (GCA scale = 2) and hippocampus (MTA scale = 2). (C) Chromatograms of the DNAJC5 genomic DNA sequence showed a coding variant at position
c.383 (c.383G > A). (D) Representative pictures of the skin biopsy of sweat gland showed GRODs and curvilinear profile in the affected proband. Magnification is
65,000× in the left and right picture, and 33,000× in the middle one. White arrowhead: the curvilinear profile, white arrows: GRODs. MMSE:, mini-mental state
examination; BNT, Boston naming test; CDT, clock drawing test; ACE-R, Addenbrooke’s cognitive examination; GRODs, granular osmiophilic deposits; GCA, global
cortical atrophy; MTA, medial temporal lobe atrophy.

patient. A missense mutation in DNAJC5 exon4 (C.383G>A) was
identified (Figure 1C), which led to the substitution from cysteine
to tyrosine at p.128 (Figure 2A). The polymerase chain reaction
was deployed to verify the C128Y mutation in the proband. This
mutation was not found in either of her parents. Furthermore,
we did not identify any mutation of other disease-causing genes
of NCL in this pedigree. Next, we performed skin biopsy and
found granular osmiophilic deposits (GRODs) (Figure 1D, white
arrow) and curvilinear profiles (Figure 1D, white arrowhead) by
ultrastructurally using transmission electron microscopy (TEM).
Taking all the clinical manifestations, neurological examination,
necessary laboratory examinations (listed in the supplementary),
skin biopsy, and novel C128Y mutation inDNAJC5 gene together,
the patient was eventually diagnosed as ANCL in Ruijin Hospital
at the age of 20.

In silico Analysis of Mutated
DNAJC5/CSP α
The Cys128 is identified as highly conserved among many species
(Figure 2A). The BLOSUM62 scores for cysteine substitution in
homologous proteins were calculated (Figure 2B). A negative
score resulting from cysteine to tyrosine substitution indicated
rare substitution or, in other words, evolution. To predict

the disease-causing potential of C128Y mutation, we included
the reported L115R mutation as a positive control when
using Mutation Taster, PolyPhen-2, PROVEAN, and SIFT. The
C128Y mutation was predicted to induce a harmful effect on
the organism but in a slightly different pattern compared to
the L115R mutation (Figure 2C). Cysteine contains sulfydryl,
which is an active site for s-palmitoylation with palmitic acid.
Palmitoylation scores for each cysteine in mutated CSP α

were calculated by CSS-Palm 4.0, and the C128Y mutation
was predicted to cause a worse palmitoylation ability than
L115R mutation, especially at Cys124 (Figure 2D). Considering
that L115R mutation induced oligomer formation, changes
of hydrophobicity after amino acid substitution were further
predicted. The overall hydrophobicity of both mutant CSP α was
predicted to decrease in a different pattern, and L115R mutation
tended to be worse (Figure 2E).

C128Y Mutation Caused Abnormal
Palmitoylation of CSP α and Aggregates
Formation in vitro
In vitro, neither C128Y nor L115R mutation had an impact
on the cell viability after transient transfection (Figure 3A).
The transiently transfected neuroblastoma cell lysates were
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FIGURE 2 | In silico analysis of mutated DNAJC5/CSP α. (A) Both p.L115R and p.C128Y are located at the cysteine-string domain, as visualized in the ideogram of
CSP α. (B) The BLOSUM62 score indicated a rare substitution from cysteine to tyrosine at p.128. (C) Disease-causing potential, calculated with Mutation Taster,
SIFT, PolyPhen-2, and PROVEAN, revealed worse pathogenicity for the C128Y mutation (1/100-fold change for scores from Mutation Taster, 1,000-fold change for
scores from SIFT, 1/10-fold change for scores from PROVEAN). (D) The C128Y mutation decreased predicted palmitoylation score, indicating the potential difficulty
of this mutant in forming disulfide bonds with palmitic acid. (E) C128Y mutation decreases the hydrophobicity of the cysteine-string domain.

separated by the SDS-PAGE gels, and several bands were
detected by immunoblotting. As we expressed (EGFP)-tagged
CSP α intracellularly, the exogenous CSP α was different from
the endogenous one due to the existence of enhanced green
fluorescent protein (EGFP), which provided an extra molecular
weight of about 26 kDa. As reported, the palmitoylation process
induces a heavier shift on migration for approximately 7 kDa.
The novel C128Y mutation caused different presentations of
the palmitoylation process and oligomer formation on SDS-
PAGE gels compared to the wild-type (WT) CSP α, which
was not similar to that from L115R mutation. The C128Y

mutation caused the obstacle in the palmitoylation process,
leaving a relatively higher portion of protein non-palmitoylated,
while the L115R mutation caused almost all proteins to
remain non-palmitoylated (Figures 3B,D,E). The palmitoylation
ratio (palmitoylated over non-palmitoylated CSP α) decreased
sharply for L115R mutation from around 2.23 to 0.18, and
the palmitoylation score for C128Y mutation changed to
0.466 (Figures 3B,G). Meanwhile, L115R mutation triggered
the formation of SDS-resistant aggregates of > 180 kDa,
accompanied with a relatively lower quantity of endogenous
CSP α (Figures 3B,C,F), indicating the aggregates assembling
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FIGURE 3 | Abnormal palmitoylation and oligomer formation due to C128Y mutation in vitro. (A) Both the C128Y and L115R mutations had no impact on cell
viability. (B) The anti-CSP α antibody (Enzo life, ADI-VAP-SV003-E) used in this study can detect the band at around ∼34 kDa, the molecular weight for endogenous
CSP α. The EGFP-tagged CSP α consisted of the amino acids of both EGFP (around 26 kDa) and CSP α and exhibited an apparent molecular weight of around
60 kDa. The palmitoylation process induced a shift in gel migration of approximately 7 kDa (67 kDa is the apparent molecular weight of the palmitoylated species).
Furthermore, bands above 180 kDa represent oligomers of CSP α. The L115R mutation reduced the palmitoylation process and also enhanced the amount of
oligomer formation. Similarly, but to a lesser extent, the C128Y mutation-induced decreased palmitoylation and triggered oligomer formation, but without impacting
abundance detected in endogenous CSP α bands, as quantified in panel C (oligomer), (D) (palmitoylated CSP α), (E) (non- palmitoylated CSP α), (F) (endogenous
CSP α), and (G) (ratio of palmitoylated CSP α over non- palmitoylated CSP α). N = 3, all data in the figure are shown as mean ± SEM, each group vs. WT. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

the endogenous proteins. This novel C128Y mutation induced
a relatively smaller portion of aggregate formation from the
exogenous proteins, with almost no change to the number of
endogenous proteins (Figures 3B,C,F).

C128Y Mutation Induced Lipofuscin
Deposit in Granule Cells in vivo
We manually delivered lentivirus to the hippocampal CA3
region to observe both histological and ultrastructural changes
due to mutant CSP α in vivo (Figure 4A). The efficiency of
protein expression for lentivirus was similar in each group
(Supplementary Figure 1). During daily feeding, mice neither
showed the over-reaction to daily activities (changing cages or
food/water replacement) or irritation phenomenon, nor seizures-
like attack for mice expressing C128Y mutant proteins. Two
months after injection, C128Y mutation induced granule cell
atrophy and cell body became polygon-shape from oval- and
water drop-shape, together with the decrease of granule cell
layer thickness (Figures 4B,C). Light microscopy confirmed the
deposit of glycogen-like material (positive by PAS staining) in the
granule cell perikarya (Figures 4B,D). We further performed the

long Ziehl-Neelsen staining (a method for detecting lipofuscin)
on the brain slides, which verified PAS-positive storage material
to be the lipofuscin (Figures 4B,E). Using TEM, we found
that C128Y mutation caused the enlargement of the lysosome
lumen in the postsynaptic neurons. These enlarged lysosomes
were full of heterogeneous contents, mainly GRODs. Meanwhile,
postsynaptic densities (PSDs) remarkably decreased in the mouse
brain with C128Y mutant CSP α expression (Figure 4F).
Decreased expression of SNAP-25, one marker of the synaptic
compartment in the hippocampal CA3 region (Figure 5), was
consistent with the above-mentioned alteration.

DISCUSSION

Previously, there have been reports about the L115R and L1161
mutations in ANCL pedigrees (Naseri et al., 2021), and these
mutations exhibit a manner of autosomal dominant inheritance.
In the present study, we find the C128Y mutation in the female
proband rather than her parents, suggesting that it might be a
spontaneous point mutation.
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FIGURE 4 | Aberrant granule cell layer and PSDs as a result of the C128Y mutation in vitro. (A) Bilateral hippocampal CA3 was delivered with lentivirus to
overexpress mutant or wild-type CSP α. (B) Representative pictures show the granule cell layer of the mutant-injected hippocampal CA3 region is thinner as
quantified in panel C, and with PAS-positive storage material in the granule cell perikarya (quantified in panel D), which was verified to be lipofuscin by the long
Ziehl-Neelsen staining (quantified in panel E). (F) A representative picture showed the ultrastructure of the hippocampal CA3 region, with pseudo-green used to
highlight the structure of a presynaptic neuron, and with pseudo-red demonstrating a postsynaptic neuron. C128Y mutation induced the enlargement of the
lysosome compartment filled with heterogeneous contents, mainly the GRODs (white arrow), and the PSD (arrowheads) decreased remarkably. N = 3, all data in the
figure are shown as mean ± SEM, each group vs. vector. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. White arrows: GRODs; arrowheads: PSD;
asterisks: synaptic vesicles. GRODs, granular osmiophilic deposits; PSD, postsynaptic density.

Interestingly, this novel C128Y mutation resulted in different
clinical manifestations compared to the L115R and L1161
mutations. The initial symptoms for this patient were memory
loss and personality change at the age of 20, whereas seizures
were the most common chief complaints for previously reported
cases in the mid- and late-20s (Naseri et al., 2021). Memory
loss can precede the onset of the seizure, and in many patients,

abnormal signals in electroencephalogram (EEG) are captured
before clinical symptoms initiation. The EEG was normal for
this patient until the recent follow-up. The patient developed the
symptoms of parkinsonism at a clinically early stage, including
tremor, bradykinesia, and an increase in muscle tension. These
symptoms of parkinsonism have never been reported in patients
with ANCL. From all the reported associated cases, parkinsonism
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FIGURE 5 | Changes of SNAP-25 expression in hippocampal CA3 region due
to C128Y mutation. (A) Representative pictures show the decrease of
SNAP-25 in the hippocampal CA3 region of mice expressing C128Y mutant
CSP α, as quantified in panel B. N = 3, all data in the figure are shown as
mean ± SEM, each group vs. vector. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

was reported in ANCL type B and was associated with mutations
in the CTSF gene (Berkovic et al., 2019). However, no mutation
of the CSTF gene was detected in the proband and either of
her parents. Another remarkable finding in the patient was the
symmetric cortical atrophy and mild-moderate medial temporal
lobe atrophy reported by the brain MRI, while the brain structure
was reported normal by CT scanning at the first visit about
9 months earlier. Regarding the previously reported cases, the
brain structure was reported normal by MRI or CT scanning
for a long time after disease onset (Naseri et al., 2021). These
different phenotypes seem to result from different mutation sites,
as different amino acid harbors different biological effects and are
involved in distinct mechanisms. Likewise, evidence from in silico
analysis preliminarily supported that the novel C128Y mutation
induced a harmful biological effect to organisms in a different
pattern with the previously reported L115R mutation as is shown
in Figure 2.

Among five domains of CSP α, both the DNAJ domain and
cysteine-string domain are the key part of its function. Recent
evidence shows that CSP α is important for neurogenesis as

a complete deletion in mice could result in exhausting neural
stem cells in the hippocampus, which could be ameliorated
by blocking the mTOR pathway (Nieto-González et al., 2019).
Considering the cell viability, both C128Y and L115R mutant
proteins had no direct effects. The influence of CSP α mutation on
the PI3K/AKT/mTOR pathway still needs further investigation.

To our knowledge, only a few pathogenetic mutations in the
DNAJC5 gene, including L115R (leucine-arginine substitution),
L1161 (a deletion of leucine), and C124_C133dup mutation
(30 bp duplication), were identified, precisely locating at the
whole cysteine-string domain. Here, we identified a novel
variant in the genomic sequence of DNAJC5 in a young
Chinese female, which resulted in the cysteine substitution
still in the cysteine-string domain. The cysteine-string domain
provides an abundant amount of palmitoylation site for reaction
with palmitic acid, and palmitoylated CSP α is necessary for
membrane targeting and works as co-chaperone (Greaves and
Chamberlain, 2006; Greaves et al., 2008, 2012; Diez-Ardanuy
et al., 2017). In this study, the overall amount of expressed
protein was similar in each group. Both C128Y and L115R
mutations caused aberrant protein palmitoylation and oligomer
formation. However, L115R mutation exhibited the inhibition
of palmitoylation and remarkable aggregates formation by
recruiting endogenous CSP α (Imler et al., 2019). It is reported
that iron-sulfur clusters play an important role in aggregates
formation and would combine with mutant protein by the Fe-
S cluster scaffolding protein (Naseri et al., 2020). Further study
needs to testify the combination between Fe-S cluster scaffolding
protein and the novel C128Y mutant protein.

Regarding the neuropathological findings, the typical
ultrastructural findings for patients with ANCL are the GRODs,
curvilinear profiles, and fingerprint profiles (Radke et al., 2015).
The CSP α is only limitedly expressed in several cell types,
which are neurons and neuroendocrine cells (The Human Brain
Atlas: https://www.proteinatlas.org/). The eccrine sweat gland
epithelial cell by skin biopsy was used as an alternative for the
brain tissue to observe the structural changes in the proband,
and the GRODs were observed. Similarly, the C128Y mutation
triggered the GRODs formation in the postsynaptic neurons of
the mouse brain (as in Figure 4F).

Interestingly, the hippocampal granule cells address a special
role in learning and spatial memories (Szabadics et al., 2010;
Vyas and Montgomery, 2016; Hainmueller and Bartos, 2018),
and in the present study, we found wearing thin of granule
cell layer and cell body atrophy in mouse brain expressing the
mutant protein, except for lipofuscin deposit. Although granule
cell dispersion has been linked to chronic epilepsy (Weninger
et al., 2021), recent studies pointed out that such correlation
might result from the sampling bias, tending to be a normal
variation in people without epilepsy (Roy et al., 2020). Up to
our recent follow-up, the EEG of the affected patient was still
normal, and she did not develop a seizure-like attack. Likewise,
we did not observe that the mouse overreacts to daily manual
operation or any sight of aggressiveness to littermate. It must
be admitted that we did not assess them by the behavior tests,
for instance, analysis of fine motor (head nodding) and falling
frequency, or EEG measurement, as a preliminary experiment in
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a mouse model with a limited sample size. A knock-in mouse
model by CRISPR-Cas9 technology is further needed to unmask
these puzzles (Faller et al., 2015).

The CSP α targets the organelle’s membrane and has a
great impact on neurotransmitter release from vesicles and
organelle biogenesis by mediating membrane fusion (Ballabio
and Bonifacino, 2020). Meanwhile, CSP α mostly locates at
neurons and interacts with SNAP-25 and SNAREs (soluble,
N-ethylmaleimide-sensitive attachment receptors) (Gundersen,
2020). The PSD contains a wide variety of hundreds of proteins
and is an EM-electron dense region localized at the postsynaptic
sites. PSDs are essential for synaptic integrity and plasticity and
their decrease stands for a sign of neurodegeneration (Gorenberg
and Chandra, 2017; Dejanovic et al., 2018). Neuron loss and
synaptic dysfunction have been identified by the brain biopsy
for a patient with AD-ANCL (Benitez et al., 2015). We found
the decrease of PSDs in the mouse brain expressing mutant CSP
α, potentially by decreasing the SNAP-25, which was similar for
the L115R mutation (Naseri et al., 2020). The PSDs should be
assessed in the brain of patients with ANCL carrying L115R
or L1161 mutation to verify its postmortem diagnostic value
for ANCL. In the future, we need to further investigate the
mechanism of C128Y mutant CSP α on neurodegeneration.

CONCLUSION

In the present case, we reported a novel C128Y variant in the CSP
α in a young Chinese female with ANCL, who presented with
prominent memory loss, personality change, and parkinsonism
together with brain atrophy by neuroimaging. Next, this study
using cellular models demonstrates that the mutant CSP α

exhibits aberrant protein palmitoylation and oligomer formation
in a different pattern compared with the reported L115R mutant
protein. In vivo, C128Y mutation triggers granule cell atrophy
and decrease of granule cell layer thickness and PSDs in
mice model, which provided some insights about some clinical
manifestations that the patient presented. Further study needs to
be performed to verify the mechanism of such biological effects
for the C128Y mutation in detail.
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Jedličková, I., Cadieux-Dion, M., Pøistoupilová, A., Stránecký, V., Hartmannová,
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Pathogenic alpha-synuclein (asyn) aggregates are a defining feature of

neurodegenerative synucleinopathies, which include Parkinson’s disease, Lewy

body dementia, pure autonomic failure and multiple system atrophy. Early accurate

differentiation between these synucleinopathies is challenging due to the highly

heterogeneous clinical profile at early prodromal disease stages. Therefore, diagnosis is

often made in late disease stages when a patient presents with a broad range of motor

and non-motor symptoms easing the differentiation. Increasing data suggest the clinical

heterogeneity seen in patients is explained by the presence of distinct asyn strains,

which exhibit variable morphologies and pathological functions. Recently, asyn seed

amplification assays (PMCA and RT-QuIC) and conformation-specific ligand assays

have made promising progress in differentiating between synucleinopathies in prodromal

and advanced disease stages. Importantly, the cellular environment is known to impact

strain morphology. And, asyn aggregate pathology can propagate trans-synaptically

along the brain-body axis, affecting multiple organs and propagating through multiple

cell types. Here, we present our hypothesis that the changing cellular environments, an

asyn seed may encounter during its brain-to-body or body-to-brain propagation, may

influence the structure and thereby the function of the aggregate strains developing

within the different cells. Additionally, we aim to review strain characteristics of the

different synucleinopathies in clinical and preclinical studies. Future preclinical animal

models of synucleinopathies should investigate if asyn strain morphology is altered

during brain-to-body and body-to-brain spreading using these seeding amplification and

conformation-specific assays. Such findings would greatly deepen our understanding of

synucleinopathies and the potential link between strain and phenotypic variability, which

may enable specific diagnosis of different synucleinopathies in the prodromal phase,

creating a large therapeutic window with potential future applications in clinical trials and

personalized therapeutics.

Keywords: animal models, synucleinopathies, Lewy body disorders, seed amplification assay, oligothiophene

ligands, peripheral biomarkers
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INTRODUCTION

Parkinson’s disease (PD), dementia with Lewy bodies (DLB), pure
autonomic failure (PAF) and multiple system atrophy (MSA) are
categorized as synucleinopathies, as they are all characterized
by pathological accumulation of aggregated asyn protein. PD,
DLB and PAF predominantly present with intraneuronal and
neuritic deposits of aggregated asyn, also called Lewy pathology
(Visanji et al., 2019). MSA is characterized by predominant
glial cytoplasmic inclusions (GCIs), later also called Papp-Lantos
bodies (Papp et al., 1989; Jellinger and Lantos, 2010). These asyn
aggregates can spread through synaptically coupled networks
along the brain-body axis and ultimately result in widespread
neurodegeneration in the central nervous system (CNS) and
in multiple peripheral organs (Beach et al., 2010; Chiang
and Lin, 2019; Mendoza-Velásquez et al., 2019). The clinical
representation of PD, DLB, PAF, and MSA patients is highly
heterogeneous and overlapping during the early disease stages
(Palermo et al., 2020; Berg et al., 2021; Folke et al., 2022). Due
to the variable involvement of different neuronal systems, each
synucleinopathy may include a wide range of motor, cognitive,
gut and other autonomic deficits, up to 20 years prior to
diagnosis, complicating early and accurate diagnosis. Diagnosis
is currently made by clinical evaluation of these symptoms
that can be corroborated by imaging for neurodegenerative and
autonomic damage. Thus, early prodromal diagnosis remains
challenging. Furthermore, patients are often misdiagnosed and
can only be classified as PD, DLB, PAF, or MSA upon post-
mortem investigation of the spatiotemporal distribution of
pathogenic asyn in the brain (Kovacs, 2016). Thus, we are in need
of early disease biomarkers for different synucleinopathies.

Recent imaging and post-mortem neuropathological evidence
suggest that disease heterogeneity in PD, DLB and PAF can
be explained in part by variable disease onset site: a body-first
subtype where pathogenic asyn arises in the body and spreads
to the brain, and a brain-first subtype where pathogenic asyn
arises in the brain and spreads to the body (Horsager et al.,
2020; Borghammer, 2021; Borghammer et al., 2021). On the other
hand, the existence of distinct protein aggregate morphologies
has also been suggested to explain disease heterogeneity in
synucleinopathies (Surguchov, 2020; Holec and Woerman,
2021; Woerman, 2021). It has been shown that distinct types
of synucleinopathies exhibit asyn aggregates with different
morphological and biochemical traits influencing, e.g., cell
tropism and toxicity of the asyn aggregate or strain (Shahnawaz
et al., 2020; Van der Perren et al., 2020). Additionally, the
cellular milieu in which the asyn aggregation takes place seems to
significantly impact the properties of the asyn strains, ultimately
altering further disease progression (Holec andWoerman, 2021).

Thus, emerging evidence suggests that disease heterogeneity
either depends on disease initiation site (body or brain), or on
structural characteristics of the dominant asyn strain present.
However, it has not been considered that an interplay of both
mechanisms could be true. Importantly, the cellular environment
is known to impact pathology morphology. Thus, it is plausible
that the cellular environment at the disease initiation site
determines the dominant asyn strain, which then propagates

through the peripheral and CNS. Here, we hypothesize, for the
first time, that (1) disease initiation site and (2) pathogenic asyn
conformation are both (interdependent) determinants of the
clinical and histopathological profile of synucleinopathies.

Since the early disease or pre-motor phase is seen as the
ideal time window for applying personalized disease-modifying
therapy (Oertel and Schulz, 2016), it is crucial to establish
diagnostic methods that are able to trace pathology prior
to autonomic or CNS damage. Pathology in easily accessible
peripheral tissues and fluids have been under investigation
as a possible early biomarker for different synucleinopathies.
Over the past two decades a range of asyn seed amplification
assays (asyn SAA) and conformation-specific fluorescent dyes
have been created to investigate the relation between the
structural and seeding properties of pathology and the clinical
representation of a certain synucleinopathy. The identification
and characterization of disease-specific asyn aggregates in
easily accessible peripheral fluids or tissues may enable early
stratification as well as development of subtype-specific targets
for therapeutic strategies. Especially in immunotherapy, target
biology should be optimized toward strain-specific pathology
(Folke et al., 2022). For this purpose, it is crucial to gain
insight in the different structural characteristics of asyn strains
underlying different synucleinopathies. Here, we discuss strain
variability in synucleinopathies and recent developments of
ultra-sensitive amplification asssays and conformation-specific
dyes in neurodegenerative disease, their shortcomings and
highlight the need of novel experimental models to increase
translation ability of results.

ALPHA-SYNUCLEIN AND STRAIN
VARIABILITY

Alpha-Synuclein
In 1993, a non-Aβ component of Alzheimer’s disease (AD)
amyloid (NAC) was discovered in homogenates of an AD brain.
cDNA cloning revealed NAC was part of a NAC precursor
(NACP), and sequence analysis showed NACP was a 140
amino acid protein (Uéda et al., 1993). Purification and protein
sequencing of two human proteins of 140 and 134 amino acids
showed the 140 amino acid protein was identical to NACP and
was referred to as asyn (Jakes et al., 1994).

An A53T mutation in the asyn gene, SNCA, found in early-
onset PD families was the first evidence linking asyn to PD
(Polymeropoulos et al., 1997). Other missense mutations in
addition to duplications and triplications have been identified
giving rise to monogenic PD (Krüger et al., 1998; Singleton et al.,
2003; Chartier-Harlin et al., 2004; Zarranz et al., 2004; Appel-
Cresswell et al., 2013). Soon after asyn was linked to genetic
PD, immunohistochemical studies identified asyn as a major
component of Lewy bodies (LBs) and Lewy neurites in PD and
DLB (Spillantini et al., 1997), and of GCIs in MSA (Tu et al.,
1998).

Physiological asyn is present in abundance in presynaptic
terminals of neurons and is thought to be involved in synaptic
transmission, dopamine metabolism and lipid vesicle trafficking
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(Murphy et al., 2000). Under normal physiological conditions,
asyn exists in equilibrium between membrane-bound and
soluble native states. In pathological conditions, asyn can
misfold from its native soluble conformation into different β-
sheet enriched structures (oligomers or protofibrils), ultimately
forming elongated insoluble fibrils that accumulate into Lewy-
like aggregates (Lashuel et al., 2013).What allows asynmisfolding
to take place is currently unknown, an interplay of several
mechanisms may take place, such as increased amounts of
endogenous asyn, the presence of asyn mutations, cellular stress,
mitochondrial dysfunction, asyn aggregate inducing proteins and
metabolites (Lindersson et al., 2005; Lee et al., 2011; Mehra et al.,
2019).

This aggregation process can be replicated in vitro, using
recombinant asyn, reproducing different fibrillary asyn
structures resembling asyn aggregates isolated from human
from samples. Candelise et al. have elaborately reviewed the
micro-environmental factors that influence asyn aggregation.
Briefly, chemical factors such as low pH has been shown to
promote aggregation alongside with increased temperature,
shaking and presence of metal ions. Furthermore, physiological
variations in the cellular organelles such as pH, and biological
factors such as fatty acids may influence aggregation. For
example, some short-saturated hydrocarbon chains are able to
induce asyn aggregation opposed to polyunsaturated fatty acids
that quench aggregation (Candelise et al., 2020).

Seeding
A misfolded asyn protein can recruit endogenous asyn and
induce pathogenic conformational changes in the endogenous
protein, resulting in conformations of asyn with high content
of β-sheets, gradually building up to insoluble pathogenic
conformers called fibrils. This mechanism is defined as
conformational templating, also called “seeding”, and was
originally discovered in prion diseases. In 1982, when studying
the scrapie protein properties, Prusiner proposed the term prion
to describe a small proteinaceous infectious particle (Prusiner,
1982). The prion protein (PrPc) is the pathological hallmark of
transmissible spongiform encephalopathies (TSEs). TSEs cover
a range of neurodegenerative diseases in mammalians including
among others: scrapie (sheep), chronic wasting disease (CWD)
(deer), bovine spongiform encephalopathy (cattle), Creutzfeld-
Jakob disease (CJD), Gerstmann-Sträussler-Scheinker disease,
fatal familial insomnia and kuru (human). Characteristic of TSEs
is the infectious properties of PrP that either sporadically or upon
interaction with a pathological PrPSc (scrapie prion protein)
undergo conformational changes from a native state of alpha-
helical structure into pathological β-sheet-enriched amyloid
aggregates. Importantly, conformational templating is not
limited to one cell. The spreading of prions is thought to occur
through cell-to-cell propagation via exocytosis, endocytosis,
interstitial diffusion and tunneling nanotubes (Jaunmuktane and
Brandner, 2020).

It is hypothesized that, similar to prions, amyloid and
misfolded asyn possess seeding properties, can propagate via
cell-to-cell transmission using similar mechanisms, and are
neurotoxic (Guo and Lee, 2014). The one thing differing the

non-prion proteins of neurodegenerative diseases from PrPSc so
far lies in the infectious properties of PrPSc. Extensive research
has demonstrated seeding and propagation ability of patient-
extracted asyn and artificial fibrillar asyn upon inoculation in
various in vivo and cell models (Bernis et al., 2015; Prusiner
et al., 2015; Woerman et al., 2015; Kim et al., 2019; Van Den
Berge et al., 2019, 2021; Van Den Berge and Ulusoy, 2022),
including demonstration of serial propagation (Watts et al.,
2014; Woerman et al., 2019), but there is currently no evidence
of human-to-human transmission of asyn aggregate dependent
disease (Jaunmuktane and Brandner, 2020).

The Strain Hypothesis
The strain hypothesis in synucleinopathies stems from the
prion hypothesis, originally defined in the context of prion
disorders. The prion hypothesis or protein-only hypothesis
states that misfolded proteins with the capability to recruit
physiologically homologous proteins in their native state and
induce conformational change leading to prion pathology with a
distinct structure are the underlying cause of distinct phenotypes
in prion disorders. These distinct structures are called “strains”.
The earliest evidence of strains came from a study in 1961
by Pattison and Millson, who proposed a relationship between
the inoculum and clinical phenotype of scrapie in goats where
some strains of the scrapie agent led to the nervous syndrome
and others to the scratching syndrome (Pattison and Millson,
1961). In humans, CJD was the entry of strains in regards to
terminology due to the identification of prion proteins with
various glycosylations in distinctive clinical phenotypes showing
differential anatomical distribution patterns of pathology. A
detailed review on the concept of prion strains has been provided
by Collinge and Clarke (2007).

Extensive research demonstrates the extension of the prion
hypothesis to other neurodegenerative disease, including
synucleinopathies, but also Alzheimer’s disease (AD) and
tauopathies, reviewed by Walker and Jucker (2015). Here,
we briefly discuss the main evidence of prion properties and
existence of strains in synucleinopathies. In 1998, Grazia
Spillantini et al. demonstrated asyn filaments from MSA
patients that were either straight or twisted. These filaments
were not found in control brains (Grazia Spillantini et al.,
1998). Similarly, filaments of tau in various tauopathies also
showed straight or twisted characteristics, applicable for tau
filaments of the isoforms 3R, 4R or a combination of the
two (Crowther and Goedert, 2000). In 2013, Bousset et al.
generated two polymorphs in vitro that differed structurally
and functionally. The polymorphs were denominated fibrils
and ribbons, respectively, and the researchers showed that
fibrils were more toxic than ribbons (Bousset et al., 2013). In
continuation hereof, researchers have investigated the properties
of ribbons, fibrils and oligomers. In animal models it was
reported that fibrils were more toxic than oligomers, which was
an unexpected finding in light of oligomers being the commonly
thought conformer to have the most toxic properties (Peelaerts
et al., 2015). In post-mortem brains, the filamentous aggregates
could be amplified and resembled the in vitro reference strains
ribbons and fibrils, both separately and mixed in different
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anatomical regions within individual brains as demonstrated
by transmission electron miscroscopy (TEM) and proteolytic
profiling (Fenyi et al., 2021).

In 2015, Prusiner et al. did a remarkable study showing
that asyn extracted from MSA patient brains was able to seed
pathology in cells and animals, and hereby provided evidence
that asyn is a prion (Prusiner et al., 2015). In their study neither
brain extracts from controls or PD patients were able to induce
pathology in the in vivo models used, indicating that asyn in
MSA is a distinctive strain from asyn in PD. A similar study
was conducted by Bernis et al. (2015) revealing propagation of
asyn extracted from MSA and probable incidental Lewy Body
Disease (LBD) brains upon inoculation into the striatum of
transgenic mice.

An elaborate study on the existence of asyn strains in
synucleinopathies was conducted by Van der Perren et al. They
extracted asyn from the brains of MSA, PD, DLB patients and
controls in order to investigate the characteristics of asyn in
regard to structure, seeding propensity, as well as propagation
and neurotoxicity in vivo using cell and rodent animal models
(Peng et al., 2018; Van der Perren et al., 2020). Interestingly,
the authors reported that MSA-derived asyn is characterized
by a more aggressive seeding in in vivo models in line with
the clinical pathophysiology of MSA compared to the other
synucleinopathies (Van der Perren et al., 2020). In MSA, three
strains of distinct Morphologies, type 1–3, have recently been
characterized via cryo-EM (Schweighauser et al., 2020; Lövestam
et al., 2021).

As previously mentioned, the cellular environment can affect
the conformations of asyn. A study on asyn strains in LBD and
MSA reported that the cellular milieu of oligodendrocytes and
neurons, respectively, generates different asyn strains (Peng et al.,
2018). However, cell type specific preferences of asyn in GCIs and
LBs were not demonstrated. In contrast, carboxy truncated asyn
in MSA and DLB did show cell type specific preferences (Hass
et al., 2021).

The ability of specific asyn strains to produce distinct
disease phenotypes in animal models is under investigation.
Two recent studies test this hypothesis by generating distinct
asyn fibrils under various conditions and by inoculating
these strains at different sites (intracerebral or intramuscular).
Both studies reported phenotypic variations associated with
strain morphology. Phenotypic variations include variations in
incubation time, symptoms, degree of pathology as well as
affected regions and cell types representing various pathological
profiles (Lau et al., 2020; Liu et al., 2021). These findings
support the notion of specific asyn strains causing distinct
disease phenotypes.

Finally, examination of post-mortem brains has revealed co-
occurrence of asyn, tau and amyloid-beta (Aβ) in tauopathies
and synucleinopathies which have led to the concept of cross
seeding. It is thought that interaction between the aggregation
prone proteins may synergistically promote aggregation of these.
In vivo and in vitro studies have demonstrated that cross seeding
of asyn, tau and Aβ is possible (Götz et al., 2001; Giasson et al.,
2003; Guo et al., 2013; Williams et al., 2020). However, it is not
without difficulties to study cross seeding as factors like tissue

stress may affect aggregation. Consequently, mechanisms in cross
seeding remain to be elucidated.

STRAIN VARIABILITY ALONG THE
BRAIN-BODY AXIS—A NEW HYPOTHESIS

The SOC Model
Emerging data from post-mortem and imaging studies suggest
that heterogeneity in PD could be explained by variable disease
onset sites (brain vs. body) and by aspects of the brain
connectome. This has been termed the synuclein origin and
connectome (SOC) model (Borghammer, 2021). The model
proposes two overall subtypes of PD: (1) a brain-first type,
where pathology initially appears in a single hemisphere in
the brain (usually the amygdala or olfactory bulb). Initial
propagation of synuclein pathology occurs primarily via
ipsilateral connections, which strongly outnumber contralateral
(commissural) projections, leading to asymmetric dopamine
loss, asymmetric parkinsonism, and secondary spreading to
the peripheral autonomic nervous system (ANS); (2) a body-
first type, where the pathology originates in the peripheral
ANS (usually the gut), causing early cardiac and enteric
dysfunction, and then spreads to the brain bilaterally via left-right
overlapping vagal and sympathetic projections. This results in
more symmetric initial involvement of the CNS leading to more
symmetric dopamine loss and more symmetric parkinsonism
(Horsager et al., 2020, 2022; Borghammer et al., 2021).

These hypotheses are based on imaging data obtained in
newly diagnosed PD patients with and without REM-sleep
behavior disorder (RBD). RBD is characterized by dream
enactment and REM-sleep without atonia, due to damaged
pontine structures, including the locus coeruleus, subcoeruleus,
and pedunculopontine tegmental nucleus. Pre-motor or isolated
RBD (iRBD) is therefore considered a marker of (prodromal)
body-first PD as ascending pathology affects pontine structures
prior to involvement of the SN. Importantly, 80% of iRBD
cases pheno-convert to PD or DLB within a decade (Meles
et al., 2021). By contrast, in later stage brain-first PD, RBD
develops after motor symptoms as ultimately pathology will
descend from the SN to lower Braak stage structures in these
patients, causing RBD (Borghammer and Van Den Berge, 2019;
Andersen et al., 2020; Horsager et al., 2020). In iRBD patients
and newly diagnosed PD patients with RBD, Horsager et al.
have shown cardiac and enteric denervation, measured with 123I-
MIBG scintigraphy and 11C-donepezil PET, respectively, prior
to nigrostriatal dopamine deficit, measured with 18F-FDOPA
positron emission tomography (PET), in support of the body-
first trajectory. In contrast, they observed asymmetric dopamine
deficit prior to cardiac and enteric denervation in newly
diagnosed PD patients without RBD, representing brain-first PD
(Horsager et al., 2020, 2022; Knudsen et al., 2021). Ultimately, all
patients converge on a similar advanced disease stage phenotype,
where heart, gut, and brain are all affected. In addition, a recent
review of several neuropathological studies indicate the existence
of the same subtypes across several Lewy body cohorts, as patients
could be categorized as (1) a brainstem-predominant subtype
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with more severe pathology in the intermediolateral nucleus
of the spinal cord (IML) and sympathetic ganglia, possibly
explaining early autonomic dysfunction in this subtype, or (2)
an amygdala/limbic-predominant subtype with minimal or no
pathology in autonomic structures at early disease stages. These
patterns seem to be representative of a body-first and brain-first
PD trajectory (Borghammer et al., 2021).

The SOC Model Applied to the Full Lewy
Body Spectrum
The SOC model applies to the full spectrum of Lewy
body disorders (LBDs), thus also includes PAF and DLB
(Borghammer, 2021). PAF is a sporadic neurodegenerative
disorder characterized by failure of the autonomic system and the
presence of peripheral pathology in the sympathetic ganglia and
in axons of autonomic neurons, incl. the heart, bladder, skin, and
colon, post-mortem (Hague et al., 1997) and in vivo (Donadio
et al., 2016). Importantly, asyn inclusions in skin biopsies from
PAF patients appear to be indistinguishable from those seen in
PD (Donadio et al., 2016). Moreover, the majority of PAF patients
show severe loss of sympathetic cardiac innervation on 123I-
MIBG scintigraphy or 18F-dopamine PET (Goldstein et al., 2011;
Donadio et al., 2016), which is also typical of many PD and
DLB patients. Furthermore, LBs are seen in brainstem nuclei,
including the locus coeruleus and SN in most patients at autopsy
(Hague et al., 1997), demonstrating that PAF can be considered a
prodromal body-first LBD. Recent follow-up studies show that a
large fraction of PAF patients pheno-convert to PD, DLB orMSA,
and those who do, nearly always have RBD, a manifestation of
body-first LBD (Kaufmann et al., 2017). Note, here we include
PAF as a LBD, as we are referring to asyn-inclusion-positive
PAF patients. The fraction of asyn-synuclein inclusion-positive
PAF patients among all PAF patients is currently unknown, but
several studies suggest that it could be the majority of PAF
patients (Donadio et al., 2016), with more rare cases being
caused by other pathologies such as autoimmune autonomic
ganglionopathy (Coon and Low, 2017).

The clinical representation of DLB is very similar to PD,
and differential diagnosis is based on the occurrence of early
cognitive dysfunction with an onset <1 year after appearance
of motor dysfunction (Armstrong and Emre, 2020), which is a
very short time, considering that non-motor symptoms occur
up to 20 years prior to motor symptoms in some Lewy body
patients (Borghammer, 2018). Similar to PD the majority of
DLB patients show dopaminergic degeneration in the substantia
nigra (Tsuboi et al., 2007). Importantly and perhaps surprisingly,
most DLB patients exhibit the full spectrum of symptoms and
findings associated with the body-first subtype. Compared to PD,
newly diagnosed DLB patients have more frequent hyposmia
and iRBD, more frequent pathological MIBG heart scans, and
more symmetric nigrostriatal degeneration on brain imaging.
It is believed that DLB patients, compared to strict body-first
PD, show more widespread pathological changes throughout
the neocortex and limbic system (Jellinger and Korczyn, 2018).
Importantly, 60–90% of DLB patients appear to have co-existent
AD pathology, whichmay influence the pattern of asyn pathology

and contribute to even faster cognitive decline. Therefore, we
speculate that DLB is often caused by the presence of two separate
neurodegenerative disorders that progress in parallel but which
may also show deleterious synergistic effects, namely strict body-
first LBD and co-existent AD. While PD patients are diagnosed
around 65 years of age, on average, DLB patients are diagnosed
around 75 years of age. Importantly, 25–30% of the healthy
elderly above 75 years old exhibit AD pathology in their brain
(Jansen et al., 2015). We speculate that body-first LBD in an Aβ-
null brain leads to strict body-first PD (70–75% of cases), which
nevertheless shows fast progression toward dementia (PDD or
DLB), but that body-first LBD in an already Aβ-positive brain
may cause even faster cognitive decline often resulting in the
DLB-phenotype (25–30% of cases). Furthermore, it is important
to note that asyn, Aβ and tau protein aggregates are both able to
cross-seed, i.e., template and aggravate the other pathology (Lim,
2019; Williams et al., 2020). Thus, both body-first PD and DLB
are considered body-first LBDs, and differences in phenotype and
neuropathological findings may be attributed to co-existent AD
pathology in DLB cases.

Each LBD progresses at different velocities and with different
intensities, but all eventually reach a similar late disease stage
where the entire body is affected (Borghammer and Van Den
Berge, 2019; Borghammer, 2021). Figure 1 summarizes the body-
first and brain-first LBD as described in this review.

The Strain Hypothesis in Synucleinopathies
MSA patients present mainly with GCIs (which consist mainly
of asyn) and only minor low-density spread of neuronal
inclusions, and is therefore considered a synucleinopathy, but
not a LBD (Cykowski et al., 2015). Multiple studies have
shown that MSA-derived asyn and LBD-derived asyn are
conformationally and biologically distinct, hereby linking a
certain asyn strain conformation to the clinical representation of
a certain synucleinopathy (Peng et al., 2018). It is hypothesized
that the cellular environment in oligodendrocytes or neurons
favors one conformation over another, consequently creating an
MSA-specific and LBD-specific strain, respectively (Woerman,
2021).

In brain-first LBD, pathogenic asyn could theoretically arise
stochastically in several different types of neurons in almost any
brain region, possibly resulting in a region or neuron-specific
strain. A brain region contains several other cell-types including
microglia, astrocytes, and oligodendrocytes, which may influence
asyn aggregation (George et al., 2019). The neurons in the
brain are protected by the blood-brain-barrier (BBB), composed
of endothelial cells, to shield the brain from toxic substances
circulating in the blood. In the case of body-first LBD, pathogenic
asyn may arise in the ANS, usually in the enteric neurons of
the gut or in the parasympathetic or sympathetic terminals and
axons innervating those enteric neurons. The gut wall provides
a very different cellular environment compared to the brain. It
is not protected by a blood-brain-barrier and needs a complex
cellular organization to prevent foreign pathogens from entering
the host. Therefore, the gut wall possesses a complex mix of
different cell-types, including neurons, glia, endocrine, immune
and epithelial cells, that are meticulously organized in concentric
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FIGURE 1 | Asyn strain variability in the LBD asyn origin and connectome (SOC) model. Upper panel: Schematic representation of the strain hypothesis in LBD as

described by the SOC model. Physiological unfolded monomeric protein can misfold into pathogenic β-sheet-rich subunit conformations that are capable of seeding

other pathogenic subunit conformers or monomers, ultimately elongating into mature fibrillary asyn. Monomeric asyn can adopt various β-sheet-rich conformations

depending on the cellular milieu where the misfolding occurs. Therefore, distinct fibrillary asyn conformers or ’strains’, composed of different subunits, can arise

depending on the cellular environment, determined by the neuron-type and its location (body or brain). Each distinct asyn strain may affect different parts of the brain

and autonomic connectome in varying degrees, contributing to the heterogenous clinical representation of body-first and brain-first LBDs. Lower panel: Schematic

representation of two LBD-subtypes as predicted by the SOC model. Numbers indicate progression of pathology from initiation (1) to more advanced disease stages

(4–6). In body-first LBD, asyn arises in the ANS (usually the gut) from where it spreads bilaterally via overlapping vagal (full line) and sympathetic (dashed line)

connections to the brain and to other peripheral organs causing autonomic dysfunction prior to dopaminergic deficit. Bilateral invasion of pathology in the DMV

causes subsequent bilateral involvement of the LC causing RBD, and bilateral nigrostriatal neurodegeneration with symmetric parkinsonism as disease further

progresses. In brain-first LBD, asyn arises unilaterally in the amygdala or olfactory bulb, after which it spreads to the unilateral SN causing unilateral neurodegeneration

and asymmetric parkinsonism. Upon further progression to the LC, RBD may occur post motor deficit. Inevitably, pathology spreads to peripheral organs, causing

autonomic dysfunction at advanced disease stages. Due to the low level of homotypic connections in the brain, initial predominant unilateral pathology and associated

neurodegeneration is initially confined to a single hemisphere for some time in brain-first synucleinopathy. In contrast, bilateral invasion of pathology in the brain of

body-first cases causes a more severe disease progression, including more severe hyposmia and cognitive decline. Body-first and brain-first LBD mainly predict

disease progression in PD patients with and without pre-motor RBD. Furthermore, most DLB and all PAF patients can be categorized as having body-first LBD.

Although cellular vulnerability and the presence of concomitant AD pathology may influence the spatial distribution of pathology and clinical profile in these LBDs

compared to typical body-first PD. Abbreviations: SN, substantia nigra; LC, locus coeruleus; DMV, dorsal motor nucleus of the vagus; RBD, REM-sleep behavior

disorder; DLB,dementia with Lewy bodies (LBs); PAF, pure autonomic failure (Created with Biorender).

layers to regulate gut motility, blood flow, and secretion. If a
distinct asyn strain conformation is preferentially selected by a
certain neuron-type in a certain brain region, it is conceivable
that this also occurs in the gut with an evenmore complex cellular
organization that additionally may undergo alterations caused
by the microbiome. Thus, here we hypothesize that the clinical
representation in body and brain-first LBDs, in addition, could be
explained through preferential selection of a certain conformer
by the cellular milieu at the disease onset site. Figure 1 represents
a graphical representation of this hypothesis in the LBD-SOC
model framework.

Similar to LBDs, both the CNS and ANS are affected in
MSA patients. In case MSA presents with solely autonomic
dysfunction, patients can be initially diagnosed with PAF, whereas
MSA patients presenting with parkinsonism can bemisdiagnosed
as PD (Palma et al., 2018). In fact, definite diagnosis of MSA
is reliant on post-mortem detection of widespread GCIs in
oligodendrocytes (Gilman et al., 2008). MSA seems to share
some characteristics with body-first LBD as it presents with
bilateral neurodegeneration, symmetric parkinsonism, a severely
damaged brainstem, variable autonomic dysfunction and a very
rapid disease progression (5–10 years) (Batla et al., 2013).
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However, until now there is no evidence indicating MSA-
pathology may start outside the brain, as MSA cases do not show
obvious pathology in the peripheral nervous system, and present
with normal MIBG scintigraphy of the heart (Braune et al.,
1999). The MSA pathology is mainly located to preganglionic
autonomic neurons, such as in the IML (Jellinger, 2020). In
contrast, in PD it is known that both the pre- and post-ganglionic
neurons are severely involved and all LBD cases eventually
develop pathologicalMIBG (Sulzer and Surmeier, 2013; Horsager
et al., 2020).

The vast majority of preclinical studies of synucleinopathies
use a brain-initiated disease model and focus on CNS pathology
and neurodegeneration. In the past decade, an increasing number
of studies aim to model body-first LBD by initiating pathology in
the gut (Pan-Montojo et al., 2010; Holmqvist et al., 2014; Kim
et al., 2019; Van Den Berge et al., 2019, 2021) or autonomic
ganglia (Wang et al., 2020a), and include other important
body-first features such as peripheral pathology and autonomic
dysfunction (Van Den Berge and Ulusoy, 2022). These studies
have shown that bidirectional body-to-brain and brain-to-body
spread may occur along vagal as well as sympathetic connections,
affecting several structures with different cell-types along the
way, including the IML, autonomic ganglia, heart, gut, skin,
muscle, kidney, liver, spleen, and adrenal glands. All these
structures are characterized by a different cellular organization
and milieu. It is thus plausible that trans-synaptic seeding of
pathology across the autonomic connectome may favor a specific
conformation over another at each “station”, ultimately resulting
in accumulation of multiple strains within one subtype (see
Figure 2). Importantly, different CWD prion strains have been
characterized (with different amplification properties) in the
muscle tissues of tongue, neck, hindlimb, forelimb, backstrap,
and tenderloin of white-tailed deer (Li et al., 2021). Furthermore,
Rasmussen et al. (2017) have shown that individual patients
with AD can display several distinct types of conformational
variants of Aβ, and that the mix of amyloid-conformers and
its distribution within the “amyloid strain cloud” may vary
among familial and non-familial AD subtypes. In LBDs, the
“asyn strain cloud” may be even more variable due to differential
preference of a certain conformer at the onset site (enteric neuron
or autonomic ganglion neuron in body-first LBD vs. several
different neuron types in brain-first LBD with amygdala-neurons
being the most common).

Future studies should include the investigation of subtype-
specific strain characteristics in different animal and patient
studies to investigate the relation of strain development along
the brain-body axis with disease onset site and phenotype. The
long prodromal phase of LBDs provides a possible window
of early intervention, though this necessitates methods for
early diagnosis, before pathology causes extensive damage
and symptoms. The gut and skin, as well as blood, stool,
and cerebrospinal fluid (CSF) samples are easily accessible
to detect and quantify (subtype-specific) asyn. Unfortunately,
the currently available asyn antibodies distinguish morphology
poorly as they detect all forms of asyn (phosphorylated, fibrillary
and oligomeric) (Kumar et al., 2020). Using ultra-sensitive asyn
SAA and luminescent conjugated oligothiophenes (LCO) assays

on these biopsies, different subtype-specific strains could be
detected and contribute to an a priori screening and stratification
of patients with toxic prion-like asyn phenotype.

ASYN AMPLIFICATION ASSAY TO
IDENTIFY DIFFERENT STRAINS

Asyn aggregate seeds in easily accessible tissue and body fluids
have in recent years been investigated as a possible biomarker
for synucleinopathy. The prodromal phase of LBDs may initiate
up to decades prior to clinical diagnosis, and circulating asyn
oligomers can be detected in the CSF of LBD patients. This
led the way for an assay that could identify asyn seeds in the
CSF of individuals (Fairfoul et al., 2016; Shahnawaz et al., 2017;
Groveman et al., 2018). To detect circulating proteopathic seeds,
an asyn SAA was developed also referred to as asyn protein
misfolding cyclic amplification (PMCA) and asyn real-time
quaking-induced conversion (RT-QuIC). The assay, originally
developed for detection of PrPSc, can amplify and thereby
detect trace amounts of asyn seeds in biological samples of
patients using the prion-like self-propagation mechanism of asyn
aggregate seeds (Fairfoul et al., 2016; Shahnawaz et al., 2017).

Alpha-Synuclein Seed Amplification Assay
An asyn SAA reaction consists of an excess of the normal
monomeric protein in a buffer that also contains the amyloid-
specific fluorescent dye Thioflavin T (ThT). The mixture then is
added into wells of multi-well plates along with the sample of
interest for the putative seeding activity (illustrated in Figure 3).
The incubation period is divided in cycles of shaking and rest:
shaking creates mechanical force in order to break fibrillar
aggregates into multiple smaller seeds and favors the interaction
between the seeds and the monomer substrate, while resting
allows seed elongation with the monomeric asyn. This leads
to exponentially growing amounts of aggregating seeds as long
as there is enough normal protein during the next cycle.
Frequent measurements of ThT fluorescence provides real-time
quantification and reaction kinetics of the amyloid aggregate
formation (Wilham et al., 2010; Concha-Marambio et al., 2019;
Saijo et al., 2019). The kinetics of amyloid aggregate formation is
characterized by an initial lag phase followed by an exponential
growth phase that reaches a plateau when the pool of soluble
protein has been depleted. While the asyn SAA methodology
is relatively simple it is not trivial. As asyn has an inherent
propensity for forming de novo aggregates, the aim is to create
a setup that favors seeded aggregation while simultaneously
disfavors de novo aggregation.

The exact nature of these asyn seeds is still unknown,
though immunodepleting asyn in patient CSF show reduced
seeding potential (Shahnawaz et al., 2017), which corroborates
the hypothesis that the templating-active seeds indeed contain
asyn. How asyn seeds are organized is yet unknown but theymust
have a size that allows them to present different conformations
that become imprinted into the asyn fibrils they seed (Shahnawaz
et al., 2020).
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FIGURE 2 | Alpha-synuclein strains may change morphology during trans-synaptic spread along the body-brain axis, resulting in a mix of different conformers in

body-first and brain-first LBDs. Monomeric asyn can adopt different β-sheet-rich conformations depending on which conformation is favored by the cellular milieu,

which is defined by a certain cell-type and organ where the seeding takes place. The changing cellular environment during trans-synaptic spread along the body-brain

axis may give rise to the formation of different asyn conformers throughout the connectome, and even within a single organ. Thus, despite strain characteristics

appear to be linked to a certain LBD-subtype, heterogeneity within a subtype may be caused by different dominating strains in their “strain cloud”. The numbered

squares indicate the stages of pathology progression throughout the ANS in body-first (left) and brain-first (right) LBD. We speculate that body-first LBD may give

rise to a more variable strain cloud, since pathology can initiate in any peripheral organ and enter the brain via parasympathetic as well as sympathetic connections.

This might explain why body-first LBDs exhibit distinct disease profiles within (i.e., typical body-first PD, DLB, and PAF). Importantly, propagation of pathology may

occur bidirectionally, possible creating even more strain variations (Created with Biorender).

The first asyn SAA, initially named Protein misfolding cyclic
amplification (PMCA), was described by the Soto lab in 2001
for PrPSc. The assay required repeated cycles of sonication and
incubation of a sample seeded into a substrate with excess
amounts of PrPc amplification (Saborio et al., 2001). The prion
amplification could keep going until the substrate ran out. Serial
PMCA (sPMCA) overcame the limitation of definite substrate
with the addition of a re-dilution step of the reaction product
at the end of each cycle in a new substrate, followed by a new
cycle (Castilla et al., 2005). The production of the PrPc substrate
used for these techniques was expensive and the amount was
sometimes insufficient, as it was isolated from cells. In 2007,
Caughey et al., used recombinant PrP (rPrP), produced in
bacteria, as a PMCA substrate for the first time, and named
this method rPrP-PMCA (Atarashi et al., 2007). Detection of
aggregates using these assays was time consuming, as it was
performed by proteinase K digestion and subsequent Western
immunoblotting. In the same year, Prusiner et al. proposed an
amyloid seeding assay (named ASA) that could detect PrPSc at
femtogram level in brain samples within 1 day. The detection
sensitivity was increased with the addition of ThT, a dye that

displays enhanced fluorescence when bound to β-sheet-rich
structures of amyloid aggregates (Colby et al., 2007). In 2008,
Atarashi et al. replaced the sonication step of the PMCA assay
with shaking at higher temperature. This technique was named
quaking induced conversion (QuIC) and was effective for the
detection of PrPSc in animals’ CSF (Atarashi et al., 2008). Finally,
the advantages of ASA and QuIC were combined in a rapid,
sensitive and quantifiable method RT-QuIC for the detection of
prion seeds in CSF (Wilham et al., 2010; Atarashi et al., 2011).

Herva et al. (2014) have shown that asyn fibrils can be used
as seeds in PMCA. In addition, Jung et al. (2017) amplified asyn
seeds from tissue samples with asyn-PMCA. The first CSF-based
asyn RT-QuIC assay has been reported by Green et al. The assay
that lasted around 5 days to be completed showed 95% sensitivity
for PD and 92% for DLB, with 100% specificity in regard to
AD and other neurodegenerative diseases (Fairfoul et al., 2016).
Soto et al. developed the CSF-based PMCA to distinguish PD
patients from individuals affected by other neurologic diseases
that served as controls, with 89% sensitivity and 97% specificity
for PD. This assay takes around 13 days to perform (Shahnawaz
et al., 2017). In 2018, Sano et al. described an asyn-RT-QuIC assay
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FIGURE 3 | Asyn aggregation in a SAA reaction. Monomeric recombinant asyn substrate is added to the wells of a multi-well plate, along with the amyloid-selective

fluorescent dye Thioflavin T and the biospecimen to be tested for the presence of asyn seeds. After an initial lag phase, the monomeric asyn can form de novo

aggregates (so-called oligomers) that further elongate to form amyloid type β-sheet-rich fibrils during the exponential phase (the de novo pathway is marked in blue).

The presence of structurally different asyn seeds, e.g., from PD and MSA patients (Shahnawaz et al., 2020) lead to structurally different asyn conformers, called

strains, that can be detected in real time due to the ability of dyes (such as Thioflavin T and K114) that emit fluorescence when bound to amyloid structures. Distinct

strains present different conformations and subsequently, altered affinity for binding of the fluorescent molecules. That leads to variations of maximum fluorescent

values. The de novo aggregation kinetics are usually characterized by an extended lag phase when compared to the seeded aggregation and this difference forms the

basis for diagnosing a biospecimen positive or negative for the presence of asyn seeds.

for DLB brain tissue in <4 days (Sano et al., 2018). In the same
year, Caughey et al. optimized asyn-RT-QuIC reaction conditions
for CSF specimens to be completed within 1–2 days with 93%
sensitivity and 100% specificity (Groveman et al., 2018).

Recent Patient Studies and Prognostic
Potential
The asyn SAA assay has been successfully employed to detect
and amplify asyn seeds from a range of different biological
samples. Though CSF has been most studied (Fairfoul et al.,
2016; Shahnawaz et al., 2017, 2020; Groveman et al., 2018; Kang
et al., 2019; Poggiolini et al., 2022), extracts of brain (Groveman
et al., 2018; Bargar et al., 2021), skin (Wang et al., 2020b;
Kuzkina et al., 2021), olfactory mucosa (De Luca et al., 2019),
submandibular glands (Manne et al., 2020) and gut (Fenyi et al.,
2019) have all been utilized to differentiate PD patients from
other synucleinopathies and controls. Although there is currently
no universal protocol, reports have shown high sensitivity and
specificity of the assay with differing experimental conditions. A
recent study showed similar results (sensitivity ranging from 86
to 96% and specificity from 93 to 100%) across three different
labs utilizing the same CSF samples from PD patients and healthy
controls in their respective established asyn SAA protocols
(Russo et al., 2021).

The ability to detect asyn aggregates in the prodromal phase
of synucleinopathies is an especially enticing aspect of the assay.
In body-first PD, idiopathic RBD and PAF indicate a risk for
developing PD (Iranzo et al., 2013; Coon et al., 2019). In a
study of CSF from 18 iRBD and 28 PAF patients, samples were
tested with asyn SAA and the results showed that the seeding

activity of asyn in these samples can be detected with a sensitivity
of 100 and 92.9%, respectively (Rossi et al., 2020). In another
study of patients with iRBD, researchers were able to detect asyn
seeds in the CSF with 90% specificity and 90% sensitivity vs.
healthy controls. Their results also showed that iRBD patients
with negative asyn SAA results were less likely to develop a
synucleinopathy compared to patients with detected asyn seeds
at 2, 4, 6, 8, or 10 year follow-up (Iranzo et al., 2021). Detection of
asyn seeds in iRBD patients have also been investigated by other
researches showing a similar ability of asyn SAA to detect asyn
seeds prior to clinical diagnosis of PD (Poggiolini et al., 2022).

Disease Stratification
The ability of asyn SAAs to discriminate between
synucleinopathies has also been investigated, though with mixed
results. While the asyn SAA is mostly used as a binary readout of
disease status, attempts have been made to differentiate patients
by the kinetic parameters of asyn aggregation. In a cohort of PD
and DLB patients with different genetic mutations, researchers
were able to show association between seeding profile and genetic
status (Brockmann et al., 2021). Importantly, the authors also
looked at repeated longitudinal measurements of 86 PD patients,
noting that kinetic parameters remain stable over a timeframe
of 7 years. This suggests that seeding activity is an attribute of
the disease and not a marker that changes with disease duration.
In a different study, Poggiolini et al. (2022) showed correlation
between kinetic parameters and disease severity in a group of 24
MSA patients, though found no correlation in PD patients.While
some groups have shown little to no seeding capacity of CSF
samples from MSA with 6 or 32% sensitivity (Shahnawaz et al.,
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2020; Poggiolini et al., 2022), others have shown considerably
higher seeding capacity with 75 or 96% sensitivity (van Rumund
et al., 2019; Rossi et al., 2020). A possible explanation could
be that differing experimental conditions between the studies
account for this variability. Indeed, recent evidence suggests that
the reaction buffer composition impacts the ability to detect
MSA seeds in brain homogenates (Martinez-Valbuena et al.,
2022). The maximal ThT fluorescence signal is characterized by
high sensitivity in both studies, but with a much lower signal
in MSA compared to PD. This difference is presumably due
to conformational differences in the MSA and PD derived
aggregates leading to a differential ThT binding.

Limitations and Challenges
Over the years several labs have independently established and
named their asyn SAA methods. Consequently, despite using
an overall similar set-up, there is a wide range of different
asyn SAA protocols with slight variations in monomeric protein,
reaction conditions, shaking conditions, temperature etc. These
parameters can be critical for the outcome of the assay. For
instance, the time needed for the detection of seeded asyn by
pathological CSF samples using SAA varies between 15 and
220 h (Fairfoul et al., 2016; Shahnawaz et al., 2017; Groveman
et al., 2018). Apart from the time-course differences, there is also
variability of the fluorescence amplitude between SAA reactions
for the same samples (Russo et al., 2021). Therefore, differences
in procedures, reaction conditions and reagents used in SAA
protocols can all affect the process of asyn aggregation.

In SAA, the samples are tested in triplicates or quadruplicates
to increase the assay’s specificity. However, there is often
variability between the technical replicates of the same sample,
complicating analysis. It can be partially attributed to the non-
linearity of the asyn aggregation process, which also depends
on the concentration and conformation of the seeds, the asyn
monomer preparation and the presence of other molecules in
the biological samples that may affect the reaction kinetics. In
addition, the breaking of asyn oligomers and the re-seeding of
asyn is a very unpredictable process that could be highly variable,
especially when it takes place in a reaction that can be influenced
by numerous factors. Indeed, there is currently no consensus
about exactly howmany technical replicates to perform, and how
many needs to be positive for an inconclusive, negative or positive
readout. Notably, this assay variability might confer biological
information as the number of positive technical replicates out
of four have been shown to correlate with genetic status and
motor and cognitive impairment in PD patients (Brockmann
et al., 2021).

The microenvironment of the reaction is important for the
aggregation process and therefore its dependence on the sample
matrix is high. The composition of CSF samples, which are
mostly used for SAAs, may vary between individuals in terms
of protein concentration and matrix constitution in general.
CSF has indeed been found to inhibit the asyn amplification
reaction (Shahnawaz et al., 2017). One such example of inhibitory
matrix could be from red blood cells in CSF samples, due to
contamination during lumbar puncture, as this was found to have
an inhibitory effect on PrPSc seeding activity, resulting in false

negative responses from the RT-QuIC assay (Cramm et al., 2016;
Foutz et al., 2017). In contrast to red blood cells, high total protein
concentrations and raised white cell counts in CSF samples have
been found to lead to false positive SAA results (Green, 2019).
In more complex samples such as brain tissue, more dilution
is needed compared to CSF to dilute the inhibitory matrix
affecting the amyloid formation (Hoover et al., 2017). Where
CSF is often used undiluted in asyn SAA, tissue homogenates are
diluted ∼103–105 (Fairfoul et al., 2016; Groveman et al., 2018;
Shahnawaz et al., 2020; Bargar et al., 2021).

Formalin fixed and parafin embedded (FFPE) samples also
show potential as material for asyn SAAs, as studies in skin
(Manne et al., 2020) and submandibular glands (Manne et al.,
2020) have shown ability to differentiate PD patients from
control. However, both tissue types show lower sensitivity (75–
75%) compared to frozen samples (96–100%), possibly due to a
suppressing effect of formalin fixation on the seeding capacity.

Most animal studies using asyn SAA methods are confined
to prion disease research (reviewed by Collins and Sarros, 2016
and Atarashi, 2022). Recent successful use of animal tissue for
the conversion of human asyn substrate also strengthens the
position of the asyn SAA as a robust research tool. In a study
of transgenic mice expressing human αsyn with A53T mutation,
brain homogenates were able to seed A53T recombinant asyn
substrate in a SAA assay, but not WT recombinant asyn (Han
et al., 2020). The same mouse model was also used to shown
presence of seeding activity of colon tissue in mice as early as in
3-month-old mice, months before detectable seeding activity in
brain (Han et al., 2021).

Despite its challenges, the asyn SAA seems to be the best
method up to date to explore pathology in biopsies and fluids for
early diagnosis and patient stratification. To increase diagnostic
value, the asyn SAA could also be used in combination with more
conformation-specific dyes than ThT.

LUMINESCENT CONJUGATED
OLIGOTHIOPHENES TO IDENTIFY
DIFFERENT STRAINS

LCO Assay
Although amyloid fibrils have been studied using established
protein-characterization techniques throughout the years, their
oligomeric precursor states require sensitive detection in real-
time. A new class of ultra-sensitive dyes, denoted LCOs, initially
developed for characterization of prion protein and amyloid, is
recently also available to study the molecular architecture of asyn
protein. LCOs bind to the repetitive cross–β-sheet structures of
pathogenic protein aggregates and display spectral differences
based on the twisting of the flexible LCO backbone. Thus, the
distinct conformation or “spectral fingerprint” of the ligand
upon interaction with a certain asyn aggregate reflect the 3D
structure of that asyn aggregate (Klingstedt and Nilsson, 2012;
Gustafsson et al., 2021). These fluorescent LCO-ligands thus
identify a broader subset of pathogenic protein aggregates than
conventional ligands such as ThT, as they have been established
as a class of ligands for superior recognition and spectral
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assignment of disease-associated protein aggregates, including
different polymorphic Aβ (Ellingsen et al., 2013; Rasmussen et al.,
2017; Calvo-Rodriguez et al., 2019; Lantz et al., 2020; Liu et al.,
2021), asyn (Klingstedt et al., 2019; Shahnawaz et al., 2020)
aggregates, as well as toxic and non-toxic polymorphic variants of
insulin, both in vitro (Psonka-Antonczyk et al., 2012; Mori et al.,
2021) and in patient biopsies (Yuzu et al., 2020).

Owing to their electronically delocalized conjugated
thiophene backbones, LCOs exhibit intrinsic conformational
dependent fluorescence characteristics that can be recorded
by different modes of detection such as hyperspectral- and
fluorescence life-time microscopy (Lantz et al., 2020; Gustafsson
et al., 2021). Since development of the first ligands, the founding
lab has generated a library of chemically diverse thiophene-
based ligands that can bind to distinct aggregate conformers.
Combining a variety of ligands enables the detection and
morphological characterization of many different types of
asyn-aggregate morphotypes with high accuracy. A study using
a set of 7 ligands has demonstrated successful stratification
between PD and MSA (Shahnawaz et al., 2020). Different ligands
can be created by replacing selected thiophene motifs with
other heterocyclic building blocks, and by introducing a variety
of side-chain functionalities along the conjugated thiophene
backbone. This design strategy has been successful for achieving
aggregate specific diversity of the ligands (Bäck et al., 2016;
Shirani et al., 2017; Klingstedt et al., 2021).

Disease Stratification
Similar to asyn SAA, LCOs have mainly been used in prion
disease; and also in an AD context. As with synucleinopathies,
AD patients exhibit a heterogeneous clinical profile, despite a
rather homogeneous Aβ distribution in the neocortex of the
brain across patients. Thus, also in AD the variable phenotype
amongst patients may be associated with the presence of different
Aβ strains. Liu et al. (2021) observed a high conformational
diversity of Aβ in the neocortex of AD cases, with most distinct
spectral profiles in the temporal cortex of cases with shorter
disease duration, implicating distinct Aβ strains are responsible
for more rapidly progressing AD. Moreover, Rasmussen et al.
(2017) observed distinct spectral fingerprints of different amyloid
aggregates within a single end-stage AD brain. These studies
indicate the presence of an amyloid “strain cloud” with a variable
mix of aggregates and their emission spectra, rather than a single
strain causing disease phenotype. The authors speculate that
amyloid distribution may be more complex at late disease stages,
and that LCO spectra may yield better stratification value at
earlier disease stages (Rasmussen et al., 2017).

More recently, conformation-specific LCO ligands have also
been used to differentiate between synucleinopathies. Since it
has been reported that oligodendrocytes, but not neurons, can
convert asyn into a conformer related to GCIs (Peng et al., 2018),
most studies focused on differentiating PD and MSA. Klingstedt
et al. observed a shift in the HS-68 ligand emission spectrum at
wavelengths of 486 and 573 nm for PD- and MSA-derived asyn,
respectively, hereby successfully distinguishing PD and MSA
cases. Additionally, they showed a differential fluorescence decay
of the h-FTAA ligand when binding to PD- vs. MSA-derived

aggregates, nicely illustrating that LCOs can interact in different
ways with asyn aggregates in PD and MSA (Klingstedt et al.,
2019). Furthermore, stratification potential can be optimized by
combining the LCO and asyn SAA assays. Shahwanaz et al.
applied a panel of seven LCO ligands on asyn-SAA-amplified
CSF- and brain-extracted asyn from PD and MSA patients. They
observed differential binding capacity of the ligands to PD-
vs. MSA-derived asyn. Specifically, the ligand HS-199 appeared
to bind preferentially to PD- but not MSA-derived asyn, and
opposite, the HS-169 ligand seemed to favor MSA over PD
aggregates. Results were similar between brain- and CSF-derived
asyn, indicating strain morphology is similar in brain and CSF
(Shahnawaz et al., 2020). Taken together, both studies support
the use of LCO-ligands to distinguish between synucleinopathies.
The combination of both LCO and asyn SAA may further
increase diagnostic value.

The affinity and conformational sensitivity of these ligands
has also been investigated in rodent models of neurodegenerative
disease. Multiple studies have shown that LCOs are able to
differentiate structurally distinct prion strains in rodent models
of prion disease (Sigurdson et al., 2007; Magnusson et al.,
2014; Aguilar-Calvo et al., 2020) and AD (Nyström et al., 2013;
Klingstedt et al., 2015). Interestingly, intensity shifts were found
in the HS-68 spectra of Aβ and tau aggregates in the same
brain area of young and old transgenic AD mice (Nyström
et al., 2013; Klingstedt et al., 2015). The superior functionality
of this ligand is attributed to distinct spacing between the
anionic groups along the conjugated backbone (Klingstedt
et al., 2015). The cellular environment is subject to age-related
changes, therefore it is not surprising that age-dependent spectral
differences have been observed in these models. Similarly, we
observed age-dependent differences in aggregate morphology
(size and density) in PDwild-type rodents visualized with regular
immunohistochemistry (IHC) against asyn pathology. Moreover,
pathology was more resistant to proteinase K pretreatment in old
rodents, indicating more rapid maturation of pathology in old
subjects (Van Den Berge et al., 2021). Importantly, we previously
reported morphological differences in aggregated asyn in body-
first and brain-first asyn-seeded rodents, and across organs,
with regular IHC (Van Den Berge and Ulusoy, 2022). Although
we cannot reliably differentiate between body-first and brain-
first-type pathology using only IHC, these results do indicate
that pathogenic asyn may possess different conformations
depending on the cellular environment it is formed in, which
is also influenced by age. How these morphological differences
are linked to the molecular architecture of asyn remains to
be investigated.

Future Applications
Now that a growing number of asyn-specific ligands are
being developed, future animal and patient research should
investigate whether the morphological changes observed with
regular IHC are associated with changes in the molecular
architecture of the different asyn strains in the “strain cloud”
of different synucleinopathies. Moreover, the effect of age on
strain architecture should be investigated. Such information may
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FIGURE 4 | Working principle of LCO-mediated asyn-strain characterization in LBDs. (A) The strain hypothesis applied to body-first and brain-first LBDs: monomeric

asyn may misfold into any pathogenic conformer (influenced by the cellular milieu at the disease onset site), which is responsible for determining which LBD-subtype a

patient develops: typical body-first PD (with pre-motor iRBD), DLB, PAF, or brain-first PD (without pre-motor RBD). Due to bidirectional trans-synaptic spread, we

hypothesize that each LBD is characterized by a subtype-specific mix of oligomeric and protofibrillar species, the subtype-specific “asyn cloud”, responsible for its

phenotype. Furthermore, the cellular environment in a certain organ may favor one conformer over the other from a patients’ asyn cloud. Consequently, the spectral

fingerprint of pathology in peripheral biopsies likely differs across organs (such as skin and gut) and LBD-subtypes. A combination of multiple fluorescent LCO-ligands

on gut and skin biopsies may enable more accurate stratification in pre-motor disease stages, limiting late and misdiagnosis, paving the way for more accurate

prognosis and personalized treatment. Furthermore, we speculate that DLB-subtypes may have a more similar cloud distribution, compared to MSA, since asyn in

MSA is mainly confined to oligodendrocytes and not neurons/axons. (B) Histology and LCO data in the gut (myenteric plexus) and amygdala of a gut- and brain-first

wild-type rodent model, respectively. Immunohistochemistry (IHC) against phosphorylated asyn (Ab51253) is unable to differentiate between gut and brain pathology.

In contrast, the LCO assay using the hFTAA-ligand shows a clear difference in the spectrum of gut- and brain-derived aggregates with a more typical two-peak hFTAA

spectrum in the brain, indicating gut and brain pathology possess different structural characteristics despite using the same seeds for disease initiation (preliminary

data). Scalebar: 50 µm.

be useful to predict the disease progression more accurately
depending on the age at diagnosis.

In animal studies, pathogenic asyn fibrils can be injected
in the gut or brain to investigate bidirectional propagation
of pathology through the autonomic connectome (Van Den
Berge and Ulusoy, 2022). Tissue samples from various sites
of the PNS and CNS could then be collected to assess the
presence of aggregated asyn (using regular immunostainings)
as well as to distinguish between the aggregate morphotypes
(using conformation-specific LCO-ligands). These ligands
could help elucidate whether the conformation of the
aggregated asyn changes throughout the autonomic connectome
during pathology propagation. If morphological changes
are observed it would be in support of the hypothesis that
micro-environmental variations in the various cell types
along the gut-brain axis may affect the conformation of
asyn strains.

Figure 4 illustrates the working principle of LCO-mediated
strain characterization in gut and skin biopsies of body-
and brain-first LBD patients, possibly enabling early patient
stratification. Preliminary data from our group shows organ-
specific differences in the spectrum of hFTAA-ligand binding
to pathogenic asyn in enteric vs. amygdala neurons. Since PD
pathology was initiated using the same asyn strain, these findings
indicate that the cellular environment at the disease initiation site
may impact asyn strain morphology, which may be responsible
for phenotypic differences between body-first and brain-first
PD already at very early disease stages, supporting that LCO
stratification potential is probably higher at immature disease
stages when the “strain cloud” is still confined to one dominant
strain (per organ).

Finally, LCOs may be used to assess the seeding activity and
morphology of different asyn strains in cell models. The distinct
fluorescence characteristics and the specific binding modes of the
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different LCOs can be employed to isolate a specific asyn strain
from a tissue sample. Tissue lysates can be fractionated with
conventional techniques, such as sucrose gradient fractionation
and non-denaturing gradient gel electrophoresis (Jackson et al.,
2016; Morgan et al., 2020). Following, the ligand of interest
can be coupled to magnetic beads or resins to selectively
capture asyn aggregates from homogenates/lysates (from for
example a patient’s gut or skin biopsy) based on the ligand’s
selective binding mode. The isolated asyn strain can then be
used to investigate its seeding amplification and other structural
properties in cell models (Falcon et al., 2015; Morgan et al.,
2020). Cells expressing human asyn will form new aggregates
upon exposure to the isolated asyn strain. These newly formed
aggregates may be screened with a broad range of ligands
in combination with live-cell imaging to discern the time
course and spatial distribution of seeding and propagation of
a distinct strain. Furthermore, the ligands can be subsequently
used for super-resolution fluorescence imaging (Ries et al., 2013)
in order to achieve high-resolution information concerning
the location of distinct asyn aggregates in relation to specific
cellular organelles.

CONCLUSION AND FUTURE
PERSPECTIVES

Based on the existing literature we hypothesize that the
cellular environment of the predominant neuronal subtype at
the primary inoculation site (for example, enteric neurons in
body-first LBD vs. amygdala neurons in brain-first LBD) may
determine the dominant strain in the subtype-specific asyn cloud.
Trans-synaptic bidirectional spread through the autonomic
connectome may further add different conformers to a patient’s
asyn cloud. Furthermore, we speculate that LBD-subtypes may
have a more similar cloud distribution than MSA as pathology is
confined to different cell-types (neurons vs. oligodendrocytes).

The long prodromal phase of LBD provides an opportunity
for early intervention, though this necessitates methods for
early diagnosis. Imaging autonomic dysfunction enables pre-
motor diagnosis of body-first LBD, however, it requires
extensive damage to the ANS. Ideally, we would want to
diagnose in the prodromal phase, before pathology built-
up was able to cause extensive damage. Classic histological
methods are not able to detect immature pathology, nor
are able to differentiate between disease-specific strains. More
recent methods such as asyn SAA and conformation-specific
LCO-ligands are able to characterize seeding and structural
properties of disease-specific strains. Despite its challenges, the
asyn SAA seems to be the best method to date to explore
pathology in biopsies and fluids for early diagnosis and patient
stratification in synucleinopathies. To increase its diagnostic
value, asyn SAA can be used in combination with the more
sensitive LCO-ligands. The fact that PD- and MSA-derived asyn
aggregates differ in LCO-ligand stainability, emission profiles and
fluorescence lifetimes, nicely illustrates the stratification potential
of LCO.

The LCO assay has mainly been used in the context of
prion disease and AD. Future studies should focus on the
characterization of different dominant asyn strains across
synucleinopathies in patients and modeled in animals.
Application of a LCO-ligand panel to biopsies and fluid
samples could classify a certain dominant asyn strain to
be associated with a certain synucleinopathy, revealing
different potential therapeutic targets and facilitating the
development of disease-specific treatments, such as antibodies
for passive immunization. Antibodies could be tailored
to combat uptake and propagation of a certain disease-
specific asyn strain. If multiple dominant strains would be
detected in a patient, treatment may require a personalized
cocktail of several antibodies (Folke et al., 2022). Thus,
the ability of the LCO-assay to differentiate morphotypes
of aggregated asyn in easily accessible tissue and fluids
would allow personalized treatment at early phases of
disease, potentially prior to autonomic and CNS damage,
altogether highlighting the importance of this assay in early
disease-specific diagnosis.

Disease-modifying treatment strategies such as
immunotherapy have been suboptimal in clinical trials compared
to preclinical conditions, as described by Folke et al. (2022).
The authors discuss that screening of antibody-treatment in
brain-first only LBD models as well as suboptimal patient
selection in clinical trials, may have contributed to disappointing
translational results. We speculate that a monoclonal antibody-
treatment, optimized in an animal model exhibiting a single
asyn strain, may not be effective in a patient characterized by
multiple asyn strains, which limits translational outcome. The
discovery of several distinct asyn conformers, using a library
of conformation-specific LCO-ligands in peripheral biopsies
of a certain LBD-subtype, may reveal a patient’s asyn cloud,
paving the way for personalized immunotherapy with a mix
of conformation-specific antibodies in the treatment. Thus,
there is a need for continuous synthesis of new ligands specific
for asyn conformers. Such ligands will be vital for evaluating
novel therapeutic strategies for synucleinopathies and enhance
translation ability.

Finally, the several hypotheses raised in this review remain
to be proven. Future body-first and brain-first LBD animal
models should investigate whether asyn strain characteristics
change during trans-synaptic spread through the autonomic
connectome, and whether the cellular environment where the
very first asyn seed is created, dominates the subtype’s cloud
distribution. Such studies should further aim to demonstrate
whether an accurate assessment can be made of the strain
mix present in peripheral biopsies, prior to autonomic and
CNS deficit.
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Background: The aim of this study was to explore clinical features and potential
mechanisms relating neuropathological biomarkers and blood-brain barrier (BBB) in
Alzheimer’s disease (AD) and hearing loss (HL).

Materials and Methods: A total of 65 patients with AD were recruited and auditory
function was assessed by threshold of pure tone audiometry (PTA). Patients were
divided into AD with HL (AD-HL) and AD with no HL (AD-nHL) groups based on the
standard of World Health Organization. Clinical symptoms were assessed by multiple
rating scales. The levels of neuropathological biomarkers of β amyloid1-42 (Aβ1−42)
and multiple phosphorylated tau (P-tau), and BBB factors of matrix metalloproteinases
(MMPs), receptor of advanced glycation end products, glial fibrillary acidic protein, and
low-density lipoprotein receptor related protein 1 were measured.

Results: (1) Compared with AD-nHL group, AD-HL group had significantly impaired
overall cognitive function and cognitive domains of memory, language, attention,
execution, and activities of daily living (ADL) reflected by the scores of rating scales
(P < 0.05). PTA threshold was significantly correlated with the impairments of overall
cognitive function and cognitive domains of memory and language, and ADL in patients
with AD (P < 0.05). (2) P-tau (S199) level was significantly increased in CSF from
AD-HL group (P < 0.05), and was significantly and positively correlated with PTA
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threshold in patients with AD. (3) MMP-3 level was significantly elevated in CSF from
AD-HL group (P < 0.05), and was significantly and positively correlated with PTA
threshold in patients with AD (P < 0.05). (4) In AD-HL group, P-tau (S199) level was
significantly and positively correlated with the levels of MMP-2 and MMP-3 in CSF
(P < 0.05).

Conclusion: AD-HL patients have severely compromised overall cognitive function,
multiple cognitive domains, and ADL. The potential mechanisms of AD-HL
involve elevations of AD neuropathological biomarker of P-tau (S199) and BBB
factor of MMP-3, and close correlations between P-tau (S199) and MMP-
2/MMP-3 in CSF. Findings from this investigation highly suggest significance
of early evaluation of HL for delaying AD progression, and indicate new
directions of drug development by inhibiting neuropathological biomarkers of AD
and protecting BBB.

Keywords: Alzheimer’s disease, hearing loss, clinical features, neuropathological biomarkers of AD, blood-brain
barrier, cerebrospinal fluid

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
neurodegenerative disease and ranks the top among all
cognitive disorders, contributing to approximately 60–70%
of the total cases worldwide (World Health Organization,
2020). The recently published epidemiological data from
China showed that 9.83 million of patients with AD aged
60 years or older out of 15.07 million dementia cases
(Jia et al., 2020). The neuropathological features of AD
include neuritic plaques and neurofibrillary tangles with β

amyloid (Aβ) and hyperphosphorylated tau (P-tau) as major
components, respectively. AD usually starts insidiously and
worsens progressively with clinical symptoms of cognitive
impairment, neuropsychiatric symptoms, and compromised
activities of daily living (ADL), which brings about heavy
economic and caregiver burdens to both families and society.

Hearing loss (HL) is one of the most common symptoms in the
elderly population and its prevalence is increasing with age. In the
population older than 60 years, over 25% of the total population
were affected by disabling HL (World Health Organization,
2021). In the meta-analysis of prospective cohort studies, HL
patients had the relative risk of 2.82 of developing mild cognitive
impairment (MCI) due to AD and AD dementia, and 4.87 of
developing AD dementia (Zheng et al., 2017). Additionally, it was
found that hearing aids was helpful in delaying or preventing
cognitive decline (Taljaard et al., 2016; Maharani et al., 2018).
Hence, HL is one of the modifiable risk factors of AD.

Currently, there are insufficient studies on the clinical features
of AD with HL (AD-HL). It was found that AD mice with HL
had significantly impaired memory (Kim et al., 2020). However,
there is no investigation about the frequency and clinical features
of AD patients with HL.

Increasing evidence showed that sensory abnormalities, such
as HL (Kim et al., 2020), olfactory (Kim et al., 2020), and
visual dysfunctions (Hart et al., 2016) were related to AD.
Accordingly, depositions of neuropathological biomarkers of AD,

Aβ, and P-tau in the sensory organs have attracted widespread
attention. Autopsy studies from AD patients demonstrated that
tau pathology in the olfactory epithelium and areas was related
to olfactory information processing (Attems and Jellinger, 2006;
Murphy, 2019). Aβ and P-tau were found in the retina of AD
patients (Chiasseu et al., 2017). However, there is no study
reporting AD pathology in peripheral auditory organs, such
as cochlea. A previous study reported that central auditory
processing reflected by dichotic sentence identification (DSI)
right ear advantage (REA, right minus left ear score) was
correlated with P-tau and total tau (T-tau) but not Aβ in elderly
with normal cognition and family history of AD (Tuwaig et al.,
2017). However, few studies pay attention to peripheral auditory
processing and its relationship with Aβ and multiple forms of
P-tau in AD patients.

Blood-brain barrier (BBB) is a protective structure for brain,
and it’s damage can be reflected by the alterations of related
factors, including matrix metalloproteinases (MMPs), receptor of
advanced glycation end products (RAGE), glial fibrillary acidic
protein (GFAP), and low-density lipoprotein receptor related
protein 1 (LRP1). In animal experiment on AD and HL, the
elevations of MMPs indicated impairment of BBB (Wang et al.,
2014; Wu et al., 2017). In patients with AD, MMPs levels were
significantly elevated (Wu et al., 2017). For examples, MMP-9 was
observed in neuritic plaques, neurofibrillary tangles, cytoplasm of
neurons, and vascular walls in hippocampus and cortex; MMP-
9 level was even significantly elevated in serum from patients
with MCI due to AD compared with control (Lorenzl et al.,
2003, 2008). Meanwhile, MMP-9 level was also significantly
elevated in cochlea from HL patients (Wu et al., 2017). However,
there is no investigation about the relationship between AD-HL
and BBB factors.

At present, there is no study on the relationship between
the clinical features and potential mechanisms relating
neuropathological biomarkers of AD and BBB factors in AD-HL
patients. Hence, in this study, demographic variables of patients
with AD were collected, and a host of professional rating scales
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were used to evaluate cognitive impairment, neuropsychiatric
symptoms, and ADL. Pure tone audiometry (PTA) threshold
was detected by otorhinolaryngology doctors. The levels of
neuropathological biomarkers of AD, including Aβ1-42, P-tau
(T181), P-tau (S199), P-tau (T231), P-tau (S396), and T-tau,
and BBB factors, including MMP-2, MMP-3, MMP-9, RAGE,
GFAP, and LRP1 in cerebrospinal fluid (CSF) from patients with
AD were measured by enzyme-linked immunosorbent assay
(ELISA). The above variables were compared between AD-HL
and AD with no HL (AD-nHL) groups, and the correlations
among the above variables were analyzed in patients with AD.
Results from this study may help understand the clinical features
and potential mechanisms of AD-HL, indicate the significance
of early identification of HL, and provide potential therapeutic
target for the drug development of AD.

MATERIALS AND METHODS

Ethics Statement
This study was approved by the Review Board of Beijing
Tiantan Hospital, Capital Medical University, and written
informed consents were obtained from all participants and
their caregivers.

Participants
Inclusion Criteria
This study included patients with MCI due to AD and patients
with AD dementia according to the National Institute of Aging
and Alzheimer’s Association (NIA-AA) criteria (Albert et al.,
2011; McKhann et al., 2011).

Exclusion Criteria
The exclusion criteria of this study were as follows: (1) the
presence of neurological disorders besides AD that might
affect cognition, including Parkinson’s disease, multiple sclerosis,
epilepsy, etc.; (2) the presence of systemic diseases, including
hypothyroidism, severe chronic diseases, and other medical
diseases that might affect hearing; (3) histories of alcoholism,
carbon monoxide poisoning, etc.; (4) the presence of one
or more of following otological diseases, including acoustic
nerve dysplasia, common cavity and other serious inner ear
malformations, acoustic neuropathy, and acoustic neuroma; and
(5) the inability to cooperate with subjective speech tests.

Detection of Pure Tone Audiometry
Threshold
PTA was performed by the doctors using an audiometer (Astera,
Conera TM) in a sound-isolated room in the Department of
Otorhinolaryngology in our hospital.

PTA threshold refers to the average of hearing level at a
set of specified frequencies, which gives a snapshot of hearing
level of each ear. The frequencies used for PTA were 500,
1,000, 2,000, and 4,000 Hz, with an intensity range of –10 to
110 dB. PTA threshold was the average of intensities measured
at the abovementioned frequencies. World Health Organization

defined a PTA ≥ 20 dB, in either ear, as HL (World Health
Organization, 2021).

Collections of Demographic Variables
Demographic variables of gender, age, age of onset, disease
duration, and years of education were collected.

Assessment of Cognitive Function
Overall Cognitive Function
Mini-Mental State Examination (MMSE) and Montreal
Cognitive Assessment (MoCA) scales were used to rate the
overall cognitive function of patients with AD (Cockrell and
Folstein, 1988; Pinto et al., 2019). Patients with illiteracy, primary
education, or more than a junior education were identified as
having cognitive impairment when the MMSE score was below
17, 20, or 24 points, respectively. MoCA score ≤ 26 indicated
potential cognitive impairment. If the educational level of
an individual was less than 12 years, 1 point was added. The
lower are the scores of the two scales, the severe is the overall
cognitive impairment.

A variety of cognitive domains were assessed by the following
rating scales:

Memory
Auditory Verbal Learning Test (AVLT) was used to assess
verbal memory. AVLT N1-3, AVLT N4, and AVLT N5 evaluated
immediate recall, short-delayed recall, and long-delayed recall,
respectively. AVLT N1-5 reflected the general state of verbal
memory. AVLT N6 tested logical memory and AVLT N7 rated
ability of recognition (Guo et al., 2009). The Complex Figure
Test (CFT)-delayed memory was used to assess visual delayed
memory (Zhou et al., 2006). The lower score of this test
suggested worse memory.

Visuospatial Ability
Visuospatial ability was evaluated by using the CFT-imitation
(Zhou et al., 2006). The lower score of this test indicated worse
visuospatial ability.

Language
Language function was evaluated by using the Boston Naming
Test (BNT) (Lin et al., 2014) and Verbal Fluency Test (VFT),
including Animal Fluency Test (AFT), VFT-household items
(VFT-H), and VFT-alternating fluency (Sebaldt et al., 2009).
The decreased scores of these scales implied compromised
language function.

Attention
Attention was evaluated by using the Trail Making Test A, B
(TMT-A, B) and Symbol Digit Modalities Test (SDMT) (Gong,
1992; Guo et al., 2007). The longer it took to complete the TMT-
A and TMT-B, the worse was the attention. The lower TMT-
A, TMT-B, and SDMT scores indicated more severe attention
deficit.

Executive Function
Executive function was rated by using the Stroop Color-Word
Test (SCWT) (Guo et al., 2007). The reduced score of this test
revealed an impaired executive function.
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Assessment of Neuropsychiatric
Symptoms
Overall neuropsychiatric symptoms were assessed by
using the Neuropsychiatric Inventory (NPI). The higher
score implied severe overall neuropsychiatric symptoms
(Wolinsky et al., 2018).

Individual neuropsychiatric symptoms were then assessed by
using the following rating scales.

Depression
Depression was evaluated by using the Hamilton Depression
Scale (HAMD)-24 items. The higher score indicated more severe
depression, and a score of ≥ 8 suggested the presence of
depression (Whisman et al., 1989).

Anxiety
Anxiety was evaluated by using the Hamilton Anxiety Scale
(HAMA)-14 items. The higher score suggested more severe
anxiety, and a score of ≥8 indicated the existence of anxiety
(Guy, 1976).

Agitation
Agitation was rated by using the Cohen-Mansfield Agitation
Inventory (CMAI). The elevated CMAI score displayed severe
agitation (Lin et al., 2007).

Apathy
Apathy was rated by using the Modified Apathy Estimate Scale
(MAES). The higher was the MAES score, the more severe was
the apathy. A score of >14 revealed clinically meaningful apathy
(Guercio et al., 2015).

Daytime Sleepiness
Daytime sleepiness was assessed by using Epworth Sleepiness
Scale (ESS). The higher was the ESS score, the more severe was
the daytime sleepiness. A score of >10 implied daytime sleepiness
(Lee et al., 2007).

Assessment of Activities of Daily Living
ADL was assessed by using the ADL scale, which included the
basic ADL (BADL) and the instrumental ADL (IADL) scales. The
enhanced score of ADL scale demonstrated the compromised
ADL performance (Katz et al., 1963).

Collection and Processing of
Cerebrospinal Fluid Samples
Anti-AD drugs were withdrawn for 12–14 h prior to CSF
collection. In order to prevent the blood contamination of
CSF, the lumber puncture for each patient was performed
by a professionally trained neurologist, strictly following the
standardized protocol. The first and second tubes might
contain blood, as well as tissue fragments and contaminated
skin microorganisms; thus, routinely, the third tube of CSF
was retained for the measurement. CSF samples from both
AD-HL and AD-nHL groups in this study all followed
this standardized protocol, trying to avoid this potential
bias. A total of 5 ml CSF was taken in a polypropylene

tube (Beijing JingkeHongda Biotechnology Co., Ltd.) under a
fasting condition.

CSF samples were centrifuged immediately at 2,000 g at
4◦C. Approximately 0.5 ml CSF supernatant was aliquoted
into separate Nunc cryotubes (Beijing JingkeHongda
Biotechnology Co., Ltd.) and kept frozen at −80◦C until
further assay.

Measurements of Neuropathological
Biomarkers of Alzheimer’s Disease in
Cerebrospinal Fluid
The levels of neuropathological biomarkers of AD, including
Aβ1-42, P-tau (T181), P-tau (S199), P-tau (T231), P-tau (S396),
and T-tau, in CSF from patients in AD-HL and AD-nHL
groups were detected by using ELISA. CSB-E10684h kit and
CSBE12011h kit (CUSABIO Company, Wuhan, China) were
used for the measurements of Aβ1-42 and T-tau, respectively.
KHB7031 kit, KHO0631 kit, KHB7041 kit, and KhB8051 kit
(Invitrogen Company, Carlsbad, CA, United States) were used
for the measurements of P-tau (T181), P-tau (S199), P-tau (T231),
and P-tau (S396), respectively.

Measurements of Blood-Brain Barrier
Factors in Cerebrospinal Fluid
The levels of BBB factors, including MMP-2, MMP-3, MMP-9,
RAGE, GFAP, and LRP1, in CSF from patients in AD-HL
and AD-nHL groups were detected by using ELISA. MMP200
kit, DMP300 kit, DMP900 kit, and DRG00 kit (R&D systems
Company, Minneapolis, MN, United States) were used for
the measurements of MMP-2, MMP-3, MMP-9, and RAGE,
respectively. NS830 kit (Merck Millipore Company, Darmstadt,
Germany) was used for the measurement of GFAP. MBS772326
kit (MyBioSource Company, San Diego, CA, United States) was
used for the measurement of LRP1.

Data Analyses
Statistical analyses were performed by using the SPSS
Statistics 23.0 (IBM Corp., Armonk, NY, United States).
A value of P < 0.05 was considered statistically significant.
Continuous variables, if normally distributed, were presented
as means ± SDs, and were compared by using the two-
sample t-test. Continuous variables, if they were not normally
distributed, were presented as medians (quartiles), and were
compared by using a non-parametric test. The bivariate
correlation method was used to analyze the relationships
among the variables.

RESULTS

The Frequency of Alzheimer’s Disease
With Hearing Loss
Among the 65 patients with AD who were analyzed, 21
cases (32.31%) had no HL, and 44 cases had HL with the
frequency up to 67.69%, indicating that HL was very common
in AD patients. Among the AD patients with HL, 25 cases
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(38.46%) had mild HL, 14 cases (21.54%) had moderate HL,
5 cases (7.69%) had moderate to severe HL, and 0 cases
(0.00%) had severe HL.

Demographic Variables of Alzheimer’s
Disease With No Hearing Loss and
Alzheimer’s Disease With Hearing Loss
Groups
Demographic variables, including sex, age, age of onset, disease
duration, and years of education were compared between
AD-nHL and AD-HL groups (Table 1). The results showed

that demographic variables had no significant differences
between the two groups.

Cognitive Function, Neuropsychiatry
Symptoms, and Activities of Daily Living
in Alzheimer’s Disease With No Hearing
Loss and Alzheimer’s Disease With
Hearing Loss Groups
The scores of cognitive functions, neuropsychiatry symptoms,
and ADL were compared between AD-nHL and AD-HL groups
(Table 2). The data displayed that AD-HL group had a

TABLE 1 | Demographic variables of Alzheimer’s disease with no hearing loss (AD-nHL) and Alzheimer’s disease with hearing loss (AD-HL) groups.

Demographic variables AD-nHL group AD-HL group P

(21 cases) (44 cases)

Female (n, %) 15 (71.43%) 22 (50.00%) 0.105

Age [year, Median (Q1–Q3)] 61.00 (56.50–62.50) 64.00 (57.00–69.00) 0.103

Age of onset [year, Median (Q1–Q3)] 57.00 (55.00–61.00) 61.00 (53.25–65.00) 0.246

Disease duration [year, Median (Q1–Q3)] 36.00 (22.00–53.50) 35.50 (12.00–57.00) 0.557

Years of education [year, Median (Q1-Q3)] 11.00 (9.00–14.25) 9.00 (9.00–12.00) 0.318

TABLE 2 | Cognitive function, neuropsychiatry symptoms, and activities of daily living (ADL) between AD-nHL and AD-HL groups.

AD-nHL group AD-HL group P

(21 cases) (44 cases)

Cognitive function

MMSE (point, x̄ ± s) 20.24 ± 7.19 15.36 ± 8.53 0.032*

MoCA (point, x̄ ± s) 14.76 ± 6.66 10.88 ± 7.39 0.048*

AVLT N1-3 (point, x̄ ± s) 12.68 ± 5.84 8.00 ± 5.65 0.005**

AVLT N4 [point, Median (Q1–Q3)] 2.50 (0.00–4.50) 0.00 (0.00–3.00) 0.055

AVLT N5 [point, Median (Q1–Q3)] 2.00 (0.00–5.00) 0.00 (0.00–2.25) 0.010*

AVLT N1-5 [point, Median (Q1–Q3)] 15.00 (7.00–26.00) 8.00 (0.25–14.75) 0.017*

AVLT N6 [point, Median (Q1–Q3)] 2.00 (0.00–6.00) 0.00 (0.00–2.00) 0.009**

AVLT N7 [point, Median (Q1–Q3)] 9.00 (7.50–13.00) 3.00 (0.00–11.00) 0.019*

AFT (point, x̄ ± s) 14.67 ± 4.91 9.84 ± 5.34 0.001**

VFT-H (point, x̄ ± s) 13.47 ± 4.62 8.52 ± 5.09 <0.001**

VFT-alternating fluency[point, Median (Q1–Q3)] 11.00 (7.00–14.00) 5.00 (1.00–9.25) 0.001**

BNT [point, Median (Q1–Q3)] 24.50 (19.00–25.75) 20.00 (8.00–23.00) 0.012*

TMT-A [point, Median (Q1–Q3)] 25.00 (23.00–25.00) 25.00 (10.00–25.00) 0.355

TMT-B [point, Median (Q1–Q3)] 23.00 (16.00–25.00) 16.00 (0.00–22.75) 0.014*

CFT-imitation [point, Median (Q1–Q3)] 31.50 (22.88–34.25) 30.00 (0.00–34.50) 0.221

CFT-delayed [point, Median (Q1–Q3)] 5.00 (0.00–12.00) 0.00 (0.00–19.00) 0.374

SCWT-A [point, Median (Q1–Q3)] 50.00 (48.50–50.00) 50.00 (38.75–50.00) 0.344

SCWT-B [point, Median (Q1–Q3)] 50.00 (48.74–50.00) 48.50 (44.75–50.00) 0.083

SCWT-C [point, Median (Q1–Q3)] 48.50 (40.75–50.00) 40.00 (1.00–47.00) 0.010*

SDMT [point, Median (Q1–Q3)] 31.00 (15.00–39.50) 14.00 (0.00–22.25) 0.007**

Neuropsychiatry symptoms

HAMD [point, Median (Q1–Q3)] 7.00 (3.50–12.75) 5.00 (4.00–10.00) 0.390

HAMA [point, Median (Q1–Q3)] 6.00 (2.25–11.75) 6.00 (3.00–8.00) 0.841

NPI [point, Median (Q1–Q3)] 2.50 (0.00–7.75) 2.00 (0.00–11.75) 0.723

MEAS (point, x̄ ± s) 14.81 ± 9.30 16.00 ± 10.09 0.655

CMAI [point, Median (Q1–Q3)] 29.00 (29.00–30.00) 29.00 (29.00–31.00) 0.848

ESS [point, Median (Q1–Q3)] 3.00 (1.00–5.00) 2.00 (0.00–6.75) 0.866

ADL

ADL [point, Median (Q1–Q3)] 20.00 (20.00–25.50) 24.00 (20.00–38.00) 0.038*

*P < 0.05, **P < 0.01. The bold values are statistically significant.
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TABLE 3 | Correlations of pure tone audiometry (PTA) threshold with the scores of
clinical symptoms from Alzheimer’s disease (AD) patients.

R P

MMSE (point, x̄ ± s) −0.287 0.031*

MoCA (point, x̄ ± s) −0.232 0.072

AVLT N1–3 (point, x̄ ± s) −0.334 0.010*

AVLT N4 [point, Median (Q1–Q3)] −0.204 0.151

AVLT N5 [point, Median (Q1–Q3)] −0.081 0.550

AVLT N1–5 [point, Median (Q1–Q3)] −0.301 0.015*

AVLT N6 [point, Median (Q1–Q3)] −0.226 0.115

AVLT N7 [point, Median (Q1–Q3)] −0.373 0.008**

AFT (point, x̄ ± s) −0.315 0.018*

VFT-H (point, x̄ ± s) −0.415 0.001**

VFT-alternating fluency [point, Median (Q1–Q3)] −0.370 0.005**

BNT [point, Median (Q1–Q3)] −0.395 0.003**

TMT-A [point, Median (Q1–Q3)] −0.131 0.354

TMT-B [point, Median (Q1–Q3)] −0.137 0.339

CFT-imitation [point, Median (Q1–Q3)] −0.059 0.683

CFT-delayed [point, Median (Q1–Q3)] 0.186 0.211

SCWT-A [point, Median (Q1–Q3)] −0.222 0.113

SCWT-B [point, Median (Q1–Q3)] −0.244 0.082

SCWT-C [point, Median (Q1–Q3)] −0.253 0.076

SDMT [point, Median (Q1–Q3)] −0.258 0.080

ADL [point, Median (Q1–Q3)] 0.247 0.049*

*P < 0.05, **P < 0.01. The bold values are statistically significant.

significantly lower score of MMSE and MoCA scales, and
scores of AVLT, VFT, BNT, TMT-B, SCWT-C, and SDMT
than AD-nHL group. There were no significant differences in
neuropsychiatry symptoms between the two groups. AD-HL
group had a significantly higher ADL score than AD-nHL group
(P < 0.05).

Correlation of Pure Tone Audiometry
Threshold With the Scores of Clinical
Symptoms in Alzheimer’s Disease
Patients
The correlations of PTA threshold with the scores of clinical
symptoms in AD patients were analyzed (Table 3). The
results suggested that PTA threshold was significantly and
negatively correlated with the scores of MMSE, AVLT N1-3,
N1-5, N7, VFT, and BNT in AD patients (P < 0.05), and
was significantly and positively correlated with the score of
ADL (P < 0.05).

Levels of Neuropathological Biomarkers
in Cerebrospinal Fluid From Alzheimer’s
Disease With No Hearing Loss and
Alzheimer’s Disease With Hearing Loss
Groups
The levels of neuropathological biomarkers of AD, including
Aβ1-42, P-tau (T181), P-tau (S199), P-tau (T231), and P-tau
(S396) and T-tau in CSF from AD-nHL and AD-HL groups were
compared (Table 4). The results showed that the level of P-tau
(S199) was significantly increased in CSF from AD-HL group
(P < 0.05).

Correlation of Pure Tone Audiometry
Threshold With the Levels of
Neuropathological Biomarkers in
Cerebrospinal Fluid From Alzheimer’s
Disease Patients
The correlations of PTA threshold with the levels of Aβ1-42, P-tau
(T181), P-tau (S199), P-tau (T231), P-tau (S396), and T-tau in
CSF from AD patients were analyzed (Table 5). It was found
that the PTA threshold was significantly and positively correlated
with P-tau (S199) level in CSF from AD patients (P < 0.05).
PTA threshold was not correlated with the levels of Aβ1-42, P-tau
(T181), P-tau (T231), P-tau (S396), and T-tau in CSF in AD
patients (P > 0.05).

Levels of Blood-Brain Barrier Factors in
Cerebrospinal Fluid From Alzheimer’s
Disease With No Hearing Loss and
Alzheimer’s Disease With Hearing Loss
Groups
The levels of BBB factors, including MMP-2, MMP-3, MMP-9,
RAGE, GFAP, and LRP1, in CSF from AD-nHL and AD-HL
groups were compared (Table 6). The results indicated that
MMP-3 level was significantly elevated in CSF from AD-HL
group compared with that from AD-nHL group (P < 0.05).

Correlation of Pure Tone Audiometry
Threshold With the Levels of Blood-Brain
Barrier Factors in Cerebrospinal Fluid
From Alzheimer’s Disease Patients
The correlations of PTA threshold with the levels of BBB factors,
including MMP-2, MMP-3, MMP-9, RAGE, GFAP, and LRP1,

TABLE 4 | Levels of neuropathological biomarkers of AD in cerebrospinal fluid (CSF) from AD-nHL and AD-HL groups.

AD-nHL group AD-HL group P

(21 cases) (44 cases)

Aβ1−42 (ng/ml, x̄ ± s) 2.53 ± 2.98 2.48 ± 3.14 0.854
P-tau (T181) (pg/ml, x̄ ± s) 67.02 ± 22.30 68.51 ± 25.84 0.899
P-tau (S199) [pg/ml, Median (Q1–Q3)] 6.54 (4.72–9.02) 8.19 (7.27–14.14) 0.013*
P-tau (T231) (pg/ml, x̄ ± s) 87.95 ± 29.09 85.62 ± 25.78 0.877
P-tau (S396) (pg/ml, x̄ ± s) 75.91 ± 27.24 72.54 ± 24.06 0.682
T-tau (pg/ml, x̄ ± s) 73.45 ± 32.35 85.85 ± 26.74 0.17

*P < 0.05. The bold value is statistically significant.
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TABLE 5 | Correlations of PTA threshold with the levels of neuropathological
biomarkers of AD in CSF from AD patients.

R P

Aβ1−42 (ng/ml, x̄ ± s) 0.228 0.152

P-tau (T181) (pg/ml, x̄ ± s) 0.291 0.065

P-tau (S199) [pg/ml, Median (Q1–Q3)] 0.469 0.002**

P-tau (T231) (pg/ml, x̄ ± s) 0.127 0.430

P-tau (S396) (pg/ml, x̄ ± s) 0.079 0.622

T-tau (pg/ml, x̄ ± s) 0.233 0.107

**P < 0.01. The bold values are statistically significant.

in CSF from AD patients were analyzed (Table 7). It was found
that PTA threshold had a significant and positive correlation with
MMP-3 level in CSF from AD patients (P < 0.05). PTA threshold
was not correlated with the levels of MMP 2, MMP 9, RAGE,
GFAP, and LRP1 in CSF from AD patients (P > 0.05).

Correlations of the Levels of
Neuropathological Biomarkers With the
Levels of Blood-Brain Barrier Factors in
Cerebrospinal Fluid From Alzheimer’s
Disease With Hearing Loss Patients
The correlations of the levels of neuropathological biomarkers of
AD with the levels of BBB factors in CSF from AD-HL patients
were analyzed (Table 8). In AD-HL patients, it was found that
the P-tau (S199) level had a significant and positive correlation
with the levels of MMP-2 and MMP-3 (P < 0.05).

DISCUSSION

Frequency of Alzheimer’s Disease With
Hearing Loss
Currently, there is no study on the frequency of HL in AD
patients. In this study, the frequency of AD-HL was 67.69%,
demonstrating that HL is very common in AD patients. HL is
one of the risk factors of AD that can be intervened. Therefore,
evaluation of auditory function should be routinely performed,
and HL should be intervened as early as possible for AD
patients (Alzheimer’s Disease International [ADI], 2020). It is
very necessary to conduct an in-depth exploration on the clinical
features and related mechanisms of AD-HL, providing clinical

evidence for finding new targets for intervention and slowing
down the progression of the disease.

Demographic Variables of Alzheimer’s
Disease With No Hearing Loss and
Alzheimer’s Disease With Hearing Loss
Groups
Demographic variables, including sex, age, age of onset, disease
duration, and years of education in AD-nHL and AD-HL groups
were compared. The results showed no significant differences
in the abovementioned demographic variables between the two
groups, indicating that the following variables investigated in this
study was comparable (Table 1).

Cognitive Function, Neuropsychiatry
Symptoms, and Activities of Daily Living
in Alzheimer’s Disease With No Hearing
Loss and Alzheimer’s Disease With
Hearing Loss Groups
MMSE and MoCA scales are widely used for evaluating the
overall cognitive function. In this study, the overall cognitive
function was severely impaired in AD-HL group compared with
AD-nHL group (Table 2). The score of each cognitive domain
was then analyzed.

HL drastically compromised immediate memory and
overall auditory memory for AD patients, and prevented
AD patients from adopting strategies for memory process,
such as classification, and did great harm to the ability of
recognition (Tables 2, 3). However, HL exerted no remarkable
influence on the delayed recall memory. In the mouse model
of auditory deprivation, there were robust microglial activation
and oxidative stress, which prominently elicited damage to
hippocampal neurogenesis and caused subsequent impairment
of immediate memory and learning (Kim et al., 2020; Kurioka
et al., 2021). Hence, HL might aggravate memory impairment by
suppressing hippocampal neurons via neuroinflammation and
oxidative stress as well as AD pathology.

In this study, HL greatly contributed to the serious
impairment of language function for patients with AD
(Tables 2, 3). Language function was associated with a posterior
section of superior and middle temporal gyrus (Yi et al., 2019)
and left triangularis in frontal lobe and superior temporal lobe
(Obler et al., 2010), which were close to the auditory cortex.

TABLE 6 | Levels of blood-brain barrier (BBB) factors in CSF from AD-nHL and AD-HL groups.

AD-nHL group AD-HL group P

(21 cases) (44 cases)

MMP-2 [ng/ml, Median (Q1–Q3)] 5.17 (2.93–6.52) 7.57 (4.15–9.44) 0.134
MMP-3 [ng/ml, Median (Q1–Q3)] 0.37 (0.31–0.46) 0.52 (0.44–0.89) 0.004**
MMP-9 [ng/ml, Median (Q1–Q3)] 5.85 (5.05–7.69) 6.49 (5.53–7.93) 0.703
RAGE [ng/ml, Median (Q1–Q3)] 2.28 (1.56–4.42) 2.69 (1.45–3.10) 0.923
GFAP [ng/ml, Median (Q1–Q3)] 0.11 (0.07–0.16) 0.09 (0.07–0.11) 0.288
LRP1 [ng/ml, Median (Q1–Q3)] 33.12 (24.52–40.90) 31.82 (25.00–42.01) 0.668

**P < 0.01. The bold value is statistically significant.
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TABLE 7 | Correlations of PTA threshold with the levels of BBB factors in CSF
from AD patients.

R P

MMP-2 [ng/ml, Median (Q1–Q3)] 0.254 0.109

MMP-3 [ng/ml, Median (Q1–Q3)] 0.553 <0.001**

MMP-9 [ng/ml, Median (Q1–Q3)] 0.069 0.666

RAGE [ng/ml, Median (Q1–Q3)] <0.001 0.999

GFAP [ng/ml, Median (Q1–Q3)] −0.022 0.892

LRP1 [ng/ml, Median (Q1–Q3)] 0.137 0.369

**P < 0.01. The bold values are statistically significant.

Particularly, superior temporal gyrus combined hearing with
speech due to its close connection with auditory cortex (Bernstein
and Liebenthal, 2014). Therefore, HL might cause damage to
language function due to the fact that their correspondent
regions in brain were anatomically adjacent.

In this investigation, HL significantly propagated deficit
of attention for patients with AD (Tables 2, 3). A previous
investigation found that adults with attention deficit or
hyperactivity disorders had worse performances in the tests of
visual and auditory attention (Taitelbaum-Swead et al., 2019). It
might be speculated that more cognitive resources were dedicated
to auditory processing under the condition of HL, resulting in
the depletion of the resources for multiple cognitive domains,
including attention (Lin et al., 2013).

In this exploration, AD-HL group had worse performances in
the tests of executive function than AD-nHL group (Tables 2, 3).
It was reported that HL and concomitant impairment in auditory
cortex increased the recruitment of executive function as well
as short-term memory to aid speech perception (Wong et al.,
2014), elucidating a redistribution of cognitive resources in the
case of HL. It could be speculated that short-term reallocation
of cognitive resources might improve performance of cognitive
function as a compensation for HL, however, the levels of
cognitive domains might decline as a result of exhaustion of
overall cognitive resources, as the duration of HL was prolonged.

The impairment of visuospatial function is usually observed in
the middle and late stages of AD. Here, patients recruited were
in all stages of AD, and those who were in the early stage of
the disease might have no visuospatial dysfunction, which might
explain that AD-HL and AD-nHL groups were not different
in the visuospatial function (Tables 2, 3). We will conduct an

in-depth investigation including patients in different stages of
AD in the future.

In this study, no significant differences of neuropsychiatric
symptoms were observed between AD-HL and AD-nHL groups
(Tables 2, 3). There are a body of neuropsychiatric symptoms
of AD, among which, some occur in the early stage, like
depression and anxiety, and some occur in the late stage, like
hallucination and delusion. Patients in all stages recruited might
account for the indiscrimination of neuropsychiatric symptoms
between the two groups.

The current study showed that AD-HL group had a
significantly compromised ADL (Tables 2, 3). It might be because
that plenty of cognitive resources were dedicated to the auditory
processing, and thus induced severe impairment of cognitive
function, which eventually caused poor ADL.

Alzheimer’s Disease With Hearing Loss
and Neuropathological Biomarkers of
Alzheimer’s Disease
Increasing studies revealed that AD pathology was relevant
to HL. P-tau expression in hippocampus of mice with HL
was significantly elevated (Omata et al., 2016). Simultaneously
expressed Aβ1-42 and tau exerted an obvious synergistic effect,
contributing to severe hearing defect (Braak and Braak, 1991).
In the rare human studies, it was found that the levels of P-tau
(T181) and T-tau but not Aβ1-42 level in CSF were significantly
elevated in the HL individuals (Park et al., 2018), indicating
that tau pathology played a more important role on HL than
Aβ did in humans.

In this study, tau pathology indicated by the elevation of
P-tau (S199) was highly associated with HL in patients with
AD (Tables 4, 5). In AD, NFTs with the major component
of P-tau started from layer II of entorhinal cortex, and finally
arrived to hippocampus and neocortex (Braak and Braak, 1991).
Although entorhinal cortex and hippocampus were mainly
related to memory, they still had wide connections with auditory
processing regions (Chen et al., 2013; Aronov et al., 2017;
Ahmed et al., 2020). It was observed that HL increased tau
phosphorylation via intensified neuroinflammation in mice/rat
hippocampus (Cui et al., 2012; Shen et al., 2021). P-tau
accumulation promoted neuroinflammation and oxidative stress
in brain neurons (Alavi Naini and Soussi-Yanicostas, 2015).

TABLE 8 | Correlations of levels of neuropathological biomarkers of AD with the levels of BBB factors in CSF from AD-HL patients.

MMP-2 MMP-3 MMP-9 RAGE GFAP LRP1

R P R P R P R P R P R P

Aβ1−42 (ng/ml, x̄ ± s) 0.184 0.25 0.122 0.448 0.118 0.462 −0.019 0.905 −0.105 0.513 0.163 0.328

P-tau (T181) (pg/ml, x̄ ± s) 0.179 0.264 0.196 0.219 0.099 0.538 −0.005 0.973 −0.01 0.953 −0.19 0.252

P-tau (S199) [pg/ml, Median (Q1–Q3)] 0.419 0.006** 0.573 <0.001** 0.214 0.179 0.166 0.299 −0.118 0.461 0.161 0.328

P-tau (T231) (pg /ml, x̄ ± s) 0.162 0.311 0.155 0.334 −0.056 0.728 −0.125 0.436 0.075 0.641 0.294 0.073

P-tau (S396) (pg /ml, x̄ ± s) 0.293 0.067 −0.029 0.857 −0.077 0.636 −0.218 0.178 0.066 0.686 0.096 0.567

T-tau (pg/ml, x̄ ± s) 0.205 0.198 0.011 0.945 −0.089 0.582 −0.105 0.512 0.083 0.605 −0.074 0.648

**P < 0.01. The bold values are statistically significant.
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Pathological tau conformers were transferred among cells
through several ways and multiple mechanisms (Guo and Lee,
2014). Hence, we supposed that HL might increase deposition of
P-tau, which was then spread from cognitive to auditory regions
in brain, eventually aggravating the hearing dysfunction.

HL patients need and use up more cognitive reserve for
auditory processing. The depletion of cognitive reserve was
more vulnerable to AD pathology (Scarmeas and Stern, 2003).
Because it is difficult to quantify cognitive reserve, the structural
and neurobiological changes of cognitive reserve have not been
elucidated so far. However, cognitive reserve and abnormal
tau, including P-tau, led to the reduced synapses and shrunk
dendrites (Guerrero-Muñoz et al., 2015). Additionally, HL led
to social isolation due to the difficulties in communication, and
thus served as a critical risk factor of AD (Wilson et al., 2007;
Shankar et al., 2013; Boss et al., 2015). In a mouse experiment,
isolation promoted AD pathology through neuroinflammation
and oxidative stress (Schiavone et al., 2009; Huang et al., 2015;
Liu et al., 2017), which might be the potential mechanism of social
isolation relevant AD.

This study found that AD-HL was significantly related to the
elevated P-tau (S199), but not declined Aβ, indicating that HL was
more likely to play a significant role on the progression of AD
reflected by the accumulation of P-tau (S199) formation, rather
than in the early stage of AD indicated by the formation of Aβ.
Thus, early intervention of HL might decrease the progression of
tau pathology and thus prevent deterioration of AD.

This study failed to find differences in other forms of P-tau
between AD-HL and AD-nHL groups, suggesting that P-tau
(S199) might be the important neuropathological biomarker
indicating AD aggravation by HL. The detailed mechanisms need
to be investigated in the future.

Relationship Among Neuropathological
Biomarkers of Alzheimer’s Disease,
Blood-Brain Barrier Factors, and
Alzheimer’s Disease With Hearing Loss
In this study, HL reflected by PTA threshold was not only
significantly correlated with AD neuropathological biomarker
of P-tau (S199) level in CSF (Tables 4, 5), but also with BBB
impairment reflected by the elevated MMP-3 level in CSF from
AD patients (Tables 6, 7). In AD-HL patients, a further analysis
suggested that P-tau (S199) level was significantly and positively
correlated with the levels of MMP-2 and MMP-3 (Table 8).

MMPs was a multigene family of proteinases that played
pivotal roles on the disrupted integrity of BBB (Lakhan et al.,
2013) via digesting proteins of tight junction and basement
membrane. Blood-labyrinth barrier and BBB had similarity in
structure; thus, MMPs was inferred to cause damages to both
of them. Previous studies in guinea pigs found that the levels
of MMP-2 and MMP-9 in healthy vascularis were markedly
increased after noise exposure, causing damage to tight junctional
proteins, and compromising the instability of cochlear blood-
labyrinth barrier (Wu et al., 2017). Accordingly, homeostasis
of internal environment of auditory pathway was significantly
compromised by MMPs.

MMP-2 and P-tau were co-localized in neurofibrillary tangles
and dystrophic neurites under confocal microscopy (Terni and
Ferrer, 2015). Furthermore, P-tau stimulated the expression of
MMP-2 (Terni and Ferrer, 2015), accordingly, MMP-2 level
might be elevated as P-tau level increased in brain. A previous
study showed that, at early Braak stage of AD pathology,
entorhinal cortex with increased MMP-2 had a wide connection
with auditory pathway and cortex (Terni and Ferrer, 2015),
proving more direct evidence of close relationships among AD
pathology, MMP-2, and AD-HL.

MMP-3 was overexpressed in astrocytes and neurons exposed
to Aβ, eliciting microglial activation, and activated microglia
in turn propagated accumulations of Aβ and P-tau, which
continuously precipitated microglial activation and intensified
neuroinflammatory cascade event (Vasto et al., 2007). Thus,
AD pathology might trigger the elevation of MMP through
neuroinflammation. Moreover, AD and HL, as aging diseases,
shared the similar mechanisms of neuroinflammation and
oxidative stress, which precipitated P-tau deposition and
MMP-3 expression, and both of them in turn promoted
oxidative stress and neuroinflammation, producing plenty
of free radicals and neuroinflammatory factors (Kim and
Hwang, 2011). Particularly, advanced glycation end product,
serving as an important initiator of oxidative stress and
neuroinflammation, was significantly elevated in both AD
and HL patients (Kim and Hwang, 2011; Niihata et al.,
2018). The large amount of toxic neuroinflammatory factors
and free radicals produced might transfer to the periphery
through the disrupted BBB, and thus cause damage to
peripheral auditory system and induce deterioration of
HL in AD patients.

Socially isolated rats suffered from robust oxidative stress
in brain (Schiavone et al., 2009; Colaianna et al., 2013). In a
rat experiment, numerous generated neuroinflammatory factors
and free radicals mediated BBB disruption through MMPs, such
as MMP-2, MMP-3, and MMP-9 (Lehner et al., 2011). AD-
HL patients were more prone to loneliness and social isolation,
which intensified neuroinflammation and oxidative stress (Li and
Xia, 2020), and therefore might elevate the levels of MMPs, like
MMP-3, which was observed in this study.

The above findings established the relationships among P-tau
(S199), MMP-2/MMP-3 and AD-HL. The mutual promotion
between P-tau (S199) and MMP-2/MMP-3 might explain disease
progression in AD patients with HL.

This study failed to find differences in other BBB
factors between AD-HL and AD-nHL groups, suggesting
that MMP-2/MMP-3 might be the important factors
indicating BBB damage aggravated by HL in AD patients.
The detailed mechanisms need to be studied in the
future.

This research was a single-center study, and the results might
be biased and need to be interpreted with caution. A multicenter
study will be conducted in the future.

In summary, AD patients have a high frequency of HL. AD-HL
patients have severely compromised overall cognitive function
and multiple cognitive domains of memory, language, attention
and executive function, and ADL. The potential mechanisms
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of AD-HL may involve the elevations of AD pathological
biomarker of P-tau (S199) and BBB factor of MMP-3, and the
close correlations between P-tau (S199) and MMP-2/ MMP-3 in
CSF. Findings from this investigation highly suggest that early
evaluation of HL is very pivotal to delay AD progression, and cast
a new light for drug development by inhibiting neuropathological
biomarkers of AD and protecting BBB in the future.
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Purpose: This study aimed to investigate the influence of 24-h ambulatory blood

pressure (BP) on cognitive function and neuropathological biomarkers in patients with

Alzheimer’s disease (AD) at the stages of mild cognitive impairment (MCI) and dementia.

Methods: The patients with AD were divided into the MCI (AD-MCI) group and the

dementia (AD-D) group. Notably, 24-h BP variables, including BP level, coefficient of

variation (CV) of BP, and pulse pressure, were collected and compared between the

two groups. The correlations between 24-h BP variables and the scores of cognitive

domains were analyzed. The independent influencing factors of cognitive domains

of patients with AD were investigated. The levels of neuropathological biomarkers of

AD, including β amyloid (Aβ)1−42, phosphorylated tau (P-tau), and total tau (T-tau), in

cerebrospinal fluid (CSF) weremeasured and compared between the two groups, and the

correlations between 24-h BP variables and the levels of neuropathological biomarkers

of AD were analyzed.

Results: Daytime CV of systolic BP (SBP) was significantly increased in the AD-D

group compared to that in the AD-MCI group. The 24-h and daytime CV of SBP and

ambulatory pulse pressure were significantly and negatively correlated with memory

score. The average 24-h and average daytime SBP level and CV of SBP, daytime CV

of diastolic BP (DBP), and 24-h, daytime, and night-time ambulatory pulse pressure

were significantly and negatively correlated with language score. The average 24-h

SBP level, daytime CV of SBP, and 24-h, daytime, and night-time ambulatory pulse

pressure were significantly and negatively correlated with attention score. Further analysis

indicated that daytime CV of SBP as well as age and course of disease were the

independent influencing factors of language. Age was also the independent influencing

factor of memory and attention of patients with AD. T-tau level in CSF in the AD-D

group was significantly higher than that in the AD-MCI group, but the levels of Aβ1−42,

P-tau, and T-tau in CSF were not correlated with 24-h ambulatory BP variables.
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Conclusion: Daytime CV of SBP was the independent influencing factor of language

in patients with AD. The AD-D patients had significantly severe neurodegeneration than

AD-MCI patients, which was, however, not through the influence of 24-h ambulatory BP

variables on neuropathological biomarkers of AD.

Keywords: Alzheimer’s disease, mild cognitive impairment, dementia, 24-h ambulatory blood pressure, cognitive

domains, neuropathological biomarkers of AD

INTRODUCTION

Alzheimer’s disease (AD) is themost common neurodegenerative
disease and a type of dementia in the elderly.With the accelerated
aging process, its incidence and prevalence are increasing year
after year. The main clinical manifestations of AD, which
is characterized by a progressive deterioration in cognition,
behavior, and function, place a considerable burden on society.
AD can be conceptualized as a continuum, i.e., patients progress
from normal cognition to mild cognitive impairment (MCI) due
to AD (AD-MCI), followed by the increased severity of dementia
due to AD (AD-D) (Davis et al., 2018).

Abnormal blood pressure (BP) was closely related to the

occurrence and development of AD. The relationship between
BP level and cognitive function in patients with AD was

complex, which was reflected by the evidence that either high

or low BP level might increase the risk of cognitive impairment

and dementia (Streit et al., 2019). BP variability (BPV) refers

to the fluctuation degree of BP in a specific time, and its

abnormal increase reflects the increase of BP fluctuation degree.

It was found that elevated BPV was a predictive of dementia,

independent of the average BP level (Sible and Nation, 2021b).

However, other studies demonstrated that elevated BPV was not

associated with an increased risk of dementia (van Middelaar

et al., 2018). Pulse pressure is calculated as the systolic BP

(SBP) values minus diastolic BP (DBP) values, and a previous
study showed that it was a potential key contributor to cognitive
impairment in many individuals (Thorin-Trescases et al., 2018).
Previous studies on BP and AD have mainly focused on the
relationship between the occurrence of AD and office BP
level, BPV, and pulse pressure, and have rarely investigated the
differences of 24-h ambulatory BP variables in patients with AD
at the stages of MCI and dementia and the influence of 24-
h ambulatory BP variables on multiple cognitive domains of
patients with AD. The relationship between 24-h ambulatory BP
variables (e.g., BP level, BPV, and pulse pressure) and cognitive
function in patients with AD remains uncertain.

The neuropathological features of AD include the neuritic
plaques and the neurofibrillary tangles, which were mainly
composed of β amyloid (Aβ) and phosphorylated tau (P-tau),
respectively. The levels of the neuropathological biomarkers of
AD in cerebrospinal fluid (CSF) were closely related to the degree
of cognitive impairment in patients with AD (Milà-Alomà et al.,
2019; Bridel et al., 2022). It was previously found that BPV
was related to increased tau accumulation over time specifically
within a temporal region known to show tau deposition on a tau-
PET scan during the early stages of AD (Sible andNation, 2021b).

However, it is still unclear whether BP variables affect the disease
severity and impairments of cognitive domains by changing the
level of pathological biomarkers in CSF in patients with AD.

In this study, we compared 24-h ambulatory BP variables (e.g.,
BP level, BPV, and pulse pressure) between AD-MCI and AD-D
groups, analyzed the correlations of 24-h ambulatory BP variables
with the score of multiple cognitive domains, and identified the
independent factor that influenced individual cognitive domains.
We measured and compared the levels of neuropathological
proteins in CSF between AD-MCI and AD-D groups, and further
analyzed the correlation between the levels of neuropathological
biomarkers in CSF and BP variables in patients with AD.

MATERIALS AND METHODS

Ethics Statement
This study met the guidelines of ethical principles for medical
research involving human subjects of the Declaration of Helsinki,
and the study protocol was approved by the Ethical Review
Board of Beijing Tiantan Hospital. Written informed consents
were obtained from patients with AD and their family members.
All methods were performed following relevant guidelines
and regulations.

Inclusion Criteria of AD
This study included patients with MCI due to AD (Albert et al.,
2011) and patients with AD dementia (McKhann et al., 2011)
according to the National Institute of Aging and Alzheimer’s
Association (NIA-AA) criteria (Albert et al., 2011; McKhann
et al., 2011).

Exclusion Criteria for Enrolled Patients
With AD
• The MCI and dementia caused by the following diseases

were excluded: (1) Parkinson’s syndrome with early significant
visual hallucinations and rapid eye movement sleep behavior
disorder, which was common in Lewy body disease; (2)
multiple vascular risk factors and/or head MRI suggested
extensive cerebrovascular disease, which might suggest
vascular cognitive impairment; (3) significant behavioral or
language impairment early in the course of disease, which
might suggest frontotemporal lobar degeneration; (4) rapid
cognitive decline within a few weeks or months might indicate
prion disease, tumor, or metabolic disease; and (5) other
diseases were excluded, which might cause cognitive decline.

• The patients who could not cooperate with ambulatory BP
monitoring and cognitive evaluation by a variety of rating
scales due to various reasons were excluded.
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• The patients with atrial fibrillation, atrial flutter, acute
myocardial infarction, myocarditis, and severe valvular heart
disease were excluded.

Collections of Demographic Variables and
Clinical Information
A total of 190 hospitalized patients with AD according to the
inclusion and exclusion criteria were consecutively recruited
from the inpatient wards of the Departments of Neurology and
Geriatrics, Beijing Tiantan Hospital, Capital Medical University,
from November 2017 to November 2021.

The general demographic and clinical data of patients with
AD, including gender, age, course of disease, body mass index
(BMI), and education level, were recorded; the number of
patients with smoking history, alcohol history, hypertension,
diabetes, and coronary heart disease, and the number of patients
taking antihypertensive medicines were also recorded.

Ambulatory BP Monitoring
A monitor (model MOBIL-O-GRAPH) made in Germany was
used to observe 24-h ambulatory BP for each patient with AD
before adjustment of antihypertensive medicines within 3 days
after admission.

On the day of ambulatory BP monitoring, the patients with
AD worked and rested according to the daytime and night-time,
continued taking drugs according to the previous medication
situation, and kept the activities of daily living unaffected. BP
was recorded every 30min during the day (6 a.m.−10 p.m.), and
every 60min at night (10 p.m.−6 a.m.). If the record time of 24-
h ambulatory BP monitoring was <22 h or the invalid record
was >20% of the total record of BP, patients were eliminated
or monitored 24-h ambulatory BP again. In this study, the
coefficient of variation (CV) of BP over a specific period was used
to reflect the BPV.

The average SBP and DBP in the whole day, day and
night, and the CV of SBP and DBP in the corresponding
period were collected, respectively. The ambulatory pulse
pressure throughout the whole day, day, and night was
collected, respectively.

Assessment of Cognitive Function
The cognitive domains of patients with AD were assessed by
using the following rating scales within 3 days after admission.

Memory: Auditory Verbal Learning Test (AVLT) (Guo et al.,
2009) was used to assess verbal memory. AVLT1-3, AVLT4, and
AVLT5 standed for immediate recall, short delayed recall, and
long-delayed recall, respectively. The first 5 times of total recall
of AVLT represented the general situation of verbal memory.

Language: Animal Fluency Test (AFT) (Zhao et al., 2018) was
used to assess language function. The lower the score, the poorer
the language function.

Attention: Symbol Digit Modalities Test (SDMT) (Zhou et al.,
2019) was used to assess attention. The lower the score, the worse
the attention.

Measurements of Neuropathological
Biomarkers of AD in CSF
Anti-AD drugs were withheld for 12–14 h prior to sampling
the CSF. The volume of 3ml CSF was obtained using a
lumbar puncture between 7 a.m. and 10 a.m. under a
fasting condition, and placed in a polypropylene tube.
Approximately, the volume of 0.5ml CSF was aliquoted
into separate Nunc cryotubes and kept frozen at −80◦C until
used in assays.

The levels of neuropathological biomarkers of AD, including
Aβ1−42, P-tau, and total tau (T-tau) in CSF, were detected by
enzyme linked immuno sorbent assay (ELISA) with the kits of
Immunobiological Laboratories Co., Ltd. (Japan).

Statistical Processing
Statistical analysis was performed using the SPSS version
21.0 software. A value of P < 0.05 was defined as
statistically significant.

The demographic data and BP variables, including the average
BP level, CV of BP and pulse pressure during 24-h monitoring,
and neuropathological biomarkers in CSF from the AD-MCI
and AD-D groups, were compared. If the data of two groups
satisfied the normal distribution or the uniform variance, the
deviation of the mean standard was performed to represent
the comparison between the two groups by the t-test; if the
data did not satisfy the normal distribution or the uniform
variance, the data were presented by the medians (quartiles),
while the comparison between the two groups adopted a
nonparametric test. The categorical data were expressed as a
percentage, and the χ2 test was used for comparison between the
two groups.

The Spearman correlation was used to analyze the
relationship between BP variables during 24-h monitoring
and the rating scores of multiple cognitive domains, as well as
neuropathological biomarkers in CSF from patients with AD.

The demographic data and BP variables during 24-h
monitoring that might affect the rating scores of cognitive
domains in patients with AD were further analyzed
by multiple linear regression to reveal the independent
factors that influenced each cognitive domain of patients
with AD.

RESULTS

Comparisons of Demographic Variables
Between the AD-MCI and AD-D Groups
Among the 190 patients enrolled, 60 cases with the severity of
MCI were in the AD-MCI group, and the remaining 130 cases
with the severity of dementia were in the AD-D group.

The age in the AD-D group was significantly higher
than that in the AD-MCI group (P < 0.05). There was no
significant difference in gender, course of disease, education level,
BMI, smoking history, alcohol history, hypertension, diabetes,
coronary heart disease, and the number of patients taking
antihypertensive medicines between the two groups (Table 1).
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TABLE 1 | Comparisons of demographic variables between the AD-MCI and AD-D groups.

AD-MCI group (n = 60) AD-D group (n = 130) P-value

Male [x/n (%)] 34/60 (56.67%) 60/130 (46.15%) 0.178

Age (year, X ± S) 62.17 ± 8.82 67.38 ± 9.52 <0.001

Course of disease [month, M (Q1-Q3)] 24.00 (12.00–36.00) 36.00 (16.50–49.00) 0.088

Education level

Primary school and below [x/n (%)] 11/60 (18.33%) 21/130 (16.15%) 0.709

Secondary school [x/n (%)] 19/60 (31.67%) 54/130 (41.54%) 0.317

College and above [x/n (%)] 30/60 (50.00%) 55/130 (42.31%) 0.160

BMI [kg/m2, X ± S] 24.12 ± 2.96 23.73 ± 3.28 0.404

Smoking history [x/n (%)] 18/60 (30.00%) 27/130 (20.77%) 0.164

Alcohol history [x/n (%)] 20/60 (33.33%) 34/130 (26.15%) 0.308

Hypertension [x/n (%)] 24/60 (40.00%) 54/130 (41.54%) 0.821

Taking antihypertensive medicines [x/n (%)] 21/60 (35.00%) 47/130 (36.15%) 0.877

Diabetes [x/n (%)] 13/60 (21.67%) 28/130 (21.54%) 0.995

Coronary heart disease [x/n (%)] 4/60 (6.67%) 10/130 (7.69%) 0.801

AD, Alzheimer’s disease; AD-MCI, mild cognitive impairment due to AD; AD-D, dementia due to AD; BMI, body mass index.

Comparisons of 24-h Ambulatory BP
Variables Between the AD-MCI and AD-D
Groups
The 24-h ambulatory BP variables, including the average BP
level, CV of BP, and pulse pressure in the AD-MCI and AD-D
groups, were compared. It was shown that daytime CV of SBP in
the AD-D group was significantly higher than that in the AD-
MCI group. There were no significant differences in 24-h and
night-time CV of SBP, CV of DBP in each period, average BP
level, and pulse pressure between the AD-MCI and AD-D groups
(Table 2).

The Correlation Between 24-h Ambulatory
BP Variables and the Scores of Multiple
Cognitive Domains in Patients With AD
The bivariate Spearman correlation analysis was used to
investigate the correlations between 24-h BP variables,
including the BP level, CV of BP and pulse pressure, and
the scores of rating scales for multiple cognitive domains,
including memory, language, and attention in patients with AD
(Table 3).

It was found that 24-h and daytime CV of SBP and
24-h and daytime ambulatory pulse pressure were significantly
and negatively correlated with AVLT score in patients with
AD, indicating that the greater the abovementioned BP-related
indexes, the more obvious the memory decline of patients with
AD.

It was observed that the average 24-h and the
average daytime SBP level, 24-h and daytime CV of
SBP, daytime CV of DBP, and 24-h, daytime, and night-
time ambulatory pulse pressure were significantly and
negatively correlated with AFT score in patients with AD,
suggesting that the greater the abovementioned BP-related
indexes, the worse the language ability of patients with
AD.

It was shown that the average 24-h SBP level, daytime
CV of SBP, and 24-h, daytime, and night-time ambulatory
pulse pressure were significantly and negatively correlated
with SDMT score in patients with AD, implying that
the greater the abovementioned BP-related indexes, the
more obvious the attention disorder of patients with
AD.

Multivariate Regression Analysis of the
Scores of Multiple Cognitive Domains in
Patients With AD
Multiple linear regression analysis was conducted on the
possible influencing factors affecting the AVLT score of patients
with AD, including age, course of disease, the average 24-h
SBP level, the average daytime SBP level, 24-h CV of SBP,
daytime CV of SBP, 24-h ambulatory pulse pressure, and
daytime ambulatory pulse pressure. The results showed that age
was an independent factor affecting the memory of patients
with AD, and the B-value was negative, suggesting that the
older the age, the worse the memory of patients with AD
(Table 4).

Multivariate linear regression analysis was adopted on the
possible influencing factors affecting the AFT score of patients
with AD, including age, course of disease, the average 24-h
SBP level, the average daytime SBP level, 24-h CV of SBP,
daytime CV of SBP, daytime CV of DBP, 24 h ambulatory
pulse pressure, daytime ambulatory pulse pressure, and night-
time ambulatory pulse pressure. The results showed that age,
course of disease, and daytime CV of SBP were the independent
influencing factors of language ability of patients with AD, and
the B-values were negative, suggesting that the older the age, the
longer the course of disease and the greater the variability of
daytime SBP, the worse the language ability of patients with AD
(Table 4).
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TABLE 2 | Comparisons of 24-h ambulatory BP variables between the AD-MCI and AD-D groups.

AD-MCI group (n = 60) AD-D group (n = 130) P-value

Average 24-h SBP level [mmHg, X ± S] 122.38 ± 15.28 122.98 ± 12.68 0.779

Average daytime SBP level [mmHg, X ± S] 123.47 ± 15.18 123.92 ± 13.31 0.837

Average night-time SBP level [mmHg, X ± S] 119.48 ± 16.80 120.55 ± 14.86 0.659

Average 24-h DBP level [mmHg, X ± S] 77.42 ± 9.04 76.95 ± 9.57 0.753

Average daytime DBP level [mmHg, X ± S] 78.53 ± 9.08 77.92 ± 9.85 0.681

Average night-time DBP level [mmHg, X ± S] 74.62 ± 10.40 74.73 ± 10.49 0.944

24-h CV of SBP [mmHg, M (Q1-Q3)] 11.90 (10.43–15.05) 13.40 (10.40–16.90) 0.112

Daytime CV of SBP [mmHg, M (Q1-Q3)] 11.35 (9.15–13.95) 12.50 (10.60–16.53) 0.034

Night-time CV of SBP [mmHg, M (Q1-Q3)] 9.90 (7.53–12.60) 10.05 (7.05–12.97) 0.391

24-h CV of DBP [mmHg, M (Q1-Q3)] 9.30 (8.20–11.98) 9.80 (8.05–11.45) 0.826

Daytime CV of DBP [mmHg, M (Q1-Q3)] 8.30 (7.33–11.80) 9.30 (7.45–11.30) 0.503

Night-time CV of DBP [mmHg, M (Q1-Q3)] 7.90 (6.13–9.77) 8.05 (6.00–9.95) 0.580

24-h ambulatory pulse pressure [mmHg, M (Q1-Q3)] 43.00 (38.00–51.00) 46.00 (40.00–51.00) 0.224

Daytime ambulatory pulse pressure [mmHg, M (Q1-Q3)] 42.00 (38.00–50.00) 46.00 (39.50–52.00) 0.240

Night-time ambulatory pulse pressure [mmHg, M (Q1-Q3)] 43.50 (37.00–52.00) 45.00 (39.00–52.00) 0.424

AD, Alzheimer’s disease; AD-MCI, mild cognitive impairment due to AD; AD-D, dementia due to AD; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure;

CV, coefficient of variation.

TABLE 3 | The correlation analysis between 24-h ambulatory BP variables and the scores of multiple cognitive domains in patients with AD.

Memory (AVLT score) Language (AFT score) Attention (SDMT score)

R P-value R P-value R P-value

Average 24-h SBP level −0.148 0.055 −0.168 0.028 −0.169 0.049

Average daytime SBP level −0.150 0.053 −0.172 0.025 −0.162 0.059

Average night-time SBP level −0.065 0.403 −0.107 0.167 −0.132 0.126

Average 24-h DBP level −0.078 0.313 −0.064 0.404 −0.044 0.607

Average daytime DBP level −0.088 0.255 −0.060 0.437 −0.046 0.596

Average night-time DBP level −0.020 0.795 −0.051 0.513 −0.018 0.835

24-h CV of SBP −0.164 0.033 −0.177 0.021 −0.134 0.121

Daytime CV of SBP −0.207 0.007 −0.249 0.001 −0.218 0.011

Night-time CV of SBP 0.116 0.136 0.094 0.221 0.091 0.291

24-h CV of DBP −0.041 0.601 −0.125 0.105 0.031 0.717

Daytime CV of DBP −0.057 0.462 −0.166 0.031 −0.017 0.841

Night-time CV of DBP 0.076 0.328 0.099 0.201 0.096 0.322

24-h ambulatory pulse pressure −0.188 0.015 −0.198 0.010 −0.218 0.011

Daytime ambulatory pulse pressure −0.196 0.011 −0.209 0.006 −0.213 0.013

Night-time ambulatory pulse pressure −0.117 0.127 −0.153 0.046 −0.201 0.019

BP, blood pressure; AD, Alzheimer’s disease; AVLT, Auditory Verbal Learning Test; AFT, Animal Fluency Test; SDMT, Symbol Digit Modalities Test; SBP, systolic blood pressure; DBP,

diastolic blood pressure; CV, coefficient of variation.

Multivariate linear regression analysis was performed
on the possible influencing factors affecting the attention
of patients with AD, including age, course of disease,
the average 24-h SBP level, the average daytime SBP level,
daytime CV of SBP, 24-h ambulatory pulse pressure, daytime
ambulatory pulse pressure, and night-time ambulatory
pulse pressure. The results showed that age was an
independent factor affecting the attention of patients with
AD, and the B-value was negative, suggesting that the

older the age, the worse the attention of patients with AD
(Table 4).

Comparisons of Neuropathological
Biomarkers of AD Between the AD-MCI
and AD-D Groups
Among the patients with AD enrolled in this study, 43 cases
had CSF samples collected, including 12 patients in the AD-MCI
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TABLE 4 | Multivariate regression analysis of cognitive domain scores in patients with AD.

Memory (AVLT score) Language (AFT score) Attention (SDMT score)

B P-value B P-value B P-value

Age −0.400 <0.001 −0.138 0.019 −0.588 0.022

Course of disease −0.040 0.114 −0.036 0.024 −0.022 0.702

Average 24-h SBP value 0.284 0.501 0.231 0.359 0.366 0.687

Average daytime SBP value −0.425 0.306 −0.271 0.274 −0.600 0.499

24-h CV of SBP 0.652 0.241 0.516 0.116

Daytime CV of SBP −0.700 0.157 −0.676 0.034 −0.653 0.136

Daytime CV of DBP 0.082 0.694

24-h ambulatory pulse pressure −0.450 0.483 0.445 0.611 −1.341 0.642

Daytime ambulatory pulse pressure 0.620 0.327 −0.165 0.774 1.637 0.485

Night-time CV of SBP −0.278 0.198 −0.166 0.885

AD, Alzheimer’s disease; AVLT, Auditory Verbal Learning Test; AFT, Animal Fluency Test; SDMT, Symbol Digit Modalities Test; B, regression coefficient or intercept; SBP, systolic blood

pressure; DBP, diastolic blood pressure; CV, coefficient of variation.

group and 31 patients in the AD-D group. The levels of Aβ1−42,
P-tau, and T-tau in CSF were measured and compared between
the AD-MCI and AD-D groups. It was found that T-tau level in
CSF from the AD-D group was significantly elevated compared
with that from the AD-MCI group. There was no significant
difference in the levels of Aβ1−42 and P-tau in CSF between the
AD-MCI and AD-D groups (Table 5).

Correlations Between Neuropathological
Biomarkers of AD and 24-h Ambulatory BP
Variables in Patients With AD
The bivariate Spearman correlation was used to analyze the
correlations between the levels of pathological biomarkers of AD
in CSF and 24-h ambulatory BP variables in patients with AD
(Table 6). The results showed that the levels of Aβ1−42, P-tau, and
T-tau in CSF were not correlated with 24-h BP value, CV of BP,
and pulse pressure in patients with AD.

DISCUSSION

AD is one of the most common age-related disorders, and the
likelihood of AD progression increased with age (Lai et al., 2020).
In this study, it was found that the age of the AD-D group was
significantly higher than that of the AD-MCI group, which was
in line with the progressive process of AD. A previous study
revealed that the memory of patients with AD decreased linearly
with age (Messinis et al., 2016). For patients with AD, in addition
to memory, language and attention were also the cognitive
domains prone to functional decline with age (Blenkinsop et al.,
2020). In this study, we found that the increase in age was the
independent influencing factor of the impairments of memory,
language, and attention in patients with AD. Age remained the
greatest risk factor for AD, and was thus a fundamental driver for
the development and progression of the disease (Masters, 2020).

In this study, the median course of disease in the AD-D
group (36.00 months) was longer than that in the AD-MCI group
(24.00 months), with p-value was close to 0.05, demonstrating

that AD was a continuous process, and MCI was the early stage
of the disease (Bondi et al., 2017). It was previously found that
language dysfunction happened at the primary stage of AD and
developed over time (Khatoonabadi and Masumi, 2019). As the
disease progressed from MCI to dementia, a continuous decline
in language was observed in patients with AD (Szatloczki et al.,
2015). Here, we found that the increased course of disease was
one of the independent factors affecting language in patients
with AD.

Increasing data suggested that BPV was related to cognitive
impairment. It was found that the rate of cognitive decline
in patients with AD with high BPV was significantly higher
than in those with low BPV (de Heus et al., 2019). The
possible mechanisms underlying increased BPV and the severity
of AD are currently unclear. It was speculated that increased
BPV might induce variability of cerebral perfusion and impact
brain health and cognition (Sible and Nation, 2020). Another
possible explanation was that arteriosclerosis might contribute
to BPV inflation and AD-related cognitive decline (Ma et al.,
2020). Arterial stiffness increased BPV through different
mechanisms and affected cognitive function (Hughes et al.,
2018). Alternatively, the effects of neurodegeneration on the
cortical control of the autonomic nervous systemmight cause the
amplification of BPV (Nagai et al., 2010). AD pathology affecting
central nervous system control of autonomic activity might
influence BP and BPV (Sturm et al., 2018; Betts et al., 2019).
A previous systematic review and meta-analysis showed that
systolic BPV was significantly associated with a deterioration in
cognitive impairment, and diastolic effect sizes were less stronger
than systolic effect sizes in a direct comparison, including both

BPV and mean BP for cognitive impairment or dementia (de
Heus et al., 2021). This study found that the variability of daytime
SBP in the AD-D group was significantly higher than that in
the AD-MCI group. Considering that the increased daytime SBP
variability was related to the severity of AD, it might be an
effective predictor of disease progression for patients with AD.
In a previous report, it was observed that increased systolic BPV
was associated with arterial stiffening, whereas diastolic BPV was
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TABLE 5 | Comparisons of neuropathological biomarkers of AD between the AD-MCI and AD-D groups.

AD-MCI group (n = 12) AD-D group (n = 31) P-value

Aβ1−42 [pg/ml, M (Q1-Q3)] 648.58 (403.84–2,075.58) 557.67 (343.58–765.45) 0.254

P-tau [pg/ml, M (Q1-Q3)] 50.38 (34.42–63.50) 53.66 (28.13–82.39) 0.883

T-tau [pg/ml, M (Q1-Q3)] 304.06 (132.35–553.61) 519.07 (365.16–771.53) 0.037

AD, Alzheimer’s disease; AD-MCI, mild cognitive impairment due to AD; AD-D, AD dementia; Aβ, β amyloid; P-tau, phosphorylated tau; T-tau, total tau.

TABLE 6 | Correlations between neuropathological biomarkers of AD and 24-h ambulatory BP variables in patients with AD.

Aβ1−42 P-tau T-tau

R P-value R P-value R P-value

Average 24-h SBP value −0.031 0.843 0.014 0.930 −0.024 0.879

Average daytime SBP value −0.018 0.910 0.050 0.749 −0.005 0.975

Average night-time SBP value −0.055 0.728 −0.058 0.714 −0.125 0.424

Average 24-h DBP value −0.242 0.118 −0.086 0.585 −0.087 0.578

Average daytime DBP value −0.233 0.132 −0.036 0.817 −0.094 0.549

Average night-time DBP value −0.196 0.209 −0.188 0.229 −0.076 0.627

24-h CV of SBP 0.114 0.467 0.071 0.649 0.050 0.750

Daytime CV of SBP 0.039 0.805 0.013 0.933 −0.014 0.927

Night-time CV of SBP 0.091 0.563 0.043 0.784 0.138 0.378

24-h CV of DBP 0.073 0.644 −0.007 0.964 −0.010 0.948

Daytime CV of DBP 0.037 0.814 −0.031 0.846 −0.016 0.920

Night-time CV of DBP 0.042 0.790 −0.084 0.594 −0.094 0.551

24-h ambulatory pulse pressure 0.224 0.149 0.164 0.293 0.064 0.683

Daytime ambulatory pulse pressure 0.206 0.186 0.181 0.244 0.063 0.686

Night-time ambulatory pulse pressure 0.175 0.260 0.057 0.714 −0.029 0.856

AD, Alzheimer’s disease; Aβ, β amyloid; T-tau, total tau; P-tau, phosphorylated tau; SBP, systolic blood pressure; DBP, diastolic blood pressure; CV, coefficient of variation.

not (Zhou et al., 2018), which might be one of the reasons why
systolic BPV had a greater impact on cognitive function than
diastolic BPV.

Language dysfunction was well correlated with the
impairment of temporal lobe (Chang et al., 2017). A previous
study found that the elevated BPV was related to medial
temporal volume loss specifically in those with abnormal AD
biomarkers (Sible and Nation, 2021a). This study found that
the increase in daytime SBP variability was an independent
factor affecting the language function in patients with AD.
Thus, the rate of language decline in patients with AD may
be decreased by reducing daytime SBP variability. In the
process of BP management of patients with AD, we must
pay attention to the management of BPV, especially daytime
SBP variability.

BP level was closely related to the occurrence of AD. Mid-
life hypertension was associated with an increased risk of AD,
while elevated late-life BP might be related to a decreased
risk of AD (Ou et al., 2020). The role of BP level on the
progression of AD was unclear. In this study, there was
no significant difference in the average 24-h, daytime, and
night-time SBP and DBP between the AD-MCI and AD-D
groups. Thus, the relationship between BP level and severity
of AD might not be a simple linear relationship. High pulse
pressure was correlated with cerebral microvascular damage as

well as white matter structural differences in elderly patient
brains (Levin et al., 2020). This study found that the BP
level and pulse pressure had certain correlations with the
scores of memory, language, and attention in patients with
AD. However, further regression analysis did not show that
BP level and pulse pressure were the independent factors
affecting memory, language, and attention of patients with
AD, suggesting that BP level and pulse pressure might be
related to cognitive impairment of patients with AD by
affecting other factors. The above data indicated that the
effect of BPV on cognitive function in patients with AD
was greater than that of BP level and pulse pressure. The
value of BPV in predicting cognitive decline and dementia
risk may be beyond that of the average BP level and pulse
pressure.

Pathological biomarkers of AD mainly contained Aβ1−42

and P-tau, which depositions led to neuronal damage by a
series of pathways, and then induced memory decline and
cognitive impairment (Xin et al., 2018). Aβ1−42 in CSF was
widely accepted as a biomarker for AD, but histopathological
evidence suggested that the Aβ1−42 level was a relatively weak
predictor of severity of cognitive impairment compared with
P-tau (Chandra et al., 2019). T-tau in CSF was a common
biomarker for neurodegeneration with high sensitivity, but not
specific for AD (Rabbito et al., 2020). In this study, the T-tau
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level in CSF from the AD-D group was significantly lower
than that in the AD-MCI group, indicating that T-tau level in
CSF was also one of the better indicators predicting the degree
of neurodegeneration and progression of AD. Previous studies
have explored the potential mechanism of cognitive impairment
caused by the increased BPV. In this study, we found that the
levels of Aβ1−42, P-tau, and T-tau in CSF were not significantly
correlated with 24-h BP level, CV of BP, and pulse pressure
in patients with AD. It suggested that 24-h ambulatory BP
variables might not affect the cognitive function of patients
with AD by changing the levels of Aβ1−42, P-tau, and T-tau in
CSF. Neurodegeneration in the AD-D patients was significantly
more severe than that in the AD-MCI. However, the association
between 24-h BP variables and pathological biomarkers of AD
was weak.

Certain limitations existed in this study are as follows:
first of all, CSF samples were not obtained from all patients
with AD enrolled in this study due to the difficulties caused
by multiple reasons, which might decrease the statistical
power of the analyses. In addition, as an observational
study, this study provided limited grounds for drawing
definite conclusions, and longitudinal studies are required
to further clarify the impact of 24-h ambulatory BP
variables on the progression and prognosis of patients
with AD.

In summary, patients with AD in the dementia stage had
significantly increased daytime CV of SBP than those in the MCI
stage. Multiple 24-h ambulatory BP variables were correlated
with cognitive domains of memory, language, and attention,
and the daytime CV of SBP was the independent influencing
factor of language. Patients with AD in the dementia stage
had significantly severe neurodegeneration than those in the
MCI stage, which was, however, not based on the influence of
24-h ambulatory BP variables on neuropathological biomarkers
of AD.
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Parkinson’s disease (PD) is the second most common chronic progressive

neurodegenerative disease. The main pathological features are progressive degeneration

of neurons and abnormal accumulation of α-synuclein. At present, the pathogenesis

of PD is not completely clear, and many changes in the intestinal tract may be the

early pathogenic factors of PD. These changes affect the central nervous system (CNS)

through both nervous and humoral pathways. α-Synuclein deposited in the intestinal

nerve migrates upward along the vagus nerve to the brain. Inflammation and immune

regulation mediated by intestinal immune cells may be involved, affecting the CNS

through local blood circulation. In addition, microorganisms and their metabolites may

also affect the progression of PD. Therefore, paying attention to the multiple changes in

the intestinal tract may provide new insight for the early diagnosis and treatment of PD.

Keywords: Parkinson’s disease (PD), α-synuclein (α-syn), propagation, vagus nerve, immune inflammation,

microbial-intestinal-brain axis

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease (Grosso Jasutkar
et al., 2022). PD is characterized mainly by motor disorders such as tremor, muscle stiffness, motor
retardation and gait impairment (Nalls et al., 2014). These motor symptoms appear mainly in the
middle and late stages of the disease (Machado et al., 2016; Wiratman et al., 2019). In addition,
PD also shows non-motor symptoms (NMS) in the prodromal stage (Hussein et al., 2021), such
as gastrointestinal motility disorder, decreased sense of smell, and rapid-eye-movement (REM)
sleep behavior disorder. NMS are also a major cause of disability during the clinical stages of PD
and progress all through PD (Poewe et al., 2017). Gastrointestinal dysfunction is the main non-
motor symptom in patients with PD. The clinical manifestations are dysphagia, delayed gastric
emptying and constipation, among which constipation is the most common symptom (Knudsen
et al., 2017; Ahn et al., 2021). Clinical reports have shown that nearly 30% of patients with PD
develop constipation 20 years before motor symptoms appear (Savica et al., 2009; Schapira et al.,
2017; Manfredsson et al., 2018). About 70–80% of PD patients suffer from constipation, which is
four times higher than normal people of the same age and sex (Hurt et al., 2019). When motor
symptoms occur in PD patients, the degenerative changes are accompanied by a loss of 40–
60% of the nigral dopamine neurons (D’Andrea et al., 2019), and an 80% reduction in striatal
dopamine (Rabiei et al., 2019). At this time, PD is at an irreparable stage (Savica et al., 2018).
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Therefore, detecting the early NMS of the disease and providing
intervention as early as possible, would be an effective means of
treating or delaying the development of the disease.

Several lines of evidence suggest a close relationship between
the intestinal nerve and the central nervous system (CNS)
during the pathogenesis of PD. Braak and collaborators
initially hypothesized that the gut-brain axis is involved in PD
(Braak et al., 2006). Pathogens in the environment could pass
through the intestinal epithelium and induce misfolding and
accumulation of α-synuclein in specific neurons of the intestinal
nerve, and this agent may mediate the propagation of pathology.
But this connection still remains a hypothesis and it will be
very difficult to prove in humans or will remain controversial.
Recently, it was discovered that patients who had undergone a
total vagotomy due to peptic ulcers had a lower incidence of
PD than people who had not undergone this procedure or who
had a selective partial vagotomy (Svensson et al., 2015). However,
another study discussed clinical evidence that the case is not very
clear (Tysnes et al., 2015). In addition, experimental evidence in
rodents showed that the injection of the aggregated form of α-
synuclein into the intestinal wall could promote the accumulation
of endogenous α-synuclein (Kim et al., 2019; Van Den Berge
et al., 2019). These evidence indicated that α-synuclein aggregates
contributed to the accumulation of aggregated α-synuclein in
various brain regions through vagus nerve transmission. This
transmission was time-specific and region-dependent (Kim et al.,
2019). The gastrointestinal tract is innervated by parasympathetic
vagal and sympathetic non-vagal pathway. Structures along these
pathways also show α-synuclein pathology (Braak et al., 2007).
This means that the propagation of α-synuclein pathology via
sympathetic nerves, mediated by the intermediolateral nucleus of
the spinal cord, provides an additional potential route to the brain
(Van Den Berge et al., 2021). These studies have confirmed that
colonic lesions triggers the CNS lesions. However, a seminal work
provided detailed studies in postmortem tissue that the “body-
first” hypothesis is not the ultimate disease mechanism for PD
(Beach et al., 2021), indicating that the relationship between the
CNS and the enteric nervous system (ENS)might be bidirectional
(Garrido-Gil et al., 2018). The nervous systems of the brain and
the intestine are interlinked and this gut-brain axis can play a
critical role pathogenesis and progression of PD.

The intestinal tract is the largest and longest immune
organ in mammals (Liu et al., 2018). Therefore, the mucosal
immune barrier and abundant immune cells in the intestinal
tract may play an important regulatory role in gastrointestinal
inflammation in PD. Studies have confirmed that intestinal
nerve-derived IL-18 signals can control intestinal immunity
and have a far-reaching impact on the mucosal barrier (Jarret
et al., 2020). Gastrointestinal infections are associated with an
increased risk of PD (Nerius et al., 2020). A recent study showed
that α-synuclein is required for normal immune function, such as
the development of a normal inflammatory response to bacterial
peptidoglycan introduced into the peritoneal cavity as well as
antigen-specific and T cell responses following intraperitoneal
immunization (Alam et al., 2022). These indicate the presence of
information exchange between the ENS and the immune system.
Enteric glial cells (EGC) around intestinal neurons have closely

interaction with intestinal neurons (Clairembault et al., 2015b).
Intestinal neurons and glial cells may be targets for the treatment
of intestinal inflammatory diseases, such as inflammatory bowel
disease (IBD), via regulating the barrier function or immune
response (Puzan et al., 2018; Li et al., 2020). Some studies have
confirmed that the expression of pro-inflammatory cytokines and
glial markers was increased in colon biopsies of patients with PD
(Devos et al., 2013).

Intestinal innate immunity is also involved in the follow-up
process of the T cell immune response. The antigen-presenting
cells, such as dendritic cells (DCs), may take up previous
inclusion bodies and then present the major histocompatibility
complex (MHC) peptides derived from this process. The MHC
peptides can be recognized by specific T-cell receptors (TCRs)
on T cells. This triggers activation of the adaptive immune cells
in the intestine, such as T cells, causing chronic inflammation
(Campos-Acuña et al., 2019). At the same time, regulatory T
(Treg) cells or other immune cells can also be activated to play an
anti-inflammatory role through the dopamine pathway (Levite,
2016; Xue et al., 2018; Campos-Acuña et al., 2019) and short-
chain fatty acid pathway (Zeng and Chi, 2015; Yuan et al., 2021).
A variety of immune cells acquire immunophenotype in the
intestinal tract and are transported to the CNS through abundant
local blood flow, which affects the central immune response
(Korn and Kallies, 2017). T cells are a “double-edged sword” and
these cells undoubtedly add a new possibility to the pathogenic
and therapeutic mechanisms of PD.

The intestinal tract has close contact with the external
environment. Changes in the microflora in the intestinal cavity
may be closely related to immune inflammation and the
aggregation of pathological α-synuclein (Sampson et al., 2016).
Changes in the intestinal flora can also affect the integrity
of the blood-brain barrier (Rutsch et al., 2020). Short-chain
fatty acids (SCFAs), the metabolites of intestinal flora, have
multiple protective effects. Changes in the intestinal flora and its
metabolites are indispensable factors affecting the occurrence and
development of PD (Cholan et al., 2020).

While there is also the hypothesis of “brain-first” for
PD and the evidence for that is similar and based on
neuropathology in humans, this review will focus on the “body-
first” hypothesis with an emphasis on the role of the microbiome
and immune pathways.

PATHOPHYSIOLOGICAL MECHANISM OF
CONSTIPATION IN PD

There are various gastrointestinal symptoms (GIS) in patients
with PD, including dry mouth, drooling, dysphagia, constipation,
and defecation dysfunction (Travagli et al., 2020). Clinical studies
have confirmed that the symptoms of gastroparesis in patients
with PD precede motor symptoms, although the prevalence rate
between PD and the control group was not significantly different
(Edwards et al., 1991; Cersosimo et al., 2013). Constipation and
defecation dysfunction are the main pre-motor GIS of PD.

According to different diagnostic criteria of chronic
constipation, the prevalence rate of constipation ranges
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from 24.6 to 63% (Stocchi and Torti, 2017). Constipation is
one of the main and crippling NMS of PD. In this review,
we will first discuss the pathophysiological mechanism of
PD-related constipation.

α-Synuclein Is Involved in the
Pathophysiology of Intestinal Function
α-Synuclein is the major component of the intraneuronal Lewy
bodies (LBs) (Grochowska et al., 2021) and Lewy neurites (LNs)
(EhgoetzMartens and Lewis, 2017), the pathological hallmarks of
PD (Koprich et al., 2010). Pathological aggregation of α-synuclein
in gastric and colonic neurons has been detected in autopsies
from patients with advanced PD (Wang et al., 2012). These
neuroanatomical changes observed in patients with PD suggest
that there is an abnormal accumulation of α-synuclein in the
gastrointestinal system, whichmay play a role in the development
of the gastrointestinal pathology in PD.

α-Synuclein is widely expressed in the brain and is thought
to have a variety of functions, including regulating the release of
neurotransmitters and vesicular circulation of central synapses
(Burré et al., 2018). However, little is known about the
physiological and pathological functions of α-synuclein in the
peripheral nervous system. Studies on the gut of humans and
guinea pigs have found that α-synuclein is expressed in the cell
bodies of some intestinal neurons, especially in the varicosities
and terminals of cholinergic neurons, and has an immune
response to vesicular acetylcholine transporter (Vacht) (Sharrad
et al., 2013). Some studies have confirmed that α-synuclein can
regulate the development of cholinergic neurons (Swaminathan
et al., 2019). It is not clear how α-synuclein affects and regulates
intestinal function.

Studies on α-synuclein pathology have shown that α-synuclein
pathology, induced in the α-synuclein virus overexpression
model and prefabricated fibril (PFF) model, leads to abnormal
gastrointestinal motility in the ENS of rats and non-human
primates (Manfredsson et al., 2018). Human A53T α-synuclein
transgenic mice have gastrointestinal disorders in the early stage
(<6 months), insufficient intestinal peristalsis and decreased
motor response of the longitudinal and circular muscle layer of
the colon (Rota et al., 2019). Verification on a variety of animal
models showed a correlation between intestinal α-synuclein
pathology, reduced cholinergic function and prolonged gastric
transit time in PD (Van Den Berge et al., 2021; Van Den
Berge and Ulusoy, 2022). While it has been inferred that the
possible mechanism of constipation might be the weakening of
cholinergic transport in the ENS by α-synuclein pathology, this
remains to be further studied.

Loss of Intestinal Neurons Leads to a
Defecation Disorder
In PD, constipation is due to slower colonic transit or outlet
dysfunction, or both (Stocchi and Torti, 2017). In either case, it
may be related to an imbalance in the control of defecation by the
intestinal nerve. The early involvement of intestinal neurons may
explain the occurrence of constipation in early PD.

Previous studies have confirmed the loss of vasoactive
intestinal peptide (VIP) neurons in the colon of patients with
PD (Wakabayashi et al., 1993) and the loss of excitatory
dopaminergic neurons in the colon of the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) model (Anderson et al.,
2007). Both showed a deficiency in the relaxation function of
the colonic smooth muscle, which may be closely related to the
occurrence of constipation. Some studies have also confirmed a
large loss in the number of dopamine neurons in the colonic
myenteric plexus in patients with PD (Singaram et al., 1995).
In contrast, recent studies have detected Lewy pathology in
the colonic submucosal biopsies from PD patients (Shannon
et al., 2012). However, no significant difference was found in
the intermuscular neuron density between PD patients and the
control group (Annerino et al., 2012). This may mean that
the decrease in the intermuscular neurons may be the result
of the gastrointestinal symptoms rather than the cause. This
study also suggested that the neuropathology of the dorsal motor
nucleus of the vagus nerve (DMV) and/or submucosal plexus is
more likely than myenteric plexus injury to be the cause of the
gastrointestinal motility disturbance associated with PD.

Constipation and the Presence of Lewy
Pathology in the ENS
Some studies have found that Lewy body dementia (DLB),
another disease with the same Lewy body pathology as PD,
also produces non-motor disorders (Fereshtehnejad et al.,
2019). Literature statistics have shown that in DLB, α-synuclein
aggregation appears earlier in the peripheral nerves than in the
brain, such as the vagus nerve (86.7%), myenteric nerve plexus
(86.7%), and cardiac sympathetic nerve (100%) (Gelpi et al.,
2014). Constipation associated with Lewy bodies is called Lewy
body constipation. Constipation in DLB may be more common
than in PD (Sakakibara et al., 2019). Therefore, the current
research on non-motor disorders in patients with PD should not
be limited to PD but should include Lewy body disease and all
neurodegenerative diseases.

PD PATHOLOGY SPREADS ALONG THE
BRAIN-GUT AXIS THROUGH THE VAGUS
NERVE

What we know so far is that constipation occurs in the early stage
of PD and there is a variety of pathological changes associated
with it. So, is there a relationship between early intestinal changes
and the occurrence and development of CNS lesions in the later
stage? Furthermore, does PD originate from the intestinal tract
and spread to the CNS through a particular mode of transmission
to cause pathological changes? Next, we will discuss this part of
the content (Figure 1).

Intestinal Pathology Occurs Earlier Than
CNS Pathology in PD
Neurodegenerative diseases have always been regarded as central
system diseases. Therefore, most studies have focused on the
CNS. However, peripheral pathology is also closely related to
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FIGURE 1 | Parkinson’s disease pathology spreads along the brain-gut axis through the vagus nerve. This figure reflects the “gut-first” hypothesis as well as the

“brain-first” hypothesis was omitted. The environmental changes in the intestinal lumen may pass through the gastrointestinal wall and enter the myenteric neurons,

triggering the formation of α-synuclein inclusions in the enteric nervous system (ENS). Parkinson’s disease (PD) pathology was first found in the ENS, and this process

may cause gastrointestinal dysfunction in the early stage of PD. The change in the lumen environment may lead to pathological changes in α-synuclein in enteric

endocrine cells (EEC). Through the structure named “neuropods,” this signal is transmitted to the ENS, and induces the pathological changes in α-synuclein in the

ENS. A variety of immune cells in the lamina propria may participate in this process through a variety of immune responses. Subsequently, α-synuclein ascends

retrograde through the vagus nerve to the neurons in the dorsal motor nucleus of the vagus (DMV) in the brainstem, and finally reaches the substantia nigra pars

compacta (SNpc), causing dopaminergic neuronal degeneration. At this time patients show typical motor symptoms of PD. NTS, nucleus tractus solitarius; α-syn,

α-synuclein; Tc, T cells; EGC, enteric glial cells.

the occurrence and development of CNS diseases. Braak et al.
demonstrated that LBs are present in the neurons of theMeissner
plexus of the stomach of patients with early stage PD, further

supporting the hypothesis that the periphery, especially the ENS,
is the origin of PD. The pathology of PD may start in the
gastrointestinal tract and then spread to the brain through the
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vagus nerve. The findings by Braak and colleagues suggest that
in the pathogenesis of PD, pathological alterations appear in the
DMV and the ENS before they develop in the substantia nigra
(Braak et al., 2006).

At present, this view is supported by pathophysiological
evidence. It has been reported that α-synuclein inclusions appear
in the ENS, glossopharyngeal nerve, and vagus nerve in the
early stage of PD (Burré et al., 2018). Immunohistochemical
detection in PD transgenic mice showed that a few months
before the loss of striatal dopaminergic neurons, age-dependent
α-synuclein-GFP was progressively expressed and accumulated
in the Meissner and Auerbach plexus of the colon (Chen et al.,
2018a). Some studies have shown that different forms of α-
synuclein can be transmitted to the brain through the vagus
nerve, which may be the mechanism of prion-like transmission
of α-synuclein in PD and related diseases (Zhong et al., 2017;
Kim et al., 2019; Liu et al., 2021a). This evidence all shows that
the abnormal intestinal α-synuclein deposition is earlier than the
occurrence of degenerative diseases of the CNS (Hilton et al.,
2014).

The Theory of Transmission of PD
Pathology via the Vagus Nerve
The view that α-synuclein deposition in the intestine is earlier
than in the CNS, and that Lewy pathology begins in the DMV
has been supported. Moreover, the gastrointestinal system and
the brain are anatomically connected through the vagus nerve.
Although supported by the above theories, no studies have
fully confirmed this process. The theory that PD begins in the
intestinal tract and spreads by the vagus nerve is still widely
debated (Gershanik, 2018).

The ENS is one of the earliest structures showing PD
pathology, but the experimental results have not been confirmed
in a large autopsy cohort study. It has also been shown that some
patients show early pathology in the intermediolateral nucleus
of the spinal cord (IML) and autonomic ganglia (data from
large patient cohorts), also indicating a peripheral start of disease
(Borghammer et al., 2021). α-Synuclein injected into the stomach
of rats was retrogradely transported from the intestine to the
brain through the vagus nerve (Kurnik et al., 2015). Another
recent study confirmed that exogenous venereal α-synuclein
injection could induce the accumulation of endogenous α-
synuclein in the gastrointestinal tract and transmit it to the
brain along the vagus nerve, causing corresponding pathological
changes in various brain regions that finally lead to motor and
cognitive impairment in the mice (Kim et al., 2019). A recent
study indicated that propagation of α-synuclein pathology from
the gut to the brain is more efficient in old vs. young wild-type
rats, upon gastrointestinal injection of aggregated α-synuclein
(Van Den Berge et al., 2021). However, overexpression of α-
synuclein has also been proven to be transmitted from the brain
to the ENS as a bidirectional pathway (Santos et al., 2019),
which can not mean that the pathological changes in the brain
must come from the intestinal tract. A study from Borghammer
and Van Den Berge formulated two hypothesized PD-subtypes,
a “body-first” subtype where pathogenic α-synuclein arises in

the body and spreads to the brain, and a “brain-first” subtype
where pathogenic α-synuclein arises in the brain and spreads to
the body. Recent studies report new evidence in support of this
hypothesis from newly diagnosed PD patients (Horsager et al.,
2020; Borghammer et al., 2021; Knudsen et al., 2021) and animal
models (Van Den Berge and Ulusoy, 2022). Moreover, the toxic
changes of endogenous α-synuclein in the intestinal tract have
not been solved. Therefore, the scientific question of whether and
why the pathology of PD begins in the intestinal tract remains to
be explored.

EECs Are Involved in the Nerve
Transmission Pathway
Enteric endocrine cells (EECs) are cells that sense the content
of substances in the lumen, produce and release hormone/signal
molecules, regulate a variety of physiological functions in the
intestine and maintain homeostasis (Liddle, 2018). In recent
years, the role of EECs in gut-brain/brain-gut communication
has sparked people’s interest (Ye et al., 2021). It was found
that the cytoplasmic processes of cholecystokinin (CCK) and
peptide tyrosine-tyrosine (PYY) cells are similar to axons,
and their synaptic ends have been named “neuropods.” They
contain a large number of secretory vesicles, many of which are
distributed at the tip, indicating that they may guide the process
of hormone secretion (Bohórquez et al., 2015). “Neuropods”
contain intermediate filaments, are surrounded by glial cells, and
appear to connect directly to nerves (including sensory nerve
endings) (Latorre et al., 2016).

Intestinal nerves are not exposed to the intestinal lumen,
so they are not directly affected by substances in the lumen.
However, EECs have many neuron-like characteristics, which
provide a possible way for intestinal luminal substances and
intestinal nerves to communicate with each other. Rabies virus
and mad cow disease prion can infect EECs and transfer to the
intestinal nerve (Liddle, 2018). It has been confirmed that EECs
express α-synuclein (Chandra et al., 2017), and that misfolded
α-synuclein has the ability to transfer from nerve to nerve in a
prion-like manner (Angot et al., 2012). Therefore, EECs may be
involved in the neural transmission pathway in PD. α-Synuclein
can misfold in EECs due to change in the intestinal environment
and other factors. Through the prion-like characteristics and
neuron-like properties of EECs, the misfolded α-synuclein may
spread to the adjacent ENS and eventually spread to the brain
through the vagus nerve pathway.

PD PATHOLOGY TRANSFERS TO THE CNS
THROUGH THE HUMORAL PATHWAY

The transfer of gastrointestinal Lewy pathology to the CNS along
the vagus nerve pathway in the initial stage of the disease leads
to Lewy pathology and inflammation in the brain. However, the
development of the disease may also be related to the peripheral
intestinal tract. Because the intestine is the largest and longest
immune organ of the body, and the intestinal cavity is in close
contact with the external microenvironment, there are abundant
immune cells and a variety of immune responses. Changes in
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intestinal permeability and continuous contact with a variety
of antigens may trigger innate and acquired immune responses
in the intestinal immune system, leading to gastrointestinal
inflammation. Under normal circumstances, there is also an anti-

inflammatory mechanism in the body. This immune balance is

disrupted in the disease state. The activated immune cells are
muchmore likely to affect the CNS through the humoral pathway

and aggravate the level of pathology and inflammation in the
brain. Therefore, the inflammatory changes caused by intestinal

microecology and the regulation of immune cells involved in
it provide new ideas for the potential risk factors and possible
pathogenesis of PD (Figure 2, Table 1).

Changes in Intestinal Wall Permeability
One of the important functions of the gastrointestinal tract is

to act as a semi-permeable barrier, regulating the absorption of

nutrients, ions, and water, and regulating host contact with a
large number of dietary antigens and bacteria (Ménard et al.,

2010). Intestinal permeability can be defined as a facility in

which intestinal epithelial cells allowmolecules to spread through

passive diffusion, and it is an important index for evaluating

the integrity of the mucosal barrier (Luissint et al., 2016).
Several chronic autoimmune intestinal diseases, such as IBD, are

associated with increased intestinal permeability (Chang et al.,
2017). Case studies with patients with PD have confirmed that
there is a significant increase in intestinal permeability, and
increased exposure to intestinal bacteria and bacterial endotoxins
in patients with early diagnosed PD (Karunaratne et al., 2020).
The increased α-synuclein in intestinal biopsies was associated
with high intestinal permeability (Oreja-Guevara et al., 2011;
Schwiertz et al., 2018). Some literatures have detected changes
in the distribution of the tight junction proteins ZO-1 and
occludin in colonic mucosa samples of PD patients and decreased
amounts of occludin (Clairembault et al., 2015a), which is related
to changes in colonic permeability. The LPS mouse model has
shown different intestinal permeability changes. That is, the
increased intestinal permeability occurred mainly in the colon,
while phosphorylated α-synuclein serine 129 was detected in the
intermuscular neurons of the colon (Kelly et al., 2014).

Prolonged intestinal permeability dysfunction can lead to
the translocation of bacteria (such as Escherichia coli) and
bacterial products (such as lipopolysaccharide), which creates
a pro-inflammatory environment and increases the burden of
oxidative stress on the ENS. Various factors contribute to the
appearance of pathological α-synuclein in the gastrointestinal
tract and make the immune cells acquire an antigenic
phenotype. Therefore, intestinal leakage in patients with a genetic

FIGURE 2 | Gastrointestinal immune inflammatory response participates in the progression of α-synuclein. α-Synuclein may activate T cells to trigger downstream

inflammatory responses through APCs (①) and EGCs (③), resulting in traumatic changes in intestinal structure and function. The inflammatory reaction further

aggravates the aggregation and toxicity of α-synuclein. The excessive accumulation of α-synuclein in intestinal neurons can inhibit synaptic vesicle transport and

reduce dopamine production, then inhibit the transformation of T cells to protective regulatory T (Treg) cells, and aggravate inflammation (②). Dopamine in this process

participates in T cell protective regulation through the dopamine receptor. The pro-inflammatory or anti-inflammatory reaction caused by the above processes further

aggravate the aggregation and toxicity of α-synuclein. Subsequently, these changes affect the central nervous system (CNS) through the dual pathways of nerve

(vagal and non-vagal circuits) and blood circulation. α-syn, α-synuclein; APC, antigen presenting cell; EGC, enteric glial cells; ENS, enteric nervous system.
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TABLE 1 | Types of gastrointestinal immune cells associated with PD and their pro-/anti-inflammatory effects.

Immune cell Markers Cytokines Type of immune

response

References

Th1 CD3+CD4+IFN-γ+ IFN-γ, TNF-α, IL-17,

IL-1, IL-2, IL-21

Pro- inflammation Kaiko et al., 2008; Sulzer et al., 2017;

Campos-Acuña et al., 2019

Th17 CD3+CD4+IL-17+

Th2 CD3+CD4+IL-10+ IL-4, IL-5, IL-13 Anti-inflammation González et al., 2015; Kustrimovic

et al., 2018

Treg CD4+CD25+Foxp3+ IL-10, TGF-β1 Anti-inflammation Huang et al., 2017, 2020; Kustrimovic

et al., 2018

DC CD80+CD86+ IL-6, IL-12, IL-10 Present antigen Pacheco et al., 2009

EGC (M1) GFAP, SOX-10 TNF-α, IL-1β, IL-6 Pro-inflammation Côté et al., 2011, 2015; González et al.,

2015

PD, Parkinson’s disease.

susceptibility to PD may be a key early step in promoting the
pro-inflammatory/oxidative environment. Combined with the
transmission theory of PD, this change in the microenvironment
would contribute to the initiation and/or progression of PD.

Regulation of Gastrointestinal
Inflammation by the Innate Immune
Response
Crohn’s disease (CD) and ulcerative colitis (UC) are two
IBD. UC involves the colon and rectum, while CD involves
the small intestine and colon (Chang, 2020). Coincidentally,
IBD and PD have some common characteristics, including
several common risk genes, such as LRRK2 (Hui et al.,
2018). In recent years, several studies have reported the
causal relationship between IBD and PD (Lin et al., 2016;
Peter et al., 2018; Brudek, 2019; Kishimoto et al., 2019;
Zhu et al., 2019; Rolli-Derkinderen et al., 2020; Wan et al.,
2020; Lee et al., 2021). Therefore, the two diseases are
often compared.

It has been confirmed that initially α-synuclein aggregation
and subsequently Lewy body generation occur in neurons such
as the olfactory bulb and gastrointestinal tract that are exposed
to adverse environmental factors (Del Tredici and Braak, 2016).
A study using endoscopic biopsy from children with intestinal
inflammation found a significant correlation between the level of
α-synuclein accumulation in the ENS and the degree of intestinal
inflammation (Stolzenberg et al., 2017). Recent literature has
determined the capacity of the appendix to modify PD risk
and influence pathogenesis (Gray et al., 2014; Killinger et al.,
2018; Gordevicius et al., 2021). Lewy bodies stimulated Toll-like
receptor 2 (TLR2) and Toll-like receptor 4 (TLR4) on local glial
cells to induce NF-κB activation through Toll-like receptor (TLR)
signaling pathway, thus inducing initial inflammation in the
microenvironment (González et al., 2015). The EGC population
is species specific and as complex as CNS glia (Grundmann et al.,
2019). Some literature has hypothesized that the inflammatory
mediators produced by EGCmay damage the surrounding tissue,
and induce and aggravate the misfolding and accumulation

of α-synuclein in the intestinal nerve (Fellner and Stefanova,
2013).

At present, there is sufficient evidence that innate
immune cells are involved in PD-related gastrointestinal
inflammation. Through the analysis of colon biopsies
from patients with PD, it has been determined that pro-
inflammatory cytokines (TNF-α, IF-γ, IL-6, and IL-1β)
and glial cell markers GFAP and SOX-10 are significantly
increased in patients with PD (Devos et al., 2013). Recent
findings demonstrated that chronic colitis promotes
parkinsonism in genetically susceptible mice, and TNF-α
plays a detrimental role in the gut-brain axis of PD (Lin et al.,
2021).

The interaction between intestinal inflammation and
intestinal nerves has also been reported. It has been found
that partial knockout of M1 monocytes has a neuroprotective
effect on the myenteric plexus in the MPTP model, but
has no protective effect on basal ganglia (Côté et al., 2015).
Moreover, the ENS provides a key link in the innate immune
response, which is not only important for coordinating mucosal
barrier homeostasis, but also for combating invasive bacterial
infections. Therefore, intestinal nerve damage caused by
inflammation may further aggravate local inflammation (Jarret
et al., 2020).

How local gastrointestinal inflammation in PD affects the
follow-up progress of the disease in the CNS will be summarized
in 4.4.

Regulation of Gastrointestinal
Inflammation by the Acquired Immune
Response
Innate immunity may play an initiating role in gastrointestinal
inflammation. In addition to innate immune inflammation,
innate immunity can also participate in subsequently
acquired immune inflammation. Acquired immunity plays
the role of inflammatory cascade amplification and anti-
inflammatory response, resulting in follow-up regulation
of inflammation. Acquired immunity plays an important
role in both neurodegenerative diseases and IBD (Table 2).
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TABLE 2 | Changes of immune cells in neurodegenerative diseases/IBD.

Disease CNS immunity Peripheral

immunity

Reference

AD Microglia lost

phagocytic ability

Th1 cells↓, Treg

cells↑

Baruch et al., 2015; Schwartz

and Deczkowska, 2016

PD Microglia (M1)

activation,

CD4+/CD8+↓

Th1 and Th17

cells↑, Treg cells↓

González et al., 2015; Moehle

and West, 2015; Baird et al.,

2019

MS Proinflammatory,

exacerbate

disease

Th1 and Th17

cells↑, Treg cells↓

Yamasaki et al., 2014; Schwartz

and Deczkowska, 2016; Quinn

and Axtell, 2018

CD Microglia

activation

Th1/Th2↑, Th17

cells↑, Treg cells↑

Li et al., 2016; Kishimoto et al.,

2019; Kredel et al., 2019

UC Microglia

activation

Th1/Th2↓, Th17

cells↑, Treg cells↑

Li et al., 2016; Kishimoto et al.,

2019; Kredel et al., 2019

IBD, inflammatory bowel disease; AD, Alzheimer’s disease; PD, Parkinson’s disease; MS,

multiple sclerosis; CD, Crohn’s disease; UC, ulcerative colitis; ↑, increase; ↓, decrease.

Early studies showed that while B cells were not significantly
increased, T cells were significantly increased in the postmortem
brains of patients with PD and brains of the MPTP model.
A decrease in dopaminergic cell death induced by MPTP
was observed in CD4-deficient mice (Brochard et al.,
2009). CD4+ T cells contribute to neurodegeneration in
Lewy body dementia (Gate et al., 2021). This suggests
that T cells, especially CD4+ T cells, may be involved
in the pathogenesis of PD (Chen et al., 2019) or other
neurodegenerative disease.

α-Synuclein can be an antigenic substance. It has been
reported that the peptides of its two regions (Tyr39 and
phosphorylated Ser129 region) can be used as antigenic epitopes
to stimulate infiltrating antigen-presenting cells (APCs) (that
is, monocytes/macrophages and DC). These cells capture and
receive stimulation through the TLR signaling pathway, then
process Lewy bodies into suitable small peptides, before forming
Lewy body-specific MHC-II antigens (Sulzer et al., 2017).
Then, APCs present MHC-II antigen to naive CD4+ T cells
(González et al., 2015; Sulzer et al., 2017). CD4+ T cells
activate, proliferate, and differentiate into Th1 and Th17 cells,
infiltrate into the lamina propria of the colon, and release
IFN-γ, IL-17, and other inflammatory mediators that recruit
and stimulate neutrophils and macrophages, thereby inducing
chronic inflammation in the intestinal mucosa (Dardalhon et al.,
2008). Reactive oxygen species (ROS) induced by Th1 and
Th17 immunization in local phagocytes promotes the further
accumulation of α-synuclein in ENS neurons (González et al.,
2015). This mechanism creates a cycle of increased toxicity of
α-synuclein. Moreover, the intestinal inflammation of IBD is
driven mainly by Th1 and Th17 cells of the CD4+ T cell subset
(Granlund et al., 2013). A study defined that a compromised
immune system increases the accumulation of pathological α-
synuclein in the brain (George et al., 2021). This suggests that
the pro-inflammatory responses of CD4+ Th1 and Th17 play
an important role in gastrointestinal inflammation in both IBD
and PD.

Regulatory T (Treg) cells are an inhibitory subtype of
lymphocytes and play an important role in maintaining intestinal
homeostasis (Chen et al., 2021). Treg cells can inhibit the
inflammation induced by effector T cells (Th1 and Th17) in
chronic UC models induced by T cells transferred to lymphocyte
knockout mice. One of the main inhibitory mechanisms depends
on the secretion of IL-10 by Treg cells (Powrie and Mason,
1990). IL-22 produced by Treg cells induces the expression of
tight junction proteins (claudin1 and ZO-1) in epithelial cells,
thereby reducing intestinal infiltration, increasing the integrity of
the intestinal mucosal barrier and protecting it from intestinal
inflammation (Fang et al., 2018). In the presence of chronic
neuroinflammation in the CNS, there is evidence that peripheral
immune cells can infiltrate the CNS through the damaged blood-
brain barrier. It has been confirmed that the adoptive transfer
of CD4+CD25+ Tregs into the MPTP model could reduce
neuroinflammation and protect dopaminergic neurons in the
substantia nigra compacta of themodel mice (Huang et al., 2020).
Dopamine can enhance the protective effect of CD4+ T cells or
reduce the inflammatory damage of CD4+ T cells so as to inhibit
inflammation (Contreras et al., 2016; Ahlers-Dannen et al., 2020).

To sum up, Lewy body-derived antigens may be an important
target for T cell-mediated immunity. Inflammation induced
by CD4+ T cells promotes the further accumulation of α-
synuclein. The pro-inflammatory response mediated by Th
cells and the anti-inflammatory response driven by Treg cells
show the subsequent regulation of acquired immunity on the
inflammatory process and represent the central process of PD
and IBD, and dopamine may regulate this process.

Local Gastrointestinal Inflammation
Affects the CNS Through the Humoral
Pathway
It has been reported that a variety of neurodegenerative diseases
(Sweeney et al., 2018), including PD, exist in the presence
of blood-brain barrier damage (Varatharaj and Galea, 2017).
Similarly, a variety of animal models of PD, such as the rotenone
model (Ravenstijn et al., 2012), MPTP model (Liu et al., 2017),
and LPS model (Sweeney et al., 2018), also show different degrees
of damage to the blood-brain barrier. This damage to the blood-
brain barrier may be attributed to the ascending transmission of
Lewy bodies along the vagus pathway. Lewy bodies accumulate
in the brain to produce pro-inflammatory mediators, such as IL-
1β, which activate microglia and related inflammatory cytokines
to cause damage to the blood-brain barrier (Varatharaj and
Galea, 2017; Gordon et al., 2018). Peripheral inflammatory
factors can also cause damage to the blood-brain barrier.
There is abundant blood flow in the intestinal tract. Innate
immune cells or antigen-activated T cells and corresponding
inflammatory factors obtained in the gastrointestinal tract can
enter the blood circulation, pass through the damaged blood-
brain barrier, and migrate to the brain parenchyma, leading to
neuroinflammation and neurodegeneration (Chen et al., 2018b).
This mechanism represents a vicious cycle: Inflammation may
continue to aggravate the production of Lewy bodies and damage
the blood-brain barrier in the brain, which in turn leads to
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the continuous aggravation of inflammation and progression
of disease.

POTENTIAL KEY ROLE OF THE
INTESTINAL FLORA IN THE
PATHOGENESIS OF PD

The gastrointestinal tract of healthy people is inhabited by a
wide variety of microorganisms called intestinal flora. Bacteria
in the human gastrointestinal tract can form a large and
complex ecosystem. These microbes are involved in almost all
intestinal functions, affecting host metabolism, and behavior,
neural circuits, hormone secretion, and immune response (Cox
and Weiner, 2018). In recent years, with the introduction of
the concept of microorganism-intestine-brain axis, it was shown
that there is a two-way interaction between intestinal flora and
the brain (Cryan et al., 2019). This may play an important role
in neurological diseases, including anxiety disorder, depression
(Foster and McVey Neufeld, 2013), autism, multiple sclerosis,
PD (Elfil et al., 2020; Liu et al., 2021b), and Alzheimer’s disease
(Quigley, 2017; Srivastav and Mohideen, 2021).

The gastrointestinal microbiome is altered in PD and likely
plays a key role in its pathophysiology. A study showed that
compared with healthy controls, the abundance of Prevotella
in the feces of patients with PD is decreased (Unger et al.,
2016). This results in decreased intestinal mucus secretion,
increased intestinal permeability, and increased local and
systemic susceptibility to bacterial antigens and endotoxins, as
well as a large amount of α-synuclein expression and misfolding.
However, changes in intestinal flora can also affect the occurrence
of PD. Intestinal gram-negative bacterial infection in mice can
induce a decrease in dopaminergic neurons in the substantia
nigra of PINK1–/–mice and produce PD-like behavioral changes,
such as dyskinesia (Matheoud et al., 2019). In the intestinal
tissue of germ-free mice, the activation of microglia is decreased,
the content of pathological α-synuclein is also significantly
decreased (Sampson et al., 2016). There are obvious changes in
the intestinal flora in patients with PD. Therefore, gut dysbiosis
has a significant potential as a therapeutic target in PD.

Changes in Intestinal Flora Affect the
Blood-Brain Barrier
Some studies have found that the intestinal flora can change
the permeability of the blood-brain barrier in germ-free mice,
which indicates that changes in the intestinal flora will affect
the defense function of the blood-brain barrier (Rutsch et al.,
2020). The expression of different types of TLR in brain
endothelial cells can respond to bacterial cell wall components
such as lipopolysaccharide (LPS) of gram-negative bacteria and
lipoteichoic acid (LTA) of gram-positive bacteria, and directly
affect the function of the blood-brain barrier (Tang et al., 2017).
LPS can also induce other cell types to produce and release pro-
inflammatory mediators, and thus regulates the function of the
blood-brain barrier (Nagyoszi et al., 2010).

Protective Effect of SCFAs in Intestinal
Flora
SCFAs, such as butyrate, acetate and propionate, are produced
by the fermentation of dietary fiber by intestinal microflora.
After reaching the CNS through the blood circulation, SCFAs
enhance the blood-brain barrier function by up-regulating the
expression of tight junction protein in the blood-brain barrier.
SCFAs also have neurotrophic and anti-inflammatory effects (Al-
Asmakh and Hedin, 2015; Cholan et al., 2020). Reductions in
fecal SCFAs but increased plasma SCFAs were observed in PD
patients (Aho et al., 2021; Chen et al., 2022). SCFAs can also
improve the dysfunctional blood-brain barrier in germ-free mice
(Braniste et al., 2014), and it is also beneficial to the intestinal
mucosal barrier (Chen et al., 2017).

SCFAs can up-regulate brain-derived nerve growth factor
and glial cell line-derived neurotrophic factor. They can also
protect dopaminergic neurons by activating the expression of
G protein coupled receptors and inhibiting histone deacetylase
(Abdel-Haq et al., 2019). In animal experiments, microglia in
the brain of germ-free mice have shown immaturity and had
almost no response to inflammatory stimuli (Erny et al., 2015).
After supplementing with SCFAs, immature microglia routinely
matured and could be activated to respond to inflammation and
stimulation, suggesting that SCFAs have a neuroprotective effect
(Scott et al., 2017).

SCFAs can also regulate immunity through a variety of
mechanisms (Yao et al., 2022). G protein-coupled receptor
(GPR)-mediated SCFA signaling can stimulate the differentiation
of Treg cells and inhibit intestinal inflammation, or regulate
the differentiation of Treg cells through epigenetic modification,
which is helpful for the dynamic balance of immunity in the
colon. At the same time, SCFAs promote the production of IL-
10 by microbiota antigen-specific Th1 cells to limit the induction
of colitis (Sun et al., 2018).

DISCUSSION

PD is the second most common neurodegenerative disease.
The main clinical manifestations are dyskinesia and non-motor
symptoms. Gastrointestinal dysfunction is the main non-motor
symptom in patients with PD, among which constipation is the
most common. Constipation symptoms may appear 20 years
earlier than exercise symptoms, suggesting that PDmay originate
from the intestinal tract.

The occurrence of constipation may be closely related to the
loss of intestinal neurons and the pathology of α-synuclein. At
present, although evidence supports the view that α-synuclein
deposition occurs earlier in the intestine than in the CNS,
whether PD pathology originates from the periphery and then
affects the CNS, or whether PD begins in the intestinal tract, is
still widely debated. In recent years, studies on the pathogenesis
of the microorganism-gut-brain axis in PD suggest that early
changes in the intestinal flora and α-synuclein expression in
intestinal nerves cause toxic and aggregation-like changes under
inflammation. These changes affect the CNS through the dual
pathways of nerve (vagal and non-vagal circuits) and blood
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circulation. This causes CNS damage and promotes disease
progression. In this process, the anti-inflammatory responses of
Treg cells, the T cell anti-inflammatory pathway mediated by
dopamine, and the multiple protective effects of SCFAs, produce
certain anti-inflammatory effects. These results enrich the theory
of the intestinal origin of PD and provide theoretical support for
the discovery of new therapeutic targets for PD.

In the prodromal stage of PD, the changes in neural or
immune molecules in the gastrointestinal tract and peripheral
blood may become biomarkers of PD and provide the
basis for early diagnosis. Based on the microorganism-gut-
brain axis hypothesis in PD, each part of it may become
a potential therapeutic target. Early application of drugs
and antibodies against gastrointestinal α-synuclein or immune
cells may reduce the transmission of α-synuclein. Dietary
or pharmacological interventions aimed at modifying the gut
microbiota composition and enhancing the intestinal epithelial
barrier integrity in PD patients or subjects at higher risk for
the disease may delay disease progression. Cellular therapies
using Treg cells are currently undergoing clinical trials for the
treatment of autoimmune diseases, transplant rejection, and Treg
cells have also been shown to have neuroprotective effects in
mouse models of Alzheimer’s disease.

In this review, we first focused on the possible mechanism
of constipation in PD. Then, by analyzing the effects of
intestinal changes on the CNS, we analyzed the involvement
of the vagus nerve in the transmission of α-synuclein to the
brain, as well as the pro-inflammatory and anti-inflammatory

responses of congenital and adaptive immune cells. We also
considered the anti-inflammatory and protective functions of
dopamine. Finally, we analyzed how the flora and its metabolites
participate in this process. Combining these findings suggest
that intestinal lesions may be the origin of PD. Intestinal
pathological changes may spread to the CNS through the
vagus nerve, causing pathological changes in the brain and
inflammation. This leads to damage of the blood-brain barrier,
which occurs at the initial stage of the disease. However,
the immune response activated by the intestinal tract is key
to the subsequent vicious cycle: Intestinal immune response
aggravates intestinal α-synuclein deposition; activated immune
cells pass through the damaged blood-brain barrier through
blood circulation. Both may cause CNS inflammation and
irreversible neurodegeneration.
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Neuronal accumulation of mis-folded tau is the pathological hallmark of multiple
neurodegenerative disorders, including Alzheimer’s disease. Distinct from amyloid
plaques, which appear simultaneously throughout the brain, tau pathology develops
first in a specific brain region and then propagates to neuroanatomically connected
brain regions, exacerbating the disease. Due to the implication in disease progression,
prevention of tau transmission is recognized as an important therapeutic strategy
that can halt disease progression in the brain. Recently, accumulating studies have
demonstrated diverse cellular mechanisms associated with cell-to-cell transmission
of tau. Once transmitted, mis-folded tau species act as a prion-like seed for native
tau aggregation in the recipient neuron. In this review, we summarize the diverse
cellular mechanisms associated with the secretion and uptake of tau, and highlight
tau-trafficking receptors, which mediate tau clearance or cell-to-cell tau transmission.

Keywords: tau, tau clearance, tau transmission, tauopathy, pathological tau

INTRODUCTION

Tau is a microtubule-associated protein, which is extremely soluble in physiological condition
(Barbier et al., 2019; Iwata et al., 2019). Full-length human tau contains a microtubule binding
domain, which contain 18 lysine residues. The positive charges of lysine residues drive tau to
bind a microtubule, a negatively charged polymer (Jho et al., 2010). Upon binding, tau stabilizes
microtubules promoting microtubule assembly, which is critical for axonal outgrowth (Fischer
et al., 2009; Rodríguez-Martín et al., 2013). Tau also plays a role in anchoring microtubules to other
cytoskeletal filaments and cellular organelles for maintaining axonal structure and function (Miyata
et al., 1986; Jung et al., 1993). More recent studies have elucidated new physiological roles of tau as a
synaptic protein in accelerating spine formation, dendritic elongation, and synaptic plasticity (Chen
et al., 2012; Kimura et al., 2014; Zempel et al., 2017; Velazquez et al., 2018). Despite the expected
role of tau in neuronal structure and function, tau-deficient mice appeared to be normal presenting
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with no overt phenotype or malformations in the nervous
system (Harada et al., 1994). Depletion of tau did not affect
axonal elongation in cultured neurons (Tint et al., 1998). These
observations suggest that other microtubule-associated proteins
could play the role of tau in the absence of tau protein (Takei
et al., 2000). While the reported tau knockout strains presented
without obvious phenotype when young, one tau knockout strain
showed muscle weakness and motor deficits when old, suggesting
the pathological role of tau in age-related diseases (Ikegami et al.,
2000; Lei et al., 2012).

Under pathological conditions, tau hyperphosphorylation
occurs, and the charge balance between tau and microtubules
becomes disrupted (Gong et al., 2005; Alonso et al., 2018).
Consequently, hyperphosphorylated tau dissociates from
microtubules and accumulates in the cytosol (Figure 1A).
In the cytoplasm, mis-localized tau undergoes various post-
translational modifications, such as acetylation, sumoylation,
ubiquitination, glycosylation, methylation, nitration, truncation,
and inter-molecular bond formation (Martin et al., 2011;
Haque et al., 2016). Tau acetylation prevents the degradation of
phosphorylated tau (Min et al., 2010). Disulfide-bond formation
between tau molecules generates structurally stable tau oligomers
that play a critical role in tau aggregation and transmission (Kim
et al., 2015; Prifti et al., 2021). Proteolytic cleavage of tau is also
crucial in the generation of compact filaments by removing
the N-and C-terminal flanking regions of tau (Friedhoff et al.,
2000). The complex pattern of tau modifications would change
the physical and chemical properties of tau as the infectious,
aggregation-prone form. The accumulation of filamentous tau
aggregates is a pathological hallmark of tauopathies, including
Alzheimer’s disease (AD), frontotemporal dementia (FTDP-17),
Pick’s disease, and progressive supranuclear palsy (PSP) (Iqbal
et al., 2010; Orr et al., 2017). In tauopathy brains, tau pathology
develops first in a specific brain region, and then propagates into
anatomically connected brain regions. For example, in the brains
of AD patients, tau pathology appears first in the trans-entorhinal
cortex and propagates into the neuroanatomically connected
hippocampus, causing cognitive impairments (Braak and Braak,
1991). In PSP brains, tau pathology develops in the basal ganglia
at an early stage, causing motor symptoms, and later spreads
to the cerebellum and brainstem, resulting in motor failure
(Williams et al., 2007).

As a possible mechanism of tau propagation in the brain,
a cell-to-cell transmission hypothesis has been raised. Tau
transmission occurs through the trans-synaptic transfer of mis-
folded tau aggregates from a donor cell to a recipient cell.
The process can be divided into three basic steps: (1) secretion
of pathological tau aggregates from donor cells, (2) uptake of
the secreted tau species by recipient cells, and (3) initiation
of tau pathology in the recipient cells (Gibbons et al., 2019;
Brunello et al., 2020). Accumulating evidence has demonstrated
that tau protein is actively released into the extracellular space
in the brain. Higher levels of tau (453.6 ± 343.5 pg/mL)
and tau phosphorylated at T181 residue (67.8 ± 18.0 pg/mL)
were detected in cerebrospinal fluid (CSF) of AD patients
(Haense et al., 2008; Kandimalla et al., 2013). Phosphorylated
tau at T181, T217, and T205 residues were detected in the

CSF of AD patients, and the levels of phosphorylated tau
increased during the disease progression, positively correlating
with neuronal dysfunction (Fagan et al., 2007; Barthélemy et al.,
2020). Increased levels of N-224 tau fragments were also observed
in the CSF of AD patients and in conditioned medium of
neuron cell cultures (Ramcharitar et al., 2013; Zhang et al.,
2014; Cicognola et al., 2019). Although transmittable tau species
were not fully characterized, several recent studies have shown
that phosphorylated tau can be translocated through the plasma
membrane (Katsinelos et al., 2018; Merezhko et al., 2018). Also,
various forms of tau aggregates were detected in the extracellular
space (Lasagna-Reeves et al., 2011; Goedert, 2016). Significantly
increased levels of tau oligomers and a mix of dimers, trimers,
and tetramers were detected in the CSF of AD patients (Takeda
et al., 2015; Sengupta et al., 2017). A line of evidence suggests
that soluble tau oligomers, before forming fibrils, induce neuritic
degeneration, perturb fast axonal transport of membranous
organelles (Swanson et al., 2017), and increase reactive oxygen
species leading to neuronal cell death (Lasagna-Reeves et al.,
2012; Kim et al., 2015; Shafiei et al., 2017). In addition, intra-
hippocampal injection of tau oligomers, rather than tau fibrils,
were effective in inducing memory impairments in mice (Fá
et al., 2016; Gerson et al., 2016a; Puzzo et al., 2017). Alongside
neurotoxicity, tau oligomers were actively internalized into cells
to a greater extent than tau monomers or insoluble aggregates,
and the internalized tau oligomers could act as a structural
seed to initiate native tau aggregation (Usenovic et al., 2015;
Gerson et al., 2016b; Manassero et al., 2017; Swanson et al.,
2017). The presence of extracellular tau has long been considered
the result of neuronal cell death and the release of intracellular
contents (Fricker et al., 2018). However, recent accumulating
studies have reported extracellular tau also exists along with
healthy and mature neurons (Pooler et al., 2013; Yamada et al.,
2014; Wu et al., 2016). Upon stimulation of neuronal activity,
tau binds to the cytosolic side of synaptic vesicles and is secreted
with neurotransmitters (McInnes et al., 2018). An increased
level of tau was detected in the interstitial fluid (ISF) of tau
transgenic mice stimulated with optogenetic activation (Yamada
et al., 2014b). Moreover, the treatment of extracellular tau induces
neuronal hyperactivity leading to the secretion of endogenous
tau suggesting the bidirectional relationship between neuronal
activity and tau release (Bright et al., 2015).

While the amount and types of extracellular tau vary
depending on the disease status, it is clear that tau is constantly
secreted into the extracellular space (Wattmo et al., 2020). Then,
adjacent neurons uptake extracellular tau species through diverse
endocytosis mechanisms. In the recipient neurons, pathogenic
tau aggregates can initiate tau pathology as a “structural seed”
for native tau aggregation (Clavaguera et al., 2009, 2013; Lasagna-
Reeves et al., 2012). In 2013, an in vitro model of tau propagation,
in which somatodendritic and axonal compartments were
separated in microfluidic chambers, showed that tau aggregates
were internalized by both compartments and transported
along the axon in either the anterograde or the retrograde
direction (Wu et al., 2013). In 2014, an in vivo model of tau
propagation demonstrated contralateral and anterior/posterior
spread of tau pathology in the brain of tau-transgenic mice
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FIGURE 1 | Schematic illustration of the fate of tau protein between clearance and transmission. (A) Mis-localized tau undergoes various post-translational
modifications, such as phosphorylation and ubiquitination. Chemically and structurally modified tau becomes aggregated and accumulated in the cytoplasm.
(B) Mis-folded and aggregated tau proteins are degraded by the ubiquitin–proteasome and autophagosome-lysosomal systems. (C) Tau proteins are released into
the extracellular space both as a free protein and in vesicles, through (1) vesicular and (2–4) non-vesicular secretion pathways. (D) Extracellular tau proteins are
eliminated through ISF–CSF exchange within the glymphatic system or are taken up by neurons, microglia, and astrocytes. (E) In recipient neurons, extracellular tau
proteins bind specific tau receptors (HSPG, LRP1, mAChRs, and SORLA) and are internalized by receptor-dependent clathrin-mediated endocytosis. Extracellular
tau clearance by microglia and astrocytes includes the binding and internalization of tau via the CX3CR1 receptor in microglia and the integrin αV/β1 receptor in
astrocytes.

(Ahmed et al., 2014). In the brain, the spread of tau pathology
was dependent on synaptic connectivity rather than spatial
proximity. Accordingly, extracellular tau has emerged as an
important target for tau-targeted immunotherapy. Toward this,

efforts have been made to characterize prion-like tau species and
tau trafficking-receptors, which are critical in tau transmission.
A comprehensive understanding of tau transmission would
provide new perspectives for the diagnosis and prevention of
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tau pathology. Here, we review the diverse cellular mechanisms
associated with tau clearance and transmission.

MOLECULAR MECHANISMS OF TAU
SECRETION

In classical secretory pathways, secretory proteins contain signal
peptides, which are well-known sequence motifs targeting
proteins for translocation across the endoplasmic reticulum
membrane (Cohen et al., 2020). Since tau protein does not
contain an apparent signal peptide, tau was thought to be
released from dying or dead neurons. However, proteins without
a signal peptide can also be secreted into extracellular space
via non-conventional pathways. Over the last decade, mounting
evidence has demonstrated that tau secretion occurs through
diverse non-conventional pathways. Due to the implication in tau
pathology, extensive studies have investigated the pathological
roles of the extracellular tau. In comparison, the physiological
role of tau in the extracellular space remains largely unknown.
A few preliminary studies suggested novel functions of tau in the
extracellular space. For example, the treatment of extracellular
tau increases the electrical activity of primary neuron culture
(Bright et al., 2015) and the treatment of tau fibrils increased
the formation of tunneling nanotubes (TNTs) between neurons
(Tardivel et al., 2016). Although the role of tau is not clear,
tau proteins are actively secreted into the extracellular space in
both physiological and disease conditions. In this section, we will
review the diverse non-conventional mechanisms associated with
tau secretion (Figures 1B,C).

Heparan Sulfate Proteoglycan-Mediated
Translocation of Tau
Tau translocation across the plasma membrane is recently
being highlighted as a key mechanism of non-conventional tau
secretion. Tau translocation is a two-step process: (1) recruitment
of tau to the plasma membrane and (2) translocation mediated
by heparan sulfate proteoglycans (HSPGs) (Katsinelos et al.,
2018; Merezhko et al., 2018). Lipid microdomains containing
cholesterol, sphingomyelin, phosphatidyl serine, and PI(4,5)P2
are the major trans-elements responsible for recruiting tau
to the plasma membrane. Katsinelos et al. (2018) showed
that PI(4,5)P2 could initiate the translocation of tau. In their
study, lysine residues in microtubule-binding domain of tau
can form an interaction surface with the negatively charged
PI(4,5)P2 on the plasma membrane. Lipid rafts containing
cholesterol and sphingomyelin are necessary for the recruitment
of pathological tau aggregates (Lasagna-Reeves et al., 2014; Patel
et al., 2015). Merezhko et al. (2018) demonstrated that the
disruption of lipid rafts in the plasma membrane decreased tau
secretion by 90%. Once tau is recruited to plasma membrane,
HSPG-mediated translocation occurs. HSPGs are complex
carbohydrate-modified proteins carrying heparan sulfate (HS)
and are ubiquitously expressed on the transmembrane. HSPGs
can recruit and cluster molecules in transmembrane domains,
mediating their translocation (Condomitti and de Wit, 2018).
Accumulating evidence suggests that HSPGs anchor tau and

mediate bi-directional translocation of tau through the plasma
membrane. Xu and Esko (2014) showed that a decrease of
HSPGs in the plasma membrane suppressed tau secretion
significantly. Altogether, tau protein can be secreted into
the extracellular space via direct translocation through the
plasma membrane.

Autophagy/Endolysosomal-Mediated
Secretion
In cells, proteins that are no longer needed or are mis-
folded/damaged are degraded by the ubiquitin–proteasome
system (UPS) and the autophagy-lysosome system (Wong and
Cuervo, 2010; Dikic, 2017). In the early stage of tau pathology,
mis-localized and mis-folded tau proteins start to accumulate
in the cytosol. The UPS mediates the clearance of soluble
tau monomers and aggregates. In the UPS, tau proteins are
tagged with ubiquitin and the ubiquitinylated tau proteins
are digested by the 26S proteasome (Schmidt and Finley,
2014). As tau pathology progresses, tau proteins assemble into
large, insoluble fibrils, which exceed the capacity of the UPS
and lead to proteasome dysfunction (Morishima-Kawashima
et al., 1993). As a result, polyubiquitinated tau proteins
are accumulated in the cytosol and become a compartment
of insoluble tau aggregates such as paired helical filaments
(Morishima-Kawashima et al., 1993).

As an alternative to the UPS, autophagy plays a critical role
in the clearance of pathological tau aggregates. Depending on
the cargoes, autophagy is divided into three types: (1) chaperon-
mediated autophagy (CMA), (2) endosomal-microautophagy
(e-MI), and (3) macroautophagy. Soluble tau monomers and
oligomers are cleared by CMA and e-MI, whereas large,
insoluble tau aggregates are cleared by macroautophagy (Wang
et al., 2009; Krüger et al., 2012; Caballero et al., 2018;
Uytterhoeven et al., 2018). In macroautophagy, tau aggregates
are first wrapped inside a specialized organelle, called an
autophagosome, and the autophagosomes fuse with lysosomal
vesicles to form autolysosomes, enabling the degradation
of their cargoes (Dikic and Elazar, 2018). However, in a
degenerating neuron, the axonal supply of lysosomes is
restricted, resulting in the accumulation of autophagosomes
(Farfel-Becker et al., 2019). Recent accumulating evidence
has demonstrated that the deficiency of lysosomes drives
the autophagosomes to fuse with the plasma membrane,
leading to the secretion of their cargos into the extracellular
milieu (Tang et al., 2015; Lonati et al., 2018; Kang et al.,
2019). Tang et al. (2015) reported electron microscopic
images of autophagic vacuoles containing tau approaching the
plasma membrane. The fusion of autophagosomes with the
plasma membrane is mediated by the assembly of soluble
N-ethyl maleimide sensitive factor attachment protein receptors
(SNAREs) (Wang et al., 2016). SNARE proteins (Sec22b) on
autophagosomes interact with SNAREs (syntaxin 3/4 and SNAP-
23/29) on the plasma membrane for membrane fusion and
cargo secretion (Kimura et al., 2017a,b). CMA is also involved
in the clearance and secretion of soluble tau monomers and
oligomers. Tau protein contains KFERQ-like motifs, known
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as CMA-substrates, which are recognized by heat shock
cognate 71 kDa protein (Hsc70) (Wang et al., 2009; Robert
et al., 2019). Hsc70 mediates the sorting of tau proteins
to lysosomes or late-endosomes (Wang et al., 2009). Cargo-
loaded endosomes and lysosomes are transported to the cell
periphery and fuse with the plasma membrane, releasing tau
proteins into the extracellular space (Fontaine et al., 2016;
Lee and Ye, 2018).

Exosome/Ectosome-Based Secretion of
Vesicular Tau
Intercellular communication can occur in multiple forms.
With these diverse mechanisms, cells exchange their cellular
information through the secretion and uptake of extracellular
vesicles, which contain diverse cellular agents (proteins, lipids,
reactive oxygen species, and genetic information) (Cocucci and
Meldolesi, 2015). Mounting evidence has suggested that tau is
one of the cellular components delivered by extracellular vesicles.
The uptake of extracellular vesicles containing pathogenic tau
aggregates can initiate tau pathology in recipient cells (Polanco
et al., 2016; Wang et al., 2017). Extracellular vesicles are
heterogeneous, with sizes ranging broadly from 50 to 1000 nm.
Exosomes (30–150 nm) and ectosomes (100 and 1000 nm) are
known to mediate tau transmission (DeLeo and Ikezu, 2018).

Exosomes are nano-sized vesicles derived from endosomal
compartments called multivesicular bodies (MVBs) (Yáñez-Mó
et al., 2015). Hsc70 delivers tau proteins into exosomes through
interaction with the endosomal sorting complex required for
transport (ESCRT) proteins (Wang et al., 2017). ESCRTs play a
critical role in sorting exosomal cargos and secreting exosomes
into the extracellular space. Once secreted into the extracellular
space, exosomes are not only circulating in the brain-specific ISF,
but also travel into the CSF and blood in humans (Caby et al.,
2005; Fiandaca et al., 2015; Welton et al., 2017; Wu et al., 2017).
Tau has been detected in the exosomes collected from the CSF
and blood of AD patients (Saman et al., 2012; Jia et al., 2019).
Particularly, in Jia et al. (2019) study, the level of exosomal tau
was significantly higher in the CSF of AD patients than that of
the healthy controls.

Ectosomes are microvesicles, released from the plasma
membrane. Ectosome shedding is induced by intracellular
calcium levels, inflammatory molecules, or oxidative stress
(Piccin et al., 2007; Doeuvre et al., 2009). Ectosomal tau has also
been found in neuroblastoma cell culture, the ISF of mice, and the
CSF of AD patients and healthy controls (Dujardin et al., 2014;
Spitzer et al., 2019). Recent evidence shows that neuron-derived
exosomes or extracellular vesicles extracted from the AD patients
had the potential to promote tau pathology when injected into the
brains of wild-type mice (Winston et al., 2016; Ikezu et al., 2020).

MOLECULAR MECHANISMS OF
EXTRACELLULAR TAU UPTAKE

In the extracellular space, the level of tau is maintained by
the balance between secretion and clearance. In peripheral
organs, the lymphatic system mediates the clearance of cellular

wastes in the ISF (Aspelund et al., 2015). However, in the
brain, lymphatic vessels are found only in the brain meninges,
not in the deep brain where tau aggregates are secreted.
Instead, the glymphatic system has been highlighted due to
its role in clearing extracellular wastes, including amyloid-
β and tau, through paravascular ISF–CSF exchange (Iliff
et al., 2012). Accordingly, the breakdown of the glymphatic
system is associated with various neurodegenerative diseases,
including AD and traumatic brain injury (Rasmussen et al.,
2018). Microglia and astrocytes also play a role in eliminating
extracellular tau (Bolós et al., 2016; Piacentini et al., 2017; Hopp
et al., 2018). However, the prolonged activation of microglia
and astrocytes could stimulate neuroinflammatory responses
that facilitate neuronal degeneration. Therefore, microglia- and
astrocyte-mediated clearance might be effective particularly at
the early stage of AD (Kinney et al., 2018). In AD brains,
extracellular tau interacts with amyloid precursor protein
(APP) and β-amyloid. Takahashi et al. (2015) showed that the
extracellular region of APP is involved in the uptake of tau
fibrils into a cell.

Also, several studies have shown that the spreading of tau
pathology was enhanced by the injection of β-amyloid into
mouse brain. Actually, the binding affinity of tau for β-amyloid
is almost 1000-fold higher than for tau (Guo et al., 2006).
The mutual interaction between β-amyloid and tau exaggerates
the cross-seeding effects of tau, spreading tau pathology in the
brain (Vergara et al., 2019; Vogel et al., 2020). Extracellular
tau proteins are also taken up by neurons via diverse cellular
mechanisms. In recipient neurons, most of the internalized
proteins are degraded through the endosome–lysosome route,
but a portion of internalized tau could stimulate tau pathology,
acting as a seed for native tau aggregation. In this section,
we will review the diverse cellular mechanisms of tau uptake
(Figures 1D,E).

Heparan Sulfate
Proteoglycan-Associated
Macropinocytosis
Macropinocytosis is the bulk-endocytosis mediating the non-
specific internalization of large amounts of extracellular fluid.
Macropinocytosis plays a central role in tau pathology by
mediating the internalization of large, insoluble tau aggregates
(Wu et al., 2013; Evans et al., 2018). Tau aggregates bind to
HSPGs on the neuronal surface, triggering macropinocytosis
(Holmes et al., 2013; Rauch et al., 2018; Annadurai et al.,
2021). Then, the extension of actin-dependent membrane
ruffles engulfs tau aggregates, leading to the formation of
macropinosomes. Macropinosomes are large vacuoles with
an approximate diameter of up to 5 µm (Swanson, 2008).
The maturation of macropinosomes involves membrane
rearrangement for concentrating cargo proteins and then
trafficking the cargos to the lysosome for degradation and
recycling (Donaldson, 2019). The modification of HS chains
on HSPGs is critical for tau binding and internalization. Rauch
et al. (2018) reported that 6-O-sulfation of the HS sidechains
is important for tau binding. Another study demonstrated
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that 3-O-sulfation enhances tau binding to the cell surface
(Zhao et al., 2020).

Receptor-Dependent Clathrin-Mediated
Endocytosis
Clathrin-mediated endocytosis mediates the internalization of
a wide range of cargo molecules from the cell surface to the
interior. The process is characterized by the recruitment of
cargo molecules by various transmembrane receptors and the
formation of the clathrin-coated pit (CCP) for internalization
(Doherty and McMahon, 2009). Recent studies have shown
several endocytic receptors binding to extracellular tau.
Lipoprotein receptor-related protein 1 (LRP1) (Lane-Donovan
et al., 2014; Rauch et al., 2020), muscarinic acetylcholine
receptors (mAChRs) (Morozova et al., 2019), and sorting
protein-related receptor (SORLA) (Bok et al., 2021) are known
to mediate tau internalization.

LRP1 is considered a major neuronal receptor that is involved
in the internalization of extracellular tau. Rauch et al. (2020)
reported that LRP1 is a master receptor mediating clathrin-
mediated endocytosis of tau aggregates, playing a critical role
in tau transmission. In their study, the lysine-rich microtubule
binding domain of tau interacts with the cysteine-rich ligand
binding domain of LRP1 (Rauch et al., 2020). The genetic
silencing of LRP1 inhibited the uptake of various forms of tau,
including monomers, oligomers, and fibrils, almost completely in
H4 neuroglioma cells. The knockdown of LRP1 also suppressed
the spreading of tau in the brain of mice expressing human
tau P301L mutant. Cooper et al. (2021) also demonstrated
LRP1-mediated internalization of tau aggregates extracted from
AD patients. In their study, internalized tau monomers were
degraded in lysosomes, but internalized tau aggregates induced
tau seeding in the recipient cells. A member of the LDL-
receptor superfamily, SORLA, was also identified as a receptor of
extracellular tau (Cooper et al., 2021). mAChRs are also known
to mediate clathrin-mediated internalization of tau. Gomez-
Ramos et al. (2008) Gómez-Ramos et al. (2009) identified that
the C-terminal domain of tau binds to M1/M3 subtypes of
mAChR as a receptor agonist, increasing intracellular calcium
concentration, and leading to neuronal cell toxicity. Morozova
et al. (2019) demonstrated that mAChRs not only activate tau-
induced calcium influx but also mediate the internalization of
extracellular tau.

Recent genome-wide association studies (GWASs) have
revealed genetic factors associated with sporadic AD. Specifically,
APOE, bridging integrator 1 (BIN1), and phosphatidylinositol
binding clathrin assembly protein (PICALM) showed a strong
association with AD. PICALM binds to clathrin and its adaptor
proteins, initiating CCP assembly (Meyerholz et al., 2005). Ando
et al. (2016) reported the co-localization of phosphorylated tau
with PICALM in the brains of AD patients. BIN1 is known to be
involved in clathrin-mediated endocytosis through its interaction
with clathrin and dynamin (Doherty and McMahon, 2009).
However, the role of BIN1 in AD pathology remains largely
unclear. Significantly decreased levels of BIN1 were observed
in the brains of late-onset AD patients (Holler et al., 2014).

The knock-down of BIN1 is known to promote endocytosis of
extracellular tau aggregates (Calafate et al., 2016).

Tau Clearance by Microglia and
Astrocytes
Microglia, the professional phagocytes of the brain, mediates
the clearance of extracellular tau aggregates, as well as dead or
dying neurons bearing tau aggregates (Kofler and Wiley, 2011;
Arcuri et al., 2017). In AD brains, extracellular tau proteins
activate microglia, promoting phagocytosis of tau aggregates
(Das et al., 2020). During this process, the extracellular tau
binds CX3CR1, a chemokine receptor expressed on the surface
of microglia (Bolós et al., 2016; Perea et al., 2020). Under
physiological conditions, CX3CR1 interacts with fractalkines
(CX3CL1), which are constitutively expressed by neuronal cells
in either a membrane-bound or soluble form (Hatori et al.,
2002). The CX3CR1/CX3CL1 axis plays a significant role in
maintaining the homeostasis of the central nervous system.
In the AD brain, the expression of fractalkines is reduced,
disrupting the CX3CR1/CX3CL1 axis (Finneran and Nash,
2019). Additionally, tau aggregates compete to bind CX3CR1,
mediating the phagocytosis of tau aggregates into microglia
(Perea et al., 2020).

Astrocytes are specialized glial cells that are involved in the
recycling and clearance of unnecessary synapses, synaptic debris,
and extracellular protein aggregates in the brain (Sofroniew and
Vinters, 2010; Jung and Chung, 2018). Astrocytes express a
low amount of endogenous tau (Perea et al., 2019). However,
elevated levels of tau have been observed in astrocytes of
AD brains (Ferrer et al., 2018). Astrocytes are known to
uptake extracellular tau proteins via distinct mechanisms
depending on their aggregation states. Tau monomers are
internalized by HSPGs-mediated translocation (Perea et al.,
2019), and tau aggregates are internalized by endocytosis
(de Calignon et al., 2012; Martini-Stoica et al., 2018). Tau
aggregates bind to integrins on the surface of astrocytes,
resulting in the activation of the integrin signaling pathway,
which triggers tau endocytosis (Perea et al., 2020). In the
early stage of tauopathies, the activation of astrocytes plays
a critical role in neuroprotection, secreting pro-inflammatory
cytokines and chemokines. However, prolonged activation of
astrocytes eventually stimulates neuroinflammatory responses
that facilitate neuronal degeneration (Zhang and Jiang, 2015;
Ransohoff, 2016).

TUNNELING NANOTUBES

Tunneling nanotubes are cell–cell communication bridges
composed of filamentous-actin positive and tubulin negative
membranous structures with a diameter of 50–800 nm (Davis
and Sowinski, 2008). TNTs, discovered in 2004, indicate a
novel mechanism for long-range intercellular communication
in various cell types, such as immune cells and neuronal cells
(Rustom et al., 2004). Recent in vivo imaging studies have
shown the occurrence of TNTs in the mouse retina and cerebral
cortex. Alarcon-Martinez et al. (2020) reported the occurrence of

Frontiers in Aging Neuroscience | www.frontiersin.org 6 July 2022 | Volume 14 | Article 93254188

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-932541 July 12, 2022 Time: 15:20 # 7

Seitkazina et al. Tau Clearance and Transmission

actin-positive TNTs between retinal pericytes using two-photon
imaging. Chen and Cao (2021) reported actin-positive TNTs
between astrocytes and neurons in the cerebral cortex of mice
and showed EGFP transport from astrocytes to neurons in the
cortex through TNTs. In addition, TNTs can be used as a pathway
for transmitting various pathogens, including prions and prion-
like proteins (Gousset et al., 2009). Among diverse prion-like
proteins, tau is known as an extrinsic factor that increases TNT
formation. Tardivel et al. (2016) showed that treatment of tau
fibrils increased the TNT population in neuronal cells by almost
three times. Additionally, Abounit et al. (2016) showed that tau
fibril treatment increased TNT formation not only in neuronal
cells but also in Hela cells. Based on these results, tau fibrils lead
to an increase in TNT formation and, facilitate the intercellular
spread of pathological tau.

CONCLUSION

Tau pathology includes tau modification, aggregation, and
transmission, which are associated with multiple cellular
pathways. Accordingly, it is extremely challenging to identify
therapeutic targets for tau-targeted drug discovery. During early
trials, tau phosphorylation was considered as a key initiating
event regulating tau pathology, and great effort was made for
the development of kinase inhibitors. Unfortunately, all trials
targeting kinases have failed to demonstrate clinical efficacy in
patients with tauopathy, suggesting that tau phosphorylation
is merely a part of tau pathology. There are also efforts to
develop anti-tau agents inhibiting tau aggregation, or autophagy
activators boosting the clearance of tau aggregates. More recently,
extracellular tau is recognized as an important therapeutic target
to prevent disease progression (Gomez-Ramos et al., 2006; Simon
et al., 2012). Bepranemab, an anti-tau IgG4 antibody developed
by Hoffmann-La Roche, is currently undergoing phase 2 clinical

trials in AD patients (NCT04867616) (Albert et al., 2019). JNJ-
63733657, an anti-tau IgG1 antibody developed by Janssen,
is undergoing phase 2 trials in AD patients (NCT04619420)
(Beshir et al., 2022). In the extracellular space, antibody-tau
complexes are expected to be cleared as extracellular waste
by microglia, astrocytes or the glymphatic system. However,
the clearing efficiency of antibody-tau complexes has not been
reported. So far, fragmented understandings of tau pathology
cause repeated failures in tau-targeted drug discovery. We
believe that comprehensive understanding of the fate of tau in
physiological and pathological condition is necessary for the
success of tau-targeted drug development.
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Introduction: The typical symptoms of Alzheimer’s disease (AD) are

cognitive impairment, disrupted spatial orientation, behavioral and

psychiatric abnormalities, and later motor deficits. Neuropathologically,

AD is characterized by deposits of pathological forms of endogenous

proteins – amyloid-β, and neurofibrillary tau protein pathology. The

latter closely correlates with brain atrophy and clinical impairment.

Pharmacological therapies for these pathologies are largely absent, raising the

question whether non-pharmacological interventions could be efficacious.

Environmental factors can play a role in the manifestation of AD. It is unknown

whether enriched environment (EE) can ameliorate the propagation of protein

aggregates or their toxic components.

Methods: We injected insoluble tau extracts from human brains with AD

(600 or 900 ng per animal) into hippocampi of SHR72 transgenic rats that

express non-mutated truncated human tau 151-391/4R, but usually do not

develop hippocampal tangles. The rats had either standard housing, or could

access an EE 5×/week for 3 months. Behavioral analysis included the Morris

Water Maze (MWM). Histological analysis was used to assess the propagation

of tau pathology.

Results: Animals exposed to EE performed better in the MWM (spatial

acquisition duration and total distance, probe test); unexposed animals

improved over the course of acquisition trials, but their mean performance

remained below that of the EE group. Enriched environment abrogated tau

propagation and hippocampal tangle formation in the 600 ng group; in the
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900 ng group, tangle formation was ∼10-fold of the 600 ng group, and

unaffected by EE.

Conclusion: Even a small difference in the amount of injected human AD tau

can cause a pronounced difference in the number of resulting tangles. EE

leads to a noticeably better spatial navigation performance of tau-injected

animals. Furthermore, EE seems to be able to slow down tau pathology

progression, indicating the possible utility of similar interventions in early

stages of AD where tangle loads are still low.

KEYWORDS

histology, behavioral, enriched environment, propagation, seeding, tangle, tau

Introduction

Neurodegenerative diseases termed “tauopathies” are
characterized by progressive accumulation of abnormal tau
protein. The most prevalent tauopathy is Alzheimer’s disease
(AD), where tau pathology initially manifests in the locus
coeruleus and entorhinal cortex, and subsequently spreads in
a stereotypical manner to other functionally connected brain
areas (Franzmeier et al., 2020). Accumulated abnormal tau
species spread across the brain via a “prion-like” mechanism
involving cell-to-cell transmission of pathological tau moieties
that induce template-mediated conformational change of
physiological tau in affected cells (Brundin et al., 2010; Frost
and Diamond, 2010; Jucker and Walker, 2013; Walker and
Jucker, 2015; Mudher et al., 2017).

Increasing propagation and the amount of tau pathology
correlate directly with cognitive deficits and brain atrophy both
in severity and extent (Nelson et al., 2012; Walker and Jucker,
2015; Scholl et al., 2016), as well as predicting future brain
tissue loss (La Joie et al., 2020). The speed of progression largely
depends upon the amount of seeding-capable tau molecules
(Aoyagi et al., 2019).

Internal factors, such as genetics and immune status play
also a role in the onset of tau pathology. Similarly, external
factors, such as stress, diet, or environment also play a crucial
role (Dosunmu et al., 2007; Tanzi, 2012, 2013; Stephen et al.,
2021). Conversely, enriched environments can increase the
activity of neurons and cognitive abilities, and slow down
cognitive decline (Li et al., 2017).

An experimental set up commonly employed to assess
environmentally-induced benefits for cognitive function
involves placing animals in large cages containing interesting
objects such as toys, running wheels, rolls, nestlets, tunnels, and
plastic tubes (Balthazar et al., 2018). Animals placed in such
environment exhibit improvement in memory functions and
decreased amounts of amyloid deposits (Fordyce and Wehner,
1993; Lazarov et al., 2005; Ziegler-Waldkirch et al., 2018;

Balietti et al., 2021). Cognitive stimulation was also found to
modulate kinase activity and tau phosphorylation, indicating
possible relevance for tau pathology as well (Gerenu et al.,
2013).

Given the numerous failures in the development of
pharmacological interventions aimed at slowing or halting the
progression of AD, increased attention is being given to non-
pharmacological treatment and prevention approaches (Ngandu
et al., 2015; Stephen et al., 2021). If efficacious, these could
reduce the number of AD cases, help bridge over the time
until a pharmacological treatment is available, and ultimately
could be combined with the disease-modifying drugs for
even greater effect.

In our study, we evaluated the effect of enriched
environment on spreading of tau pathology. Pathology
was induced via intra-hippocampal administration of sarcosyl-
insoluble tau protein isolated from human brains with AD
into a transgenic rat model of human tauopathy (Smolek et al.,
2019a,b). We employed SHR72 transgenic rats expressing
human non-mutated truncated tau protein aa151-391; these
animals normally do not develop neurofibrillary tangle (NFT)
pathology in the hippocampus (Zilka et al., 2006; Koson et al.,
2008). Then, we exposed animals to environmental enrichment
(EE) and evaluated its effect on cognition and tau spreading.

Materials and methods

Human brain samples

Human brain material was procured from the brain
collection of the University of Geneva, Switzerland, in
compliance with their material transfer agreement. The material
(frozen, post-mortem delay 4 h) originated from a subject with
AD (female, aged 87 years, Braak stage 5). Parietal cortex tissue
was used for the isolation of the sarcosyl-insoluble tau fraction.
The utilized material was the same as used in our previous
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study; see Smolek et al. (2019b) for Western blot results of
the tau extract.

Isolation of sarcosyl-insoluble tau from
human Alzheimer’s disease brains

Sarcosyl-insoluble tau was extracted according to published
protocols (Jadhav et al., 2015). Briefly, brain tissue was
homogenized in a buffer containing 20 mM Tris, 0.8 M NaCl,
1 mM EGTA, 1 mM EDTA, and 10% sucrose (Sigma Aldrich,
St. Louis, MO, United States, S7903-1KG) supplemented with
protease inhibitors (Complete, EDTA free, Roche Diagnostics,
United States) and phosphatase inhibitors (1 mM sodium
orthovanadate, Sigma-Aldrich, St. Louis, MO, United States,
S6508-50G; 20 mM sodium fluoride, Sigma-Aldrich, St. Louis,
MO, United States, S7920-100G). After centrifugation at
20,000 × g for 20 min the supernatant (S1) was collected,
and small fraction was saved as total protein extract; 40%
w/v of N-lauroylsarcosine (sarcosyl) (Sigma Aldrich, St. Louis,
MO, United States, L5777-50G) in water was added to a final
concentration of 1% and mixed by stirring for 1 h at room
temperature. Then sample was centrifuged at 100,000 × g for
1 h at 25◦C using Beckmann TLA-100 (Beckmann Instrument
Inc., Fullerton, CA, United States). Pellets (P2) were washed
and re-suspended in PBS to 1/50 volume of S1 fraction and
sonicated briefly.

Before the injection into hippocampus, human AD brain
isolates were examined for presence of PHF on electron
microscope and for presence of tau by Western blot analysis
with pan-tau antibody DC25. These analyses confirmed the
presence of PHFs and various high and low molecular weight
tau species, respectively.

The semiquantitative estimation of sarcosyl-insoluble tau
was performed as described previously (Smolek et al., 2019b).
The intensities of the samples and tau 40 were quantified via
densitometry using AIDA Biopackage (Advanced Image Data
Analyzer software; Raytest, Germany). The concentration of
insoluble tau protein was estimated using a standard curve with
reference intensities of known concentrations of recombinant
tau 2N4R (tau 40).

Stereotaxic surgery

Rats were anesthetized through intraperitoneal injection of
a cocktail containing Zoletil (30 mg/kg) (Virbac, Carros, France,
5 mL) and Xylariem (10 mg/kg) (Ecuphar N.V., Oostcamp,
Bruges, Belgium, 50 mL). Animals were fixed to a stereotaxic
apparatus (Kopf Instruments, Los Angeles, CA, United States).
An UltraMicroPump III (UMP III) Micro-syringe injector and
Micro4 Controller (World Precision Instruments, Sarasota, FL,
United States) were used for application. Stereotaxic coordinates

for the injection into hippocampus were A/P: −3.6 mm, L:
±2.0 mm, D/V: 3.3 mm from bregma (Paxinos and Watson,
1997); in line with our previous study (Smolek et al., 2019b).

Animals

The study was performed on 2 months old transgenic
male rats (line SHR72) expressing human truncated tau protein
aa151-391/4R. These animals develop neurofibrillary pathology
in the brainstem and spinal cord, but not in the hippocampus
(Zilka et al., 2006; Koson et al., 2008). All animals were housed
under standard laboratory conditions with free access to water
and food and kept under diurnal lighting cycle. Animals were
divided into three experimental groups:

1st Group: 600 ng AD PHF group – 26 transgenic animals,
each injected bilaterally with 1.5 µL of 200 ng/µL of insoluble
tau fraction; 600 ng of insoluble tau protein was injected
per animal in total. Subsequently, animals were divided into
three groups: 600 ng AD PHF Enriched – exposed to enriched
environment (n = 13) and 600 ng AD PHF Non-enriched –
sedentary control group (n = 13).

2nd Group: 900 ng AD PHF group – 20 animals were
injected bilaterally with 1.5 µL of 300 ng/µL of insoluble tau
fraction; 900 ng of insoluble tau protein was injected per animal
in total. Subsequently, animals were divided into two groups:
900 ng AD PHF Enriched – exposed to enriched environment
(n = 10) and 900 ng AD PHF Non-enriched – sedentary control
group (n = 10).

3rd Group: PBS group – 20 animals were injected with
3 µL of PBS, bilaterally. Subsequently, animals were divided into
two groups: PBS enriched – exposed to enriched environment
(n = 10) and PBS non-enriched – sedentary control group
(n = 10). PBS was deemed an appropriate control, as our
previous research shows that the impact of injecting PBS and
healthy brain extract is the same (Smolek et al., 2019b).

Enriched environment

The animals in enriched group were all kept together to
facilitate social interaction and enjoyed various novel stimuli,
such as running wheels, shelters, paper rolls, toys and different
types of material to gnaw on. The location of objects was
regularly changed, and novel objects were made available every
day. The size of the environment was 1.6 m × 3.8 m (6.08 m2).
Rats were allowed to explore enriched environment daily for 6 h,
5 times per week (Figure 1), and were housed under conditions
equivalent to the non-enriched control outside these hours.

Non-enriched (sedentary) groups were housed in standard
plastic cages (555 mm × 345 mm × 195 mm), 4–5 animals
per cage with food and water ad libitum. The rat colony and
testing rooms were maintained in a temperature (22 ± 2◦C)
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FIGURE 1

Illustration of enriched environment in laboratory conditions. Animals are introduced to novel objects, social housing, and exercise
opportunities to maximize their exploration and exercise. Objects include running wheels, shelters, paper rolls, toys or different types of material
to gnaw on, which typically vary in color, size or shape.

and humidity-controlled environment (45–65%) with a 12 h
light/dark cycle. The experiments were concluded when the
animals were aged 6 months. All experiments were performed
in accordance with the Slovak and European Community
Guidelines, with the approval of the State Veterinary and Food
Administration of the Slovak Republic (Ro-4429/16-221c, Ro-
1008/17-221) and the Institute’s Ethical Committee.

Behavioral tests

Behavioral tests were performed at the age of 5 months. One
week prior to the first testing, rats were handled to minimize
stress and maximize validity of measured data.

Morris water maze test
Hippocampal-dependent spatial navigation and memory

were evaluated via the Morris Water Maze (MWM) test, a widely
used test for examining of spatial and reversal learning abilities
and reference memory (Morris et al., 1982). The MWM is a
black circular pool (180 cm in diameter, 75 cm high) filled
approximately half-way with opaque water (22 ± 1◦C). The
maze is virtually divided into four equal quadrants (NE, NW,
SE, and SW); the platform is located in the middle of one of the

quadrants. The principle of the MWM task is that the animal
must search for a hidden platform that is submerged below the
water surface and placed in a fixed location; this platform is the
only place in the pool where it can rest without having to swim.
On the walls around the maze visual cues for navigation to the
platform are located; four 60-W lights placed by the sides of the
maze provide illumination. The swim parameters are recorded
using a video camera located above the center of the testing
arena, which is connected to a computer (placed in the next
room), supported by a video tracking system (EthoVision XT
9, Noldus, Netherlands).

Spatial learning abilities of experimental animals were
measured during the spatial learning acquisition phase of MWM
test lasting 4 days. The Reference memory testing paradigm
consisted of spatial learning acquisition phase and a probe
test (Table 1).

The spatial learning acquisition phase consists of four trials
per day on 4 subsequent days. During this stage, the platform is
consistently localized in the NE quadrant. We used three start
positions, each in quadrants other than the one containing the
platform. Each animal is placed in the circuit of the pool facing
the wall, and observed for 60 s or until it finds the platform. If
the animal failed to find the platform within the allotted time,
it was guided to the platform and left there for approximately
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TABLE 1 Design set-up of the Morris Water Maze (MWM) test.

Days Trial Number of trials/animal

1–4 Spatial learning acquisition 4

5 Probe test – reference memory 1

6 Spatial reversal learning acquisition 4

7 Probe test – reversal learning 1

15 s, to perceive the distal cues and remember the location
of the platform.

Twenty-four hours after the last acquisition, the probe
test was administered. The platform was removed from the
pool/hidden below the water surface and the animal released
from a random location. The tracking system determined how
much time the animal spent in each quadrant and information
about reference memory was recorded. The analyzed variable
was the time spent in the target quadrant.

On the 6th day, the spatial reversal learning phase of MWM
was performed. The platform position was changed to the SW
quadrant. Spatial reversal trials were administered in order
to find out if the animal was capable to extinguish its initial
learning of the platform’s position and to identify a direct path
to the new platform position. On the 7th day the reversal
probe trial was administered to evaluate spatial reversal learning
abilities of experimental groups. The analyzed variable was the
time spent in the new target quadrant.

Immunohistochemistry

Rats were deeply anesthetized before being sacrificed
and perfused transcardially with 1× phosphate buffered
saline (1 × PBS). Brains were removed and fixed in 4%
paraformaldehyde overnight, followed by permeabilization in
sucrose solutions (15, 25, and 30% for 24 h each). Brains were
frozen in in 2-methyl butane and stored on −80◦C. Frozen
brains were serially cut into sagittal 40 µm-thick sections using a
cryomicrotome (Leica CM1850, Leica Biosystems). The sections
were blocked with Aptum Section block (Aptum Biologics Ltd.,
Southampton, United Kingdom, cat. # APO471-500, 500 mL)
followed by incubation with primary antibodies overnight at
4◦C (Table 2). Sections were stained with biotin-conjugated
secondary antibodies and developed using the Vectastain

ABC Kit (Vector Laboratories, Newark, CA, United States).
After mounting, sections were evaluated using Olympus BX51
microscope equipped with Olympus DP27 digital camera
(Olympus microscope solutions).

From the 600 ng experiment, 5 animals from the enriched
group and 4 animals from the non-enriched group were
randomly selected for immunohistochemical examination. In
the subsequent 900 ng experiment, immunohistochemical
analysis was done in 10 animals per group to improve
the sample size.

For immunohistochemical staining, every 8th sagittal
section was used (resulting distance of sections 320 µm); 10
sections were used for quantification, encompassing the tissue
range 0.4–3.9 mm lateral from the medial line. Quantification
of NFTs positive for anti-tau specific antibodies was performed
manually. All tangles in the respective region of interest were
counted by an observer blinded to the housing type of animals.

Statistical analysis

Data processing and statistical analyses were performed in R
programming environment version 4.1.2 (R Core Team, 2022).
All alternative hypotheses were two-sided and statistical tests
were performed at a significance level equal to 0.05. All empirical
confidence intervals (CIs) are of Wald type, 95%, and two-sided.

Separately for each group (1st Group, 2nd Group, and 3rd
Group, for NFL pathology only 1st Group and 2nd Group), the
effect of enriched environment on

(1) Spatial learning acquisition and spatial reversal learning
acquisition was analyzed by variables cumulative duration (s)
and total distance (m).

(2) Reference memory acquisition (probe test) was analyzed
by variable time spent in the target (NE) quadrant (s), and on
spatial reversal learning acquisition (probe test) by variable time
spent in the target (SW) quadrant (s),

(3) NFT pathology was analyzed by variable number of
positive inclusions per slice.

The null hypothesis that the mean difference between
non-enriched and enriched environment is equal to zero
was tested against the alternative hypothesis that the mean
difference between non-enriched and enriched environment is
not equal to zero by two-sample Wald statistics (t-statistics) with

TABLE 2 List of antibodies used for Immunohistochemical staining.

Antibody Clonality Dilution Source

Anti-human phospho tau AT8 (pS202/pT205) Mouse monoclonal 1:1000 Thermo Scientific (IL, United States), Cat. # MN1020

Anti-phospho tau pS214 Rabbit polyclonal 1:1000 Invitrogen (CA, United States), Cat. # 44-742G

Anti-tau DC39N1(aa45-68) Mouse monoclonal 1:100 Axon Neuroscience (Bratislava, Slovakia)

DC25(aa347-353) Mouse monoclonal None* Axon Neuroscience (Bratislava, Slovakia)

*Supernatant from cultured hybridoma cells was usd.
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Satterthwaite error degrees of freedom taken from the mixed-
effect linear regression model (MELRM) (Pinheiro and Bates,
2006) calculated profile method with proportional weights [in
(1) and (3)], and by two-sample Student t-statistics with Welch
degrees of freedom (Welch, 1947) [in (2)]. The MELRM models
were used in the following forms:

(A) Variable ∼ environment + day + group: day + (1|
subject), for spatial learning acquisition in (1),

(B) Variable ∼ environment + trial + group: trial + (1|
subject), for spatial reversal learning acquisition in (1),

(C) Variable∼ environment+ (1| subject),
where environment (non-enriched and enriched), day (1 to 4)
and trial (quadrants NE-1, SE, NW, and NE-2) are the fixed
main effects; group: day and group: trial are the interaction
of the first order; and subject is the random effect (random
intercept). Applying these MELRM on repeated observations
(here 4 per day or trial), the repeated observations per animal
are taken to account individually and thus the variability within
and between animals is correctly estimated. The results are
summarized numerically by mean difference (non-enriched
minus enriched), lower and upper bound of 95% CIs for mean
difference, p-value, and graphically by mean profiles with 95%
CIs for means per each environment [in (1) and (2)] and
boxplots [in (3)].

Results

Environmental enrichment improves
spatial learning and reference memory

The MWM is one of the most valuable tools
for measurement of hippocampally dependent spatial
navigation/learning and reference memory in animals. In
essence, animals have to learn how to find a hidden platform
when started from different, random locations around the
perimeter of tank (Vorhees and Williams, 2006). To achieve
this task, the animals have to form a “spatial orientation map”
in the brain by using distal cues to navigate a direct path to
the platform. In our experimental set-up, platform was located
into NE quadrant. During 4 days of training spatial learning
was estimated by evaluation of cumulative duration (s) and
total distance (m) necessary to reach the platform. To assess
reference memory, probe trial was administered 24 h after the
last acquisition day (day 5).

Over the course of the spatial learning testing period,
the performance of both groups, enriched and non-enriched,
improved as evidenced by a decrease in cumulative duration
(Figures 2A,D) and total distance (Figures 2B,E) needed to
find the platform. The enriched group performed significantly
better, especially during the second and third day of the spatial
learning acquisition phase both in the experiment with 600 ng
injection (Figures 2A,B; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001,

∗∗∗∗p < 0.0001, MELRM), and 900 ng injection of AD PHF
(Figures 2D,E; ∗∗p < 0.01, ∗∗∗∗p < 0.0001, MELRM), both
on total distance and cumulative duration, with maximum
difference in favor of the enriched group being observed in the
900 ng experiment at day 3 (mean difference 29.19 s, SD 4.024)
(see Supplementary Material for detailed listing of differences
day-by-day). The beneficial effect of enriched environment
on spatial learning was similar in rats injected with different
doses of AD PHF, regardless of the level of NFT pathology
in hippocampus. The sedentary group did not fully catch up
to the enriched group, but the differences decreased at day 4,
remaining significant only for cumulative duration in the 900 ng
group (mean difference 8.32 s, 95% CI 0.31, 16.34).

In probe trials, sedentary animals in the 600 ng group spent
significantly less time in the target quadrant compared to those
exposed to enriched environment (mean difference −6.77 s,
95% CI −11.20, −2.34) (Figure 2C); in the 900 ng group,
a similar but non-significant trend was observed in favor of
the enriched group (mean difference −3.66 s, 95% CI −8.28,
0.96) (Figure 2E).

During spatial reversal acquisition (memory retention
memory testing) animals exhibited spatial learning capabilities,
and were able to memorize the new platform location in the SW
quadrant. The performance of sedentary animals was slightly
worse, with a significant difference observed for time and
distance in the 900 ng group on day 3 (time: mean difference
19.1 s, 95% CI 1.72, 36.48; distance: mean difference 4.94 m, 95%
CI 0.08, 9.80) (Figures 3A,B,D,E). See SupplementaryMaterial
for a detailed listing of day-by-day differences.

Similarly to the probe trial, in the reversal probe test,
the enriched group in the 600 ng experiment performed
significantly better than their sedentary counterparts (mean
difference −5.42 s, 95% CI −8.84, −1.99; p = 0.0033). In the
900 ng experiment, we observed a similar trend in favor of the
enriched group (mean difference −4.04 s, 95% CI −8.55, 0.47;
p = 0.0756) (Figures 3C,F).

The experiment with PBS injection supports the
above findings. Animals in the enriched group performed
pronouncedly better in spatial acquisition both on cumulative
duration and distance traveled, with differences significant at
p = 0.0089 or better at all time points on days 1–4. Unlike their
counterparts injected with AD PHF tau, these sham-injected
animals did not show any significant difference between
enriched and sedentary animals on the probe test and reversal
probe test (see also Supplementary Figures 1C,F). In spatial
reversal learning acquisition, some benefit of enrichment
was initially still apparent, albeit with smaller differences than
during spatial acquisition; e.g., in the second trial, the mean (SD)
difference in time to locate the new platform was 26.44 (8.769) s
(p = 0.0040), and total distance traveled differed by mean (SD)
of 8.05 (2.223) m (p = 0.0007). By the fourth trial, the difference
was minor, and no longer significant. See Supplementary
Material for a detailed listing of day-by-day differences.
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FIGURE 2

Evaluation of the effect of enriched environment on spatial learning and reference memory in transgenic rats injected with different doses of AD
PHF. Cumulative duration (A,D), total distance (B,E) and the time spent in platform quadrant (NE) during the 60-s probe trial (C,F) were
measured, 1st group injected with 600 ng AD PHF (A–C), 2nd group injected with 900 ng AD PHF (D–F). Rats exposed to enriched environment
needed less time to find the platform position (A,D) and traveled less total distance (B,E) than sedentary animals. Rats injected with lower dose
(600 ng) of AD PHF and exposed to enriched environment spent significantly more time in platform quadrant than their non-enriched
counterparts (C). A similar trend was observed in the 2nd group of animals injected with higher dose of AD PHF, but the difference was not
statistically significant. Graphs (A,B,D,E) represent mean and 95% of the mean of the respective experimental groups. Graphs (C,E) denote
median, quartiles, with whiskers showing quartiles ±1.5× IQR. Dots denote arithmetic mean. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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FIGURE 3

Evaluation of the effect of enriched environment on reversal learning in transgenic rats injected with different doses of AD PHF. Cumulative
duration (A,D), total distance (B,E) and the time spent in platform quadrant (C,F) during the reversal probe trial were measured, 1st group injected
with 600 ng AD PHF (A–C), 2nd group injected with 900 ng AD PHF (D–F). Rats exposed to enriched environment generally required slightly
less time (A,D) and less total distance (B,E) to find a new platform position (SW) compared to animals in non-enriched group (difference was not
significant except at day 3 in the 900 ng group). Animals injected with lowed dose of AD PHF and exposed to enriched environment spent
significantly more time in quadrant with new platform position (SW) than their non-enriched counterparts (C). Animals injected with higher dose
(900 ng) of AD PHF displayed a similar trend (p = 0.07). Graphs (A,B,D,E) represent means and 95% CIs of means for the respective experimental
groups. Graphs (C,E) denote median, quartiles, with whiskers showing quartiles ±1.5× IQR. Dots denote arithmetic mean. *p < 0.05, **p < 0.01.
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We have also evaluated the consistency of swimming speed
between individual animals to exclude confounding of results
e.g., by motor impairments. The distance traveled and time
required to find the platform were closely intercorrelated,
indicating fairly constant swimming speed and low variability in
swimming speed between animals (600 ng: Spearman r = 0.9755,
p < 0.0001; 900 ng: Spearman r = 0.9728, p < 0.0001). Absolute
swimming speed of animals was similar between the dose
groups, and within the expected range for healthy adult rats;
mean (SD) speed was 0.33 (0.16) m/s in the 600 ng group,
and 0.33 (0.13) m/s in the 900 ng group. Rats housed under
non-enriched conditions swam faster than rats house in EE,
though, with swim speeds of 0.38 (0.14) m/s and 0.29 (0.14) m/s,
respectively (p < 0.0001), indicating that better cognition rather
than better fitness was the reason for better MWM performance
of the EE group. See Supplementary Material for correlation
plots and group comparisons.

Environmental enrichment significantly
reduces the amount of tau pathology
in the hippocampus of animals injected
with the lower dose of Alzheimer’s
disease PHF

In order to evaluate the impact of enriched environment
on the propagation of tau pathology, we have induced
progressive neurofibrillary pathology in the hippocampus
of SHR72 transgenic rats as described previously (Smolek
et al., 2019b) utilizing two different dosages of AD PHF tau
(600 and 900 ng), and subsequently exposed the animals
to environmental enrichment (enriched group) or standard
housing conditions (sedentary group).

After 4 months of enriched environment, animals
injected with 600 ng AD PHF tau displayed noticeably
less neurofibrillary tangles than their sedentary (non-enriched)
counterparts, with statistically significant differences for tangles
labeled via each of the three antibodies used in the evaluation
(AT8 p = 0.0043; pS214 p = 0.0121; DC39N1 p = 0.0122). See
Figure 4 for representative hippocampal staining (A–F) and for
quantitative comparisons (G–I).

Overall, animals injected with 900 ng developed
pronouncedly more neurofibrillary tangles than those injected
with 600 ng. Total AT8-positive tangle counts in the 600 ng
non-enriched group ranged from 40 to 156 tangles, while
those in the 900 ng non-enriched group ranged from 463
to 1,345 tangles.

In the 900 ng experiment, the impact of enriched
environment on tangle counts was far less pronounced; while
the difference was still nominally in favor of the enriched
group, it was not statistically significant (AT8 p = 0.1210;
pS214 p = 0.4973; DC39N1 = 0.3689). See Figure 5 for

representative hippocampal staining (A–F) and for quantitative
comparisons (G–I).

Discussion

The present study indicates a beneficial effect of
environmental enrichment on learning and spatial navigation
in a rat model of tau pathology; inhibition on the spread of tau
pathology through environmental enrichment was seen for the
lower of the two employed doses of AD tau.

Epidemiological studies suggests that cognitive stimulation
and physical activity can prevent or delay the onset of
human AD (Friedland et al., 2001; Wilson et al., 2002;
Ngandu et al., 2015; Lopez-Ortiz et al., 2021). Previous
research indicates the ability of EE to positively impact
functional outcomes (Held et al., 1985), learning capacity
and spatial memory of aged wild-type animals (Kobayashi
et al., 2002; Montarolo et al., 2013). These studies also
showed that the effect of long-term exposure to an EE
starting at weaning was much greater than that of short-
term exposure in aged rats, in line with the hypothesis that
the effect of enrichment and exercise are “dose-dependent”
(with time and intensity constituting the dose); similarly,
the benefit of early intervention is highlighted. Current data
indicate that enriched environment (EE) combines physical
and intellectual stimulation and could have a beneficial
effect on cognitive aspects in genetically modified animal
models (Jankowsky et al., 2005; Lazarov et al., 2005; Wolf
et al., 2006; Dong et al., 2007; Kazlauckas et al., 2011;
Valero et al., 2011), as well as in humans (Yu et al., 2009;
Ruthirakuhan et al., 2012; Ngandu et al., 2015). Even fairly short
interventions combining cognitive stimulation and exercise
can have a noticeable impact e.g., on psychomotor speed
(Karssemeijer et al., 2019). The association of an active
lifestyle and contributions of multimodal non-pharmacological
interventions with better outcomes in Huntington’s disease is
also documented (Novati et al., 2022).

Coincidentally, one of the first animal studies came from
Huntington disease transgenic animals (van Dellen et al.,
2000), and later ones from other neurodegenerative disorders
such as Alzheimer’s disease or Parkinson’s disease (Laviola
et al., 2008), supporting this notion. A positive impact of
EE on motor functions was also observed in animals with
motor deficits, specifically 6-OHDA lesioned rats (Urakawa
et al., 2007) and tau-transgenic rats with progressive brainstem
pathology (Stozicka et al., 2020). The latter study is especially
relevant, as it shows that EE can ameliorate deficits caused
by continuously accruing tau pathology, whereas EE in toxic
lesion models is more akin to rehabilitation after one-time
injury. Prolonged EE in a mouse model for familial AD (5xFAD)
produced conflicting findings (Huttenrauch et al., 2017; Nakano
et al., 2020) possibly because the model combines five familial
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FIGURE 4

Enriched environment leads to less propagation of tau pathology in the group injected with 600 ng AD PHF tau. (A–F) Representative sagittal
sections of the hippocampus of SHR72 rats injected with 600 ng human AD PHF tau. For IHC staining phospho-tau dependent antibodies AT8
(A,B), pS214 (C,D) and human tau specific antibody DC39N1 were used (E,F). Scale bar: 100 µm. (G–I) Quantitative analysis of tau pathology
stained with phospho-tau dependent antibodies AT8 (G), pS214 (H), and human tau specific antibody DC39N1 (I). A significant decrease in the
amount of accumulated tau pathology is seen in the group exposed to enriched environment in comparison to the non-enriched, sedentary
group (*p < 0.05; **p < 0.01). Each column denotes one animal. Boxes indicate median and quartiles for tangle counts per brain slice; whiskers
indicate quartiles ±1.5× IQR. Black dots indicate arithmetic mean.

mutations, each of which is sufficient to cause human disease
with∼100% penetrance.

A major limitation is that many in vivo studies
are not sufficiently informative regarding the effect of
enriched environment on pathophysiology, cognition and
production of pathologically modified forms of AD proteins
(Jankowsky et al., 2003, 2005; Lazarov et al., 2005). It is
also important to note that many studies in the field were
predominantly focused on modulation of Aβ levels using EE,
but less is known about interaction between EE and tau protein.

Neurofibrillary tangles composed of pathological tau species are
an important pathological hallmark of AD, though, and seem
closely tied to the phase of the disease where cognitive damage
accrues (Novak et al., 1993; Goedert et al., 2006; Nelson et al.,
2012). To date, the role of tau protein under environmentally
enriched conditions has been not fully elucidated.

The model we have utilized may be uniquely suited to
address this question. Specifically, the SHR72 line expresses
human non-mutated truncated tau (aa151–391) protein and
displays neurofibrillary tangle formation predominantly in
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FIGURE 5

Enriched environment is insufficient to halt tau pathology propagation in the group injected with a high dose of 900 ng AD PHF tau. (A–F)
Representative sagittal sections of the hippocampus of SHR72 rats injected with 900 ng human AD PHF tau. For IHC staining phospho-tau
dependent antibodies AT8 (A,B), pS214 (C,D) and human tau specific antibody DC39N1 were used (E,F). Scale bar: 100 µm. (G–I) Quantitative
analysis of tau pathology stained with phospho-tau dependent antibodies AT8 (G), pS214 (H), and human tau specific antibody DC39N1 (I). No
significant differences in the amount of accumulated tau pathology are seen between the groups (all p > 0.05). Each column denotes one
animal. Boxes indicate median and quartiles for tangle counts per brain slice; whiskers indicate quartiles ±1.5× IQR. Black dots indicate
arithmetic mean.

brainstem (Zilka et al., 2006; Koson et al., 2008), with the
hippocampus being normally spared. The human tau transgene
expression provides a pre-conditioned medium that facilitates
spreading of tau pathology while remaining faithful to what is
observed in human AD by using human AD PHF tau extracts
and non-mutant transgenic tau. Results from our previous
in vivo experiments show that exogenous human AD tau is
able to spread from the area of injection, as well as to induce
and drive neurofibrillary pathology in this model (Smolek et al.,
2019b). The main goal of this study was to test the hypothesis
that EE could modulate cognitive functions and seeding ability

of pathologically modified forms of tau protein (possibly via
increasing neuronal activity) and ultimately affect propagation
and spreading of tau pathology in the above model. After
all, it was demonstrated that synaptic activation can promote
clearance of tau oligomers by autophagosomes and lysosomes
and can act as a protector for AD and other FTDs (Akwa
et al., 2018), which aligns with the notion of low education and
cognitive inactivity being a risk factor for AD.

In our study, a positive impact of EE on spatial navigation
measured via the Morris Water Maze was observed, with
better performance in spatial and reversal learning abilities
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and reference memory seen in both groups housed under
enriched conditions, but especially in rats injected with the
lower dose (600 ng) of AD PHF tau. The fact that non-
enriched animals swam faster, but still needed more time
and distance traveled to find the platform means that this
difference was not caused merely by greater overall fitness
of enriched animals, but rather is a true cognitive effect. In
animals injected with 600 ng AD PHF tau, this improvement
was echoed by a reduction in the amount of accumulated tau
pathology. A possible explanation is that increased neuronal
activity due to EE increased the amount of tau being secreted
into the interstitial fluid (Yamada et al., 2014), whereupon it
was taken up by activated microglia or peripheral macrophages
and processed via cellular degradation systems (Majerova
et al., 2014). Our previous study on the impacts of EE
in the utilized SHR72 transgenic rats showed upregulated
expression of microglial/macrophage markers Rt1-Ba, CD74,
and Gpnmb, associated with increased number/overstimulation
of microglia, or increased influx of blood-born monocytes into
the brain. With Rt1-Ba and CD74 being responsible for antigen
processing and increased phagocytic activity of microglia, and
Gpnmb inhibiting certain activities of microglia/macrophages
via negative regulation of pro-inflammatory molecules, this
indicates a pronounced shift of microglial activity toward
phagocytosis and protein clearance (Stozicka et al., 2020). Thus,
modulation of immune function via EE (Singhal et al., 2014)
could allow neurons to ‘outsource’ a part of the processing of
pathological tau to immune cells.

The control experiment with PBS injection supports the
findings from the groups injected with AD PHF tau. Specifically,
it confirms the benefit of enriched environment even in these
animals without hippocampal pathology.

Our findings tie in well with the notion that the speed
of tau pathology progression is dependent on the quantity
of seeding-capable tau molecules (Aoyagi et al., 2019), and
that this relationship does not have to be linear. In fact, the
body of evidence on tau spreading suggests that there are sub-
threshold doses where spreading is prevented via homeostatic
mechanisms, and presumably thresholds where production of
pathological tau absolutely overwhelms the body’s attempts
at homeostasis. In between lies the intervention window for
various non-pharmacological approaches. Intervening early in
the course of pathology is thus attractive from two standpoints.
On one hand, slowing disease progression prior to the
manifestation of pronounced cognitive loss and dementia is
incomparably better for the patient than extending life at the
dementia stage; on the other hand, the odds of success appear
to be higher at disease stages where the extent and amount of
neurofibrillary tau lesions is not insurmountable yet.

The protocol used in the present study has performed well,
producing abundant numbers of neurofibrillary tangles at and
beyond the injection site. To facilitate studies on propagation
of tau pathology, and to promote comparability between

experiments, it is necessary to advance and harmonize several
aspects of methodology. Commonly, studies do not report the
exact amount of pathological tau that was injected (Clavaguera
et al., 2009); this issue can be addressed utilizing ELISA (Boluda
et al., 2015), spectrophotometry (Nies et al., 2021), or Western
blotting. It has to be noted that the seeding activity can
pronouncedly (possibly 70-fold) differ between brain extracts
from different tauopathy cases (Aoyagi et al., 2019). This said,
tau loads necessary to produce pathology in different seeding
studies were generally in the high nanogram to low microgram
range (Boluda et al., 2015; Narasimhan et al., 2017; Albert et al.,
2019; Nies et al., 2021). The study by Boluda et al. (2015) is
of special interest, as the spreading pattern and quantity of
pathology is evaluated across a wide range of tau doses, showing
that with higher tau doses change both the extent and quantity
of formed tau pathology. Ultimately, a measure of seeding
units will be needed to guarantee comparability, very much
like employed in prion research (Orru et al., 2017). An interim
solution may be the preparation of large pooled seed material
batches. As for the injection site, the hippocampus seems to be
preferred across studies, due to its relevance to AD, abundant
ipsi- and contralateral connections, and vulnerability of cells to
tau pathology. The speed of propagation (and thus time until
readout) is probably dependent on material and animal strain,
with some groups reporting contralateral spreading already
within a month (Boluda et al., 2015). To conclude, the concept of
intervention via exercise and enrichment to counteract various
aspects of neurodegeneration is well-supported by a range of
animal and human studies; this study adds another stone to
the mosaic, showing an impact of EE on tau pathology. What
remains to be elucidated are the non-trivial details: optimal
intervention protocols that maximize effort-to-benefit ratio;
dosing (i.e., duration and intensity) of interventions; ideal
intervention window; selection criteria for subjects where such
intervention is meaningful; early therapy response readouts
(Stephen et al., 2021). A simpler solution may be to enrich the
environment of everyone, and see.

Conclusion

Tau spreading and tangle formation occurs in a dose-
dependent manner, with ∼10-fold differences occurring due
to 50% difference in dose. Enriched environment improves
spatial navigation of animals injected with AD PHF tau. With
the lower dose of AD PHF tau, environmental enrichment is
able to pronouncedly reduce neurofibrillary lesion formation,
presumably via a mechanism involving modulation of
microglial activity.

These findings highlight environmental enrichment as a
viable approach to slow progression of tau protein pathology
especially at early stages where overwhelming amounts of AD
PHF tau haven’t formed yet.
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Limitations

The present study has some limitations which should be
addressed in future research:

(i) Only a randomly selected subset of animals was
analyzed histologically, leading to a small sample size for tangle
quantification in the first animal cohort (600 ng).

(ii) Only two different dosages of AD PHF tau were used in
the study (600 and 900 ng).

(iii) The study did not include evaluation of the brain stem
nor evaluation of microglial markers.

(iv) The 600 ng, 900 ng, and PBS experiments utilized
the same animal strain, same behavioral protocol, and same
AD PHF tau extract for the 600 and 900 ng injection,
but were conducted several months apart, reducing
comparability somewhat.

(v) A more accurate quantification of tau pathology
would be possible via a combination of tangle counting and
quantitative biochemical analysis.

(vi) The design of the present study doesn’t allow the
assessment of the contribution of individual components of
the intervention (novel object enrichment, increased physical
activity, increased social interaction, etc.) to the observed effect.

(vii) Comparability with other studies likely depends
on the setup of the enriched environment, including
environment dimensions.

(viii) While the MWM is a highly relevant cognitive test,
expanding the assessment scope by adding a measure of anxiety,
as well as another suitable behavioral test would improve the
interpretability of results.
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Parkinson’s disease (PD) is the second most common neurodegenerative disease after

Alzheimer’s disease, with typical motor symptoms as the main clinical manifestations. At

present, there are about 10 million patients with PD in the world, and its comorbidities

and complications are numerous and incurable. Therefore, it is particularly important

to explore the pathogenesis of PD and find possible therapeutic targets. Because the

etiology of PD is complex, involving genes, environment, and aging, finding common

factors is the key to identifying intervention targets. Hypoxia is ubiquitous in the natural

environment and disease states, and it is considered to be closely related to the etiology

of PD. Despite research showing that hypoxia increases the expression and aggregation

of alpha-synuclein (α-syn), the most important pathogenic protein, there is still a lack

of systematic studies on the role of hypoxia in α-syn pathology and PD pathogenesis.

Considering that hypoxia is inextricably linked with various causes of PD, hypoxia may

be a co-participant in many aspects of the PD pathologic process. In this review, we

describe the risk factors for PD, and we discuss the possible role of hypoxia in inducing

PD pathology by these risk factors. Furthermore, we attribute the pathological changes

caused by PD etiology to oxygen uptake disorder and oxygen utilization disorder, thus

emphasizing the possibility of hypoxia as a critical link in initiating or promoting α-syn

pathology and PD pathogenesis. Our study provides novel insight for exploring the

pathogenesis and therapeutic targets of PD.

Keywords: alpha-synuclein, hypoxia, oxygen intake, oxygen utilization, Parkinson’s disease

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease of the central
nervous system (Tolosa et al., 2021). The typical pathological characteristics of PD are the
progressive degeneration and loss of dopaminergic neurons in the substantia nigra, resulting in
dopamine deficiency and the formation of Lewy bodies (LBs) in the remaining neurons, the main
component of which is alpha-synuclein (α-syn) (Dunn et al., 2019). Epidemiological studies show
that the current incidence of PD is about 1% to 2% in people over the age of 65 years. It is roughly
estimated that there are 7–10 million patients with PD worldwide (Aarsland et al., 2021). Over the
last 30 years, the number of patients has increased 2.5 times. Meanwhile, its prevalence is expected
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to double over the next 30 years as the population ages (Dorsey
et al., 2018b). In addition, with the rapid development of
modern industry and inevitable environmental pollution and
other factors, PD may even usher as a new pandemic and bring a
heavier social burden (Bloem et al., 2021).

Unfortunately, the etiology of PD is complex, the pathogenesis
is unknown, and there is no effective treatment. As for the
etiology, genes, environment, aging, traumatic brain injury (TBI),
and poisoning are recognized as major risk factors (Klein and
Westenberger, 2012; Dunn et al., 2019). From the perspective
of the pathological mechanism, PD is inseparable from
mitochondrial dysfunction (Bose and Beal, 2016), autophagy-
lysosome disorder (Lu et al., 2020), vesicular transport disorder
(Nguyen et al., 2019), and neuroinflammation (Marogianni et al.,
2020). α-syn is themajor component of LBs, playing a central role
in PD induced by various risk factors, and SNCA encoding this
protein is the first PD risk gene to be discovered (Polymeropoulos
et al., 1997). α-syn is a protein widely expressed in the brain,
with strong physiological functions. There are several important
stages in the transformation of α-syn, from playing physiological
functions to promoting pathology, such as phosphorylation
modification, aggregation (Tu et al., 2021), and propagation
(Garcia et al., 2022), thus promoting the development of PD. Due
to the complex risk factors and pathogenesis mentioned above,
PD intervention is challenging. We sought to find common
ground among themany risk factors and intricate pathogenesis of
PD. We were surprised to find that oxygen intake and utilization
disorders seem to link the pathogenesis and pathology of PD.
Whether the source is environmental hypoxia or tissue hypoxia,
we can collectively refer to this key link as hypoxia.

This review summarizes the risk factors of PD, including
genes, environment, aging, and TBI. Further, we discuss
the relationship between oxygen intake disorder, oxygen
utilization disorder, and the above risk factors. We describe the
transformation process of α-syn in PD pathogenesis, including
phosphorylation modification, aggregation, and propagation,
and highlight the important role of hypoxia in promoting α-syn
pathology. This review aims to interpret the role of hypoxia in
the development of PD from a new perspective, so as to find a
creative breakthrough for the defense and treatment of PD.

RISK FACTORS FOR PARKINSON’S
DISEASE

The etiology of PD is unknown. It is not a single-factor disease
but rather one characterized by a combination of factors (Elbaz
et al., 2016). Specifically, the main risk factors for PD include
genes (Blauwendraat et al., 2020), environment (Murata et al.,
2022), aging (Pang et al., 2019), and TBI (Cruz-Haces et al., 2017).
In what follows, we summarize these risk factors in order to find
the possible common links among them.

Genes
So far, more than 20 genes have been found to have risk variants
associated with PD, including rare genetic variants and common
genetic variants. Seven of the most widely studied genes are

SNCA, LRRK2, PINK1, PARK2, DJ-1, VPS35, and ATP13A2
(Dunn et al., 2019; Blauwendraat et al., 2020). SNCA was the
first reported PD-related pathogenic gene (Polymeropoulos et al.,
1997). PD can be induced by missense mutations and genomic
multiplications in SNCA (Pihlstrøm and Toft, 2011). In the same
year, α-syn encoded by SNCA was reported to be the main
component of LBs (Spillantini et al., 1997, 1998). A series of
subsequent studies established the stable core position of α-syn
in the PD process. Considering the important role of α-syn in the
pathogenesis of PD, α-syn pathology is introduced and discussed
in detail in the third part of this review.

Environmental Risk Factors
According to epidemiological reports, the prevalence of PD
is biased by region and race, suggesting the importance of
environmental factors to some extent (Pringsheim et al., 2014).
The incidence of PD is directly proportional to the urbanization
process and the speed of industrial development. This may
be because economic growth represents more environmental
pollution, such as air pollution, heavy metals, pesticides, and
neurotoxic chemicals (Dorsey et al., 2018a,b; Bloem et al., 2021).

Air Pollution

Exposure to air pollution increases the risk of PD (Murata et al.,
2022). Air pollution includes common atmospheric particulates
and toxic gases. The former mainly comes from industrial
combustion and exhaust from vehicles powered by diesel fuel
(Costa et al., 2020), such as PM2.5. The latter mainly come from
industrial boilers andmotor vehicles, including carbonmonoxide
(CO) and nitrogen dioxide (NO2). Many studies have proved that
air pollution has a negative impact on the central nervous system,
which is related to oxidative stress, neuroinflammation, and
neurodegeneration (Babadjouni et al., 2017; Thomson, 2019).
Exposure to PM2.5 and PM10 was positively associated with PD
(Palacios, 2017). For PM10, the risk of PD to those exposed to
more than 65 µg/m3 was more than 1.35 times higher than those
exposed to <54 µg/m3 (Chen et al., 2017). Exposure to higher
NO2 concentrations was associated with a 1.41-fold increased
risk of PD relative to the lowest quartile concentration (Jo et al.,
2021). In one clinical report, 242 patients with CO poisoning
admitted to the hospital were followed up over a 10-year period.
Up to 9.5% of them suffered from PD, and most developed
PD quickly, with an average age of 45.8 years (Choi, 2002). A
systematic review using meta-analysis reported that long-term
exposure to CO and nitrogen oxides was positively associated
with an increased risk of PD. The prevalence of PD after CO
exposure can be as high as 1.65 times (Hu et al., 2019). In
addition, PD mainly affects people over the age of 65 years, and
the aging brain is very sensitive to air pollution (Costa et al.,
2020), which further illustrates the importance of air pollution
in the pathogenesis of PD.

Pesticides Exposure

Epidemiological studies have shown that people working in
agriculture have a higher prevalence of PD, and the results
are consistent in rural areas with increased pesticide exposure.
There is growing evidence that exposure to pesticides or
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solvents is a risk factor for PD (Pezzoli and Cereda, 2013;
Pouchieu et al., 2018; Tomenson and Campbell, 2021). Pesticides
include insecticides and herbicides. Insecticides are divided into
organophosphates and organochlorine pesticides. The former is
represented by rotenone, while the latter most commonly include
dieldrin. The most common herbicide is paraquat (Ball et al.,
2019). Neurotoxicity induced by dieldrin is associated with PD
(Kanthasamy et al., 2005). Back in 1985, rotenone was used to
mimic PD and was shown to cause fatal damage to dopaminergic
neurons (Heikkila et al., 1985). Paraquat has a striking similarity
in composition to a toxic metabolite of a nerve agent named 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In 1983, a
study in the journal Science reported a correlation betweenMPTP
and PD (Langston et al., 1983). Currently, MPTP is recognized as
the classical PD modeling method (Langston, 2017).

Heavy Metals

Exposure to heavy metals has attracted ample attention in PD
studies. Heavy metals are also considered neurotoxins, causing
oxidative stress that can lead to neuronal death (Wei et al.,
2020). Common heavy metals include iron (Fe), copper (Cu),
manganese (Mn), lead (Pb), and mercury (Hg). Studies have
shown increased Fe concentrations in the substantia nigra in
patients with PD (Dexter et al., 1987; Wypijewska et al., 2010). It
is associated with the progressive degeneration of dopaminergic
neurons in the substantia nigra in patients with PD (Devos et al.,
2020). Infants who consumed milk powder with a higher iron
content had an increased risk of neurodegeneration later in life
(Hare et al., 2015). Occupational exposure to Cu increases the
risk of PD by more than 2-fold (Gorell et al., 1997, 1999). Long-
term inhalation of Mn particles in industrial production, mining,
welding, and other activities can cause serious damage to the
nervous system and amplify the risk of PD (Caudle et al., 2012;
Ullah et al., 2021). Occupational exposure to Pb increases the
concentration of Pb in the body and increases the risk of PD by
more than 2 times (Coon et al., 2006;Weisskopf et al., 2010). Hg is
a neurotoxin that causes neuronal death and can causemovement
disorders (Fernandes Azevedo et al., 2012). The report, which
focuses on developing countries, found that Hg poisoning can
increase the incidence of PD by more than eight times (Ullah
et al., 2021).

Aging
PD tends to occur in the elderly. Epidemiological surveys
show that the incidence of PD is low before the age of 50
years, and the average age of PD is about 60 years old.
After 65 years of age, the prevalence of the disease increases
dramatically, and can even increase 5 to 10 times (Poewe
et al., 2017). This undoubtedly establishes the important position
of aging in PD pathogenesis (Wyss-Coray, 2016; Hou et al.,
2019). With aging, various organs of the body functionally
decline, sometimes to the point of dysfunction. An article
published in 2013 reviewed nine markers of aging, which were
grouped into three broad categories: primary, antagonistic,
and integrative hallmarks (López-Otín et al., 2013). Genomic
instability, epigenetic alterations, loss of proteostasis, and
telomere attrition are primary hallmarks that help cause body

damage. As the name suggests, antagonistic hallmarks help
combat aging damage, including cellular senescence, deregulated
nutrient sensing, and mitochondrial dysfunction. Moreover,
altered intercellular communication and stem-cell exhaustion are
integrative hallmarks. Integrative hallmarks lead to the ultimate
senescence phenotype, with serious consequences, such as organ
decline (Aunan et al., 2016; Farr and Almeida, 2018). Notably,
almost all hallmarks have been reported to affect the pathologic
progression of PD (Hou et al., 2019).

Traumatic Brain Injury
TBI affects a large number of people, with more than 42 million
people suffering from mild TBI each year (Gardner and Yaffe,
2015; James et al., 2019). TBI has been shown to be associated
with serious consequences, including neurodegenerative disease
and psychiatric sequelae (Wilson et al., 2017). Repeated traumatic
injuries can lead to chronic traumatic encephalopathy. According
to the study, the increased incidence of PD in retired boxers
was positively correlated with their number of professional fights
(Bhidayasiri et al., 2012). Boxers and professional football players
who receive repeated blows to the head are more likely to suffer
motor and behavioral impairments (Yi et al., 2013). In order
to eliminate as much interference as possible from lifestyle and
experience, twins were included in a study on the association
between TBI and PD. It turned out that TBI increased the risk
of PD decades later (Goldman et al., 2006). A retrospective
cohort of 12 years of follow-up showed that prior TBI increases
the risk of PD, and the risk was positively correlated with the
degree of injury (Gardner et al., 2018). TBI leads to direct focal
lesions such as intracerebral hemorrhage, and diffuse injuries
such as hypoxic-ischemic brain injury and vascular injury. The
biggest characteristic of TBI is ischemia and hypoxia, as well as
obvious inflammatory responses accompanied by oxidative stress
and neuron death (Gaetz, 2004; Burda et al., 2016; Yu et al.,
2021). This may be the main reason why secondary brain injury
increases the risk of PD.

Stroke
Stroke is one of the leading causes of disability and death
worldwide, with ischemic stroke accounting for more than
80% of all patients having stroke (Li W. et al., 2018). As
with PD, the elder is at high risk for stroke, with more
than 70% of patients over age 60 (Campbell, 2017; Maida
et al., 2020). Ischemic stroke leads to a cascade of harmful
events, resulting in a lack of nutrients and oxygen in the
brain tissue and rapid inflammatory response in the damaged
area (Kuczynski et al., 2019). Oxidative stress, mitochondrial
dysfunction, autophagy imbalance, abnormal activation of pro-
inflammatory factors, and other mechanisms cause neuronal
death and neurological dysfunction (Al-Kuraishy et al., 2020;
Pluta et al., 2021). Interestingly, oxidative stress and other
molecular mechanisms also play a key role in the pathologic
process of PD. The abnormal inflammatory response can lead
to secondary PD in stroke patients (Rodriguez-Grande et al.,
2013). Epidemiological studies have shown that ischemic stroke
increases the risk of PD (Lohmann et al., 2022). A prospective
cohort of 503,497 volunteers with a mean follow-up of 9 years
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was used to analyze the association between stroke and PD risk.
After accounting for confounding factors such as gender and
region, the study reported a 2-fold increase in the risk of PD
among those who had previously had a stroke (Kizza et al.,
2019). There was a study showed that cerebral ischemia can
aggravate PD (Zambito Marsala et al., 2016). Even asymptomatic
stroke can worsen the clinical presentation of patients with PD
(Nanhoe-Mahabier et al., 2009). It has been demonstrated in
animal experiments that after middle cerebral artery occlusion,
an asymptomatic stroke occurs in animals, followed by ischemia
and neuronal damage in the substantia nigra region, leading to
PD (Rodriguez-Grande et al., 2013). It is worth noting that the
cellular environment after stroke is dominated by inflammatory
activation and oxidative stress, which provides better conditions
for abnormal accumulation of protein α -syn. α -syn, as a key
pathological protein of PD, is also expressed at a high level in
stroke patients, and its ability to form oligomers is enhanced to
play a harmful role (Zhao et al., 2016). Parkin and PINK1, which
are closely related to PD, are also involved in neuronal death after
ischemic stroke injury (Kim and Vemuganti, 2017).

Others
PD is considered a complex multifactorial disease. In addition to
the above factors, vitaminD deficiency (Newmark andNewmark,
2007), high dietary fat intake (Qu et al., 2019), dairy intake
(Hughes et al., 2017), gender (Lubomski et al., 2014), race
(WrightWillis et al., 2010), drug abuse (Mursaleen and Stamford,
2016), infection (Kline et al., 2021), and other factors may
increase the risk of PD. In addition to single-level factor analyses,
multifactor interactions should be noted.

RELATIONSHIP BETWEEN HYPOXIA AND
PD RISK FACTORS

Genes, environment, aging, and TBI have currently been
recognized as PD risk factors, and even multifactor interactions
exist in the vast majority of patients. Interestingly, we found that
oxygen intake and oxygen utilization disorders were prevalent
among the above factors. Damage associated with risk genes
often induces mitochondrial dysfunction, resulting in oxygen
utilization disorders. Environmental pollution can affect oxygen
intake through inadequate ventilation. CO poisoning results
in competitive hemoglobin binding and, consequently, oxygen
utilization disorders in cells. Aging is accompanied by decreased
oxygen utilization in multiple organs. TBI can cause local
ischemia and hypoxia in tissues. Therefore, in the following, we
discuss the relationship between hypoxia and PD risk factors
from the perspectives of insufficient oxygen intake and oxygen
utilization disorders.

Hypoxia and Hypoxia Response
Hypoxia occurs when oxygen levels in local or systemic tissues
decrease and are insufficient to maintain normal metabolism,
sometimes even making it difficult to survive (Yeo, 2019).
Hypoxia is one of the most common stressors, whether from
environmental hypoxia or body hypoxia. Environmental hypoxia
is common in the plateau, diving, and aviation. For example,

most people’s hemoglobin oxygen saturation drops at altitudes
above 2,500 meters, where more than 140 million people now
live (Bigham and Lee, 2014). Hypoxia can be seen in a variety
of diseases, including ischemic/hypoxic disease, pulmonary
hypertension, atherosclerosis, and cardiovascular diseases such
as heart failure (Semenza et al., 2000; Liu et al., 2020). It is worth
mentioning that with the increased age, the body and tissues also
suffer from a certain degree of hypoxia, especially in the brain,
an organ with high oxygen consumption, so it is more urgent
to explore the relationship between hypoxia and neurological
diseases (Correia et al., 2013).

Heart, lung, and skeletal muscle are the main organs for
oxygen delivery and utilization (Strasser and Burtscher, 2018),
aging is associated with a decrease in maximum oxygen
utilization (Betik and Hepple, 2008). The organ we care most
about is the brain, which accounts for only about 2% of our
body weight but consumes a fifth of our oxygen. The ability of
nerve tissue to use oxygen decreases in an age-dependentmanner,
and brain tissue requires more oxygen to meet its actual needs
(Catchlove et al., 2018). The cerebral metabolic rate of oxygen
(CMRO2), a measure of brain energy homeostasis, is reduced in
the elderly (Zhang et al., 2010). At the same time, the baseline of
cerebral blood flow (CBF) decreases in age dependence, and the
imbalance between supply and demand also makes it difficult to
maintain normal oxygen balance in the brain (Ances et al., 2009).

When faced with hypoxic stress, the body and cells adopt
a series of response mechanisms. For the body, increased
erythropoiesis, hemoglobin content, and new blood-vessel
formation are important measures of hypoxia response (Catrina
and Zheng, 2021). The discovery that hypoxia-inducible factors
(HIFs) mediate the response to intracellular hypoxia is currently
recognized as the most critical link. This discovery was awarded
the 2019 Nobel Prize in Physiology or Medicine. HIFs are
heterodimeric transcription factors composed of alpha-subunits
and beta-subunits. There are three α-subunits—HIF-1α, HIF-
2α, and HIF-3α–and two β-subunits, named HIIF-β and
ARNT2. The regulation of α-subunits is oxygen-dependent. To
ensure normal bodily homeostasis, HIF is strictly controlled
by oxygen sensors. Under normoxic conditions, the body does
not need the accumulation of HIFs in the body, and the α-
subunits are targeted for degradation (Li et al., 2020). However,
under hypoxia conditions, α-subunits are stable and bind to
constitutive β-subunits, forming a basic helix-loop-helix-PAS
domain transcription factor, named HIF. HIF helps activate a
series of target genes that regulate cell movement, angiogenesis,
red blood cells, hemoglobin, and energy metabolism, helping
the body adapt to hypoxia (Corrado and Fontana, 2020). HIF-
1α plays an important role in PD. Downstream target genes of
HIF-1α, such as EPO and VEGF, have been proved to protect
neurons from injury in PD (Zhang et al., 2011). HIF-1α activates
a variety of transcriptional processes and targets oxidative stress,
such as autophagy, mitochondrial function, and other pathways,
which affect PD development. Therefore, HIF-1α has become a
potential drug intervention target for PD (Lestón Pinilla et al.,
2021).

HIF-1α is a major transcription factor in response to hypoxia.
Current studies suggest that HIF-1α plays an important role in
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the complex pathogenesis of PD. Under normal physiological
conditions, prolyl hydroxylases (PHD) contribute to HIF-
1α degradation to maintain homeostasis. Currently, PHD
inhibitors are believed to increase HIF-1α expression and play
a neuroprotective role (Lee et al., 2009). FG-4592 is a PHD
inhibitor that effectively reverses MPP+ induced cytotoxicity and
apoptosis. Meanwhile, FG-4592 treatment 5 days in advance
alleviated the damage of dopaminergic neurons in MPTP-PD
mice, thus alleviating behavioral disorders (Li X. et al., 2018).
The cellular model of PD was established by exposing SH-
SY5Y cells to 6-hydroxydopamine (6-OHDA), and Hydralazine
preconditioning upregulated HIF-1α, improved TH protein
expression, and rescued cell damage (Mehrabani et al., 2020).
In the rotenone-induced in vitro PD model, agmatine treatment
upregulated HIF-1α and effectively alleviated cell damage.
However, the presence of HIF-1α inhibitor methyl 3-[[2-[4-(2-
adamantyl) phenoxy] acetyl] amino]-4-hydroxybenzoate blocks
this protective effect (Ferlazzo et al., 2020). As mentioned above,
both activation and inhibition of HIF-1α affect PD, and more
importantly, HIF-1α upregulation is negatively associated with
neuronal injury in PD. As a key hypoxic response molecule, the
above conclusion concerning HIF-1α seems to be inconsistent
with the involvement of hypoxia in inducing PD abnormal
pathology. However, hypoxia is complex, causing multiple
damages and maybe insufficient HIF response ability. The role
of HIF-1α in PD is not equivalent to the relationship between
hypoxia and PD, which needs to be further explored.

Risk Factors and Insufficient Oxygen
Intake
From the point of view of pathophysiology, hypoxia includes
hypoxic hypoxia, hemic hypoxia, and circulatory hypoxia.
Decreasing oxygen partial pressure in inhaled gas, pulmonary
ventilation dysfunction, and venous blood shunt into the
artery leading to hypoxic hypoxia. Abnormal hemoglobin
content, structure, and function can cause hemic hypoxia.
Circulatory hypoxia is mainly caused by local or systemic
circulatory dysfunction.

Air pollution can cause endothelial dysfunction,
vasoconstriction, and diseases of the respiratory and
cardiovascular systems, resulting in circulatory hypoxia
caused by blood supply disorders and hypoxic hypoxia caused
by a deficiency in ventilation (Wauters et al., 2015). Particulate
air pollution and harmful gases such as sulfur dioxide (SO2), in
addition to increasing the risk of respiratory and cardiovascular
diseases, have also been linked to hypoxic hypoxia caused by
reduced oxygen saturation (Luttmann-Gibson et al., 2014).
Studies have found that exposure to automobile exhaust
pollution triggers the HIF-1 response pathway and ultimately
leads to disease. HIF-1 is the key factor in hypoxia response,
which also adds supplementary evidence for the relationship
between air pollution and hypoxia (Liang et al., 2021; Wu et al.,
2021). Some studies used 10% O2 hypoxia exposure as a positive
control to trigger disease phenotype, and automobile exhaust,
one of the main sources of urban air pollution, as a trigger
factor in mouse models. The results were consistent with 10%

O2 hypoxia exposure. This also proves the connection between
air pollution and hypoxia in a certain sense (Liu et al., 2018).
Compared with oxygen, CO is more likely to bind to hemoglobin
and convert oxyhemoglobin to carboxyhemoglobin, so its main
toxic mechanism is hypoxia (Horner, 2000; Lacerda et al., 2005).
CO causes hemic hypoxia and can even induce hypoxia in
fetuses in utero (Ion and Bernal, 2015). Intrauterine hypoxia
from air pollution is directly or indirectly linked to future brain
development and function (Fajersztajn and Veras, 2017).

The aging process is accompanied by vascular damage
and vascular aging, so heart failure and other cardiovascular
diseases occur easily (Katsuumi et al., 2018). The typical
pathophysiological process of heart failure, coronary heart
disease, ischemic stroke, and other diseases that the elderly are
prone to suffer from is ischemia and hypoxia (Meng et al.,
2017). Aging individuals are at increased risk of cardiac ischemia
and are more prone to ischemia-reperfusion injury than adults
(Ham and Raju, 2017). The above belongs to circulatory hypoxia.
Respiratory diseases frequently occurring in the elderly, such
as chronic obstructive pulmonary disease (COPD), are mostly
related to systemic or local hypoxia (Bradley et al., 2021), which
belongs to hypoxic hypoxia.

Hypoxia of the brain is a common secondary injury in patients
after TBI. In patients with severe TBI, up to 45% of patients
have hypoxia (Thelin, 2016). Hypoxia leads to worse clinical
outcomes, setting off a vicious cycle (Yang et al., 2013). Hypoxia
is not necessarily ischemia, but ischemia is always accompanied
by tissue hypoxia. Traumatic bleeding can lead to systemic
ischemia. Intracranial hemorrhage often occurs in patients with
TBI, followed by increased intracranial pressure and decreased
cerebral perfusion pressure leading to ischemia. The model of
traumatic bleeding has been widely used to study ischemia and
hypoxia (Ham and Raju, 2017). This is often associated with
circulatory hypoxia.

Risk Factors and Oxygen Utilization
Disorders
Oxygen utilization disorders, also known as tissue hypoxia,
result from a decrease in the ability of cells and tissues to
use oxygen. Tissue hypoxia can be caused by mitochondrial
damage or function inhibition and decreased respiratory
enzyme synthesis. Oxidative phosphorylation is the main
pathway of ATP production, and its main substrate is O2.
Mitochondria is the main site of oxidative phosphorylation.
Therefore, any factors that affect mitochondrial respiration
or oxidative phosphorylation may cause oxygen utilization
disorders. Respiration substrates oxidize in the mitochondrial
matrix to produce NADH and FADH2. With the help of electron
and hydrogen carriers, they transfer protons and electrons to
O2 and form water. The electron transport system composed
of carriers is called the electron transport chain because the
transport chain is directly related to respiration. Thus, it is called
the mitochondrial respiratory chain. The respiratory chain is
made up of four mitochondrial complexes, and inhibition of any
link results in impaired respiratory function.
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Although there is no evidence that PD-related genes directly
cause hypoxia, induction of mitochondrial dysfunction is
the main pathway of most of the pathogenic mechanisms
involved in genes, which can directly cause oxygen utilization
disorders. Overexpression of α-syn can cause mitochondrial
rupture, mitochondrial membrane permeability change, and
mitochondrial function impairment, ultimately leading to
decreased respiratory function and neuronal death (Nakamura
et al., 2011; Shen et al., 2014). α-syn oligomers and aggregates
interact with mitochondrial outer-membrane substrates to
induce mitochondrial dysfunction. In addition, α-syn can
also impair autophagy, including mitochondrial autophagy
(mitophagy), and dysfunctional mitochondria cannot be cleared,
further exacerbating the damage. PARK2 mutation is the most
frequent recessive inheritance in PD, which can reach more
than 70% in familial early-onset PD, followed by PINK1
mutation, accounting for about 9%. PINK1 and Parkin mediate
a variety of pathways that regulate mitophagy and play an
important role in the process of mitophagy (Kilarski et al.,
2012; Klein and Westenberger, 2012). Both mutations can cause
mitophagy defects (Pryde et al., 2016; Li et al., 2017). DJ-
1 is also crucial to mitochondrial function and can act as a
redox sensor in mitochondria. Abnormal expression of DJ-
1 can lead to mitochondrial defects and increase oxidative
stress, affecting mitophagy. Heterozygous GBA1 mutation is
a common genetic risk factor for PD and can lead to
the aggregation of α-syn and participate in mitochondrial
dysfunction, increasing the risk of PD by more than 20 times
(Liu et al., 2019). VPS35 mutation can lead to mitochondrial
dysfunction, α-syn accumulation, and increased reactive oxygen
species (ROS) (Tang et al., 2015; Wang et al., 2016). It
has been confirmed in vitro and in vivo that VPS35 leads
to extensive mitochondrial rupture and inevitable functional
defects (Wang et al., 2016). There is also evidence that
LRRK2 mutations increase mitophagy and affect normal
function (Yakhine-Diop et al., 2019). Existing studies have
proposed correcting mitophagy and maintaining mitochondrial
normal function as potential PD intervention means, which
further indicates the necessity of research on mitochondria-
related hypoxia.

Toxic gases in environmental pollution, such as CO
and hydrogen sulfide (H2S), can act on mitochondrial
complex IV and prevent cytochrome oxidase reduction in
tissues, which can no longer carry out electron transfer, thus
interrupting the respiratory chain and preventing biological
oxidation. The oxidative phosphorylation process is affected
by vitamin B1 and B2 deficiency caused by malnutrition.
High temperature, radiation, and bacterial toxins damage
mitochondria. Rotenone, paraquat, and MPTP are recognized as
mitochondrial inhibitors (Millar et al., 2007). More immediately,
pesticide poisoning itself can cause tissue hypoxia (Eddleston
et al., 2002).

Mitochondrial damage is considered to be a characteristic
feature of aging, and mitochondria are major targets of hypoxia
and ischemic damage, which further contribute to the body’s
exposure to hypoxia (Ham and Raju, 2017). All these indicate the
urgency of the study of hypoxia.

α-SYN PATHOLOGY IN PD

The etiology of PD is complex and there are many risk factors,
but all of these risk factors can lead to the occurrence of α-
syn pathology. As a protein widely expressed in the brain, α-
syn has powerful physiological functions. In the disease state,
α-syn undergoes a series of important transitions, such as post-
translational modification, aggregation, and propagation, which
drive PD progression.

α-Syn
α-syn, encoded by the SCNA gene on chromosome 4, is a
highly abundant protein composed of 140 amino acids and
widely expressed in the brain (Srinivasan et al., 2021). Naturally
occurring α-syn consists of three domains: (1) N-terminal lipids
bind α-helices, (2) non-amyloid-beta component (NAC) domain,
and (3) C-terminal domain rich in acidic residues. The special
structure of the NAC region helps the protein to undergo
the transition from α-helical conformation to β-pleated sheet,
allowing it to polymerize into toxic oligomers (Zhang et al., 2018).
Under normal conditions, α-syn exists in two forms, mostly in
the form of a monomer, but it also exists in the form of a helically
folded tetramer, which maintains a dynamic balance with the
monomer (Bartels et al., 2011). Helically folded tetramer has a
lower tendency to aggregate into fibrin and helps stabilize α-syn.
Therefore, when the proportion of natural tetramers decreases
due to genetic mutations and other reasons, it can also lead
to disease.

α-syn has powerful physiological functions: maintaining
synaptic function (Longhena et al., 2019), influencing
neurotransmitters such as dopamine release (Abeliovich
et al., 2000; Salmina et al., 2021), maintaining cell membrane
homeostasis (Fusco et al., 2018), influencing microglial
production and function (Booms and Coetzee, 2021),
participating in lysosomal and mitochondrial activities
(Tripathi and Chattopadhyay, 2019), and scavenging heavy
metals (Harischandra et al., 2015). However, compared with its
physiological function, its pathological function has attracted
more attention and has been studied more widely, mainly
because it plays an irreplaceable role in the pathogenesis of
PD. Under pathological conditions, α-syn successively forms
dimer, oligomer, fibrils, and LBs (Rosborough et al., 2017). It
is believed that the formation of α-syn aggregates is mainly
due to posttranslational modification of α-syn (Bell and
Vendruscolo, 2021). Among them, phosphorylation is the most
prominent (Anderson et al., 2006; Machiya et al., 2010), in
addition to acetylation (Barrett and Timothy Greenamyre, 2015),
ubiquitylation (Liu et al., 2021), glycosylation (Vicente Miranda
et al., 2016), and CTD truncation (Izumi et al., 2016).

α-Syn Modification and Aggregation in PD
There are many posttranslational modifications of α-syn,
including phosphorylation, ubiquitination, glycosylation,
phosphorylation, and acetylation. Among these, phosphorylation
at the Ser129 site is considered to be the main modification
that promotes α-syn aggregation and induces the α-syn
pathology (Fujiwara et al., 2002). The percentage composition
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of phosphorylated alpha-synuclein (p-α-syn) in normal brain
tissue is <4%. However, in autopsies of patients with PD, it was
found that the majority of α-syn in LBs exists in the form of
phosphorylated protein (up to 90%) (Hasegawa et al., 2002).
This conclusion was also confirmed in animal models. P-α-syn
has gradually become a protein that can indicate PD pathology
(Hasegawa et al., 2002; Scudamore and Ciossek, 2018).

Phosphorylation of α-syn makes it easier to form aggregates,
which are found in the nervous system of patients with PD,
including the central nervous system and the peripheral nervous
system (Bendor et al., 2013). In the central nervous system, α-
syn aggregates were first identified in the olfactory bulb (OB)
and dorsal motor nucleus, and subsequently in the pontine
tegmentum, amygdala, and cortex (Braak et al., 2003). In the
peripheral nervous system, α-syn aggregates were first found in
the enteric nervous system (Wakabayashi et al., 1990).

It is currently believed that the most toxic form of α-syn is a
soluble oligomer, which is associated with endoplasmic reticulum
(ER) stress, mitochondrial defects, proteasome inhibition, more
obvious inflammatory response, autophagy, and lysosome
dysfunction, membrane damage, synaptic dysfunction, and other
injury mechanisms (Winner et al., 2011; Bengoa-Vergniory et al.,
2017).

Pathological α-Syn Propagation in PD
Because of anatomical connectivity and cell-to-cell
communication, α-syn fibrils serve as seeds that propagate
in a prion-like manner between adjacent cells and anatomically
connected brain regions (Goedert et al., 2010; Mao et al.,
2016). This propagation is considered to be a key event in the
progression of PD (Braak et al., 2003; Mehra et al., 2019). There
are two views on the origin and direction of the propagation
of pathological α-syn. The traditional view is that pathological
α-syn originates in the central nervous system, spreads first
in the brain, and then spreads to other sites. Another view is
that pathological α-syn originates in the peripheral intestinal
nervous system, first appearing in the intestine and then
propagating retrograde along the vagus nerve, involving the
central nervous system.

In a clinical study, normal embryonic midbrain neurons were
transplanted into PD patients and LB deposition was found in
previously healthy neurons during follow-up. This experiment
demonstrates the importance of pathological α-syn cell-to-cell
transmission in PD pathogenesis (Li et al., 2008). Aged α-syn
transgenic mice express α-syn pathology. Brain homogenate
proteins were prepared and injected into the striatum and
neocortex of asymptomatic mice. The presence of pathological
α-syn in the nerve axis from the OB to the spinal cord in
mice was observed within 3 months of injection and accelerated
the appearance of neurodegenerative disease. α-syn preformed
fibrils (PFFs) are pathologic α-syn fibrils prepared in vitro. The
formation of LBs and the onset of neurodegenerative disease were
accelerated by the administration of PFFs into the brain (Luk
et al., 2012).

Regarding the second view, Braak’s hypothesis suggests that
α-syn pathology can spread in a fixed manner from the
gastrointestinal tract to the ventral midbrain via the vagus

nerve. It then selectively kills dopaminergic neurons in the
substantia nigra compact (SNc). Lebouvier et al. (2008) first
discovered lesions similar to those observed in the brain in
the intestines of living PD patients in 2008. Subsequent clinical
studies based on a large sample size reported that the risk of PD
diagnosis was significantly reduced in follow-up statistics after
vagus nerve trunk resection, which supported Braak’s hypothesis
to some extent (Svensson et al., 2015). Based on the brain–
gut transmission hypothesis, combined with the early intestinal
disease epidemiology of PD patients and the pathological
propagation mechanism of α-syn, pathological aggregation and
retrograde transmission of α-syn may occur in the intestinal tract
very early. It has been reported that α-syn accumulates in the
stomach, duodenum, and colon in gastrointestinal (GI) biopsies
of PD patients and healthy individuals (Shannon et al., 2012;
Sánchez-Ferro et al., 2015). In order to simulate the gut–brain
transmission of α-syn in PD proposed by Braak’s hypothesis,
Holmqvis and colleagues performed the first experimental
validation in an animal model (Holmqvist et al., 2014). They
demonstrated that pathological α-syn reached the dorsal motor
nucleus of the vagus nerve in the brainstem in a time-dependent
manner after injecting PFFs into the intestinal wall. They
provided the first experimental evidence that pathological α-syn
may first travel from the gut to the brain (Holmqvist et al., 2014),
a conclusion subsequently confirmed by several studies (Kim
et al., 2019; Ahn et al., 2020; Challis et al., 2020).

DIRECT EVIDENCE OF HYPOXIA AND
α-SYN PATHOLOGY

Above, we described the important risk factors for PD, including
genes, environment, aging, and TBI. These factors all increase
the expression or aggregation of α-syn, the key pathological
protein of PD. At the same time, among these risk factors that
can directly cause PD pathology, we found that all have oxygen
intake or utilization disorders. Recent literature has confirmed
the relationship between hypoxia and PD and reported that
hypoxia regulation may be a key therapeutic target for PD
(Burtscher et al., 2021). In the following sections, we review the
effects of hypoxia on α-syn pathology from the perspectives of
modification, aggregation, and propagation.

Hypoxia Promotes α-Syn Modification and
Aggregation
The phosphorylation and aggregation of α-syn are necessary
steps in the pathogenesis of α-syn and PD development. The
accumulation of misfolded and aggregated forms of α-syn
increased under hypoxia (Muddapu and Chakravarthy, 2021).
Clinically, patients with obstructive sleep apnea (OSA) directly
face the problem of prolonged and repeated hypoxia (Sozer et al.,
2018). Plasma levels of total α-syn and p-α-syn were significantly
elevated and positively correlated with oxygen saturation (Sun
et al., 2019). In animal model validation, α-syn expression
increased and accumulated in a time-dependent manner by
placing mice in a closed, wide-mouth bottle with limited oxygen
to simulate hypoxia (Yu et al., 2004). The model of middle
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FIGURE 1 | Hypoxia is widespread and can be divided into two categories. (A) Hypoxia is a very common phenomenon. Whether it is in the environment or in the

body, hypoxia seems to indicate a decrease in oxygen levels that makes it difficult to sustain metabolism. Environmental hypoxia is common in the plateau, diving, and

aviation. The pathological state of the body is accompanied by hypoxia, and diseases such as aging, cardiovascular and cerebrovascular diseases, pulmonary

hypertension, and atherosclerosis all have pathological changes represented by hypoxia. (B) Hypoxia can occur in two ways: inadequate oxygen intake and oxygen

utilization disorders. The former includes hypoxic hypoxia, hemic hypoxia, and circulatory hypoxia. The latter is known as tissue hypoxia, which is mainly related to

mitochondrial damage, mitochondrial function inhibition, and reduced respiratory enzyme synthesis.
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cerebral artery occlusion (MCAO) is characterized by ischemia
and hypoxia injury. The expression of total α-syn and p-α-syn
increased in rodent MCAO models (Unal-Cevik et al., 2011;
Kim et al., 2016). Hypoxic ischemia was induced by ligation of
the left common carotid artery in rats, and systemic hypoxia
was induced by direct hypoxic treatment with 7.8% oxygen for
90min. The expression of α-syn was found to be 2 times as high as
before (Hu et al., 2006). Abnormal aggregation of α-syn induced
by hypoxia and consequent neuronal apoptosis in the cerebral
cortex has been observed in rats with acute alcohol intoxication
(Li et al., 2016). In a cell model, total α-syn, p-α-syn, and their
oligomers were increased by hypoxia treatment at 0.5% O2 for
24 h or hypoxia treatment at 1% O2 for 48 h. In addition, hypoxic
treatment of cells with 1% O2 for 24 h increased α-syn expression
but did not seem to lead to oligomer formation (Chen et al., 2014,
2019). These findings suggest that hypoxia may be an important
factor in inducing the phosphorylation and aggregation of α-syn.

Hypoxia Promotes α-Syn Propagation
Following phosphorylation and aggregation (Zhang et al., 2021),
pathological α-syn can spread and propagate in a prion-
like manner and is considered to be an important stage in
the progressive pathogenesis of PD. The intestinal tract is

considered to be the origin of α-syn pathology. Compared
with other organs, the gastrointestinal tract is characterized
by a steep oxygen gradient from the anaerobic lumen to the
highly vascularized submucosa. Once intestinal inflammation
occurs, the oxygen supply from the blood is reduced, and
the resulting imbalance in oxygen consumption leads to more
oxygen deprivation in the inflamed intestinal mucosa (Van
Welden et al., 2017; Ananthakrishnan et al., 2018). Hypoxia and
the hypoxia signaling pathway play an important role in the
occurrence and development of intestinal diseases (Van Welden
et al., 2017). Multiple population-based cohort studies have
shown that patients with inflammatory bowel disease (IBD) have
a higher risk of developing PD in later life, about 20–90% higher
than the normal population. Chronic intestinal inflammation
can also promote the progression of PD (Lin et al., 2016; Park
et al., 2019; Weimers et al., 2019). In addition, pathological
findings of IBD patients also revealed α-syn aggregates in
the submucosa of the gastrointestinal tract (Prigent et al.,
2019).

As mentioned above, hypoxia (Burtscher et al., 2021) and
IBD (Park et al., 2019) have been reported to be related to PD,
respectively, and the research value of hypoxia as a therapeutic
target for PD has been confirmed. At the same time, it is clear

FIGURE 2 | Parkinson’s disease (PD) risk factors are closely related to hypoxia. Risk factors for PD associated with hypoxia can be divided into three categories.

Some factors increase the risk of PD due to inadequate oxygen intake. Polluted air brings lower oxygen saturation, which can be caused by environmental

particulates, automobile exhaust, and so on. The common pathological process of cardiovascular and cerebrovascular diseases and traumatic brain injury (TBI) is

ischemia and hypoxia. Several factors contribute to oxygen utilization disorders, including genes, pesticides, high temperature, radiation, and bacterial toxins. In

addition, aging, toxic gases, and carbon monoxide poisoning not only affect oxygen intake but also cause oxygen utilization disorders.
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that hypoxia and inflammation mutually promote each other.
Tissue hypoxia, such as organ transplantation (Krüger et al.,
2009), enlarged adipose tissue (Ye, 2009), and cancer (Semenza,
2003), leads to inflammatory changes. Inflammatory diseases
such as colitis (Lv et al., 2018) and infections with pathogens
(Devraj et al., 2017) often cause obvious tissue hypoxia. A
growing number of studies have suggested that inflammation
has been an important factor in promoting α-syn aggregation
and transmission (Campos-Acuña et al., 2019; Resnikoff et al.,
2019; La Vitola et al., 2021). There is also a lot of evidence
that targeted inflammation can reduce PD presentation and
delay its progression (Peter et al., 2018; Kishimoto et al.,
2019). However, no specific studies have shown that hypoxia
plays an important role in inflammation promoting abnormal
protein aggregation. Given the importance of environmental
stress factors to abnormal accumulation of α-syn and the
complex reinforcing relationship between inflammation and
hypoxia, hypoxia may play an important role in the formation
and transmission of α-syn (Srivastava et al., 2020). However,
further studies using more techniques, such as transgenic animal
models, are needed to determine whether hypoxia plays a
role as a promoter in various diseases such as inflammatory
bowel disease.

LIMITATIONS AND PROSPECTS

A large number of patients suffer from PD, and the current
treatments only focus on the use of dopaminergic drugs to
control PD symptoms. Such treatments cannot fundamentally
solve the problem or even alleviate the huge mental and
economic burden brought by PD. Therefore, it is necessary
to explore the pathogenesis of PD in depth and to find
possible intervention targets from the early stages of PD. An
exploration of this sort will provide new ideas for slowing or
stopping the progression of the disease. However, in view of
the complex etiology of PD, the numerous influencing factors,
and the unknown pathogenesis, it is particularly important to
find common ground in the many links of PD progression.
In the pathogenesis of PD, the modification, aggregation, and
propagation of key pathological protein α-syn are closely related
to the development of PD. As noted above, multiple PD
risk factors have been shown to be associated with hypoxia
(Figures 1, 2), and several studies have confirmed that the
hypoxic stress promotes the phosphorylation and aggregation of
α-syn (Figure 3). The abnormal aggregation and accumulation
of α-syn are affected by many factors. Despite the abnormal
increased α-syn level promoting its abnormal aggregation,

FIGURE 3 | Hypoxia is involved in the pathogenesis of alpha-synuclein (α-syn) and promotes its propagation. In the natural state, the vast majority of α-syn exists in

the form of a disordered monomer, and almost no modification forms or aggregates in healthy machines. In conditions such as PD, α-syn is present in aggregates.

α-syn promotes disease progression by aggregation and propagation. In vivo, α-syn successively forms dimers, oligomers, fibrils, and aggregates, and it eventually

forms LB sediments. The oligomers act as seeds to infect healthy cells and spread the disease. Importantly, the formation of such pathological aggregates is

dependent on posttranslational modification, especially phosphorylation. Hypoxic exposure is most likely to occur when the body is in a state of disease or for external

reasons. Current studies suggest that hypoxia promotes the modification, aggregation, and transmission of α-syn, and thus promotes disease progression.
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there are also various factors in α-syn pathology. Risk genes
expression, disrupted cellular microenvironment, impaired
membrane interaction, increased polyamines, increased charged
polymers, and abnormal modifications also contribute to the
aggregation and accumulation of α-syn. As mentioned above,
hypoxia may trigger, facilitate and aggravate the abnormal
pathology of α-syn by modulating the above factors, but the
underlying mechanism is unclear.

In spite of this, we regret that there are no clear studies
showing that hypoxia has a more profound effect on PD
than other neurodegenerative diseases. Only a few studies have
reported that hypoxia may be more closely related to PD
(Burtscher et al., 2021). This conclusion of the above article
may be partly related to this reason: a search of current studies
using HIF-1α activators or inhibitors to intervene in the ultimate
pathology of the disease revealed a preponderance of PD-
related articles. Among them, most of the studies are based
on the treatment strategies for PD based on the activation of
HIF-1α, involving indirect PHD inhibitors, competitive PHD
inhibitors, and atypical HIF-1α inducers (Lestón Pinilla et al.,
2021). As for which neurodegenerative diseases are more affected
by hypoxia and its proportion in pathogenesis, more detailed
research are still needed. The association between PD and
hypoxia may also be explored through the assumption that
SNc dopaminergic neurons are more susceptible to hypoxia.
SNc dopaminergic neurons have higher energy metabolism
requirements, and their basal respiration level is about 3 times
higher than that of dopaminergic neurons in other regions
such as VTA or OB. In addition, SNc dopaminergic neurons
have lower respiratory reserve capacity, higher basal glycolysis
level, larger axonal arborization, the higher mitochondrial
density of mitochondria, and greater vulnerability to cytotoxins
(Pacelli et al., 2015). In addition, HIF-1α is associated with
the development and survival of SNc dopaminergic neurons
(Milosevic et al., 2007), and the increased expression of key
proteins such as Tyrosine hydroxylase (TH), DA transporter
(DAT) (Lim et al., 2015). The above factors may lead to the
vulnerability of SNc dopaminergic neurons and a certain degree
of hypoxia susceptibility. Meanwhile, in view of the typical
pathological characteristics of PD is the progressive loss of
dopaminergic neurons in the SNc, previous studies focused on
more vulnerable neurons. At present, more and more studies
have proved that PD-related genes such as SNCA, PARK2, and
PINK1 may be expressed in glia including microglia (Miklossy
et al., 2006) and astrocytes (Booth et al., 2017). Glial cells may
play a driving role in the pathogenesis and progression of PD

through homeostasis imbalance, dysfunction, and neurotoxicity
(Kam et al., 2020). But the exact mechanism is unclear. There is
also evidence that hypoxia modulates HIF-1α in microglia and
induces microglial autophagy (Yang et al., 2014). However, the
role of glial cells under hypoxia in PD pathology and pathogenesis
has not been determined, which is a very important research
direction and needs further exploration in the future.

Moreover, there is still a lack of adequate attention and
systematic research in this field, and there are many pending
problems: (1) the effect of hypoxia on α-syn pathological
propagation remains unclear; (2) it is unknown whether
differences in the degree, duration, and pattern of hypoxia make
a difference in outcome; and (3) it remains to be determined
whether it is possible to intervene in PD by resisting hypoxia
or improving hypoxia tolerance. To sum up, it is a promising
direction to explore the role of hypoxia in PD caused by different
inducements in an in-depth and systematic way and find its
common mechanism from a new perspective.
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Extracellular β-amyloid (Aβ) deposition and intraneuronal phosphorylated-

tau (pTau) accumulation are the hallmark lesions of Alzheimer’s disease

(AD). Recently, “sorfra” plaques, named for the extracellular deposition of

sortilin c-terminal fragments, are reported as a new AD-related proteopathy,

which develop in the human cerebrum resembling the spatiotemporal

trajectory of tauopathy. Here, we identified intraneuronal sortilin aggregation

as a change related to the development of granulovacuolar degeneration

(GVD), tauopathy, and sorfra plaques in the human hippocampal formation.

Intraneuronal sortilin aggregation occurred as cytoplasmic inclusions among

the pyramidal neurons, co-labeled by antibodies to the extracellular domain

and intracellular C-terminal of sortilin. They existed infrequently in the brains

of adults, while their density as quantified in the subiculum/CA1 areas

increased in the brains from elderly lacking Aβ/pTau, with pTau (i.e., primary

age-related tauopathy, PART cases), and with Aβ/pTau (probably/definitive AD,

pAD/AD cases) pathologies. In PART and pAD/AD cases, the intraneuronal

sortilin aggregates colocalized partially with various GVD markers including

casein kinase 1 delta (Ck1δ) and charged multivesicular body protein

2B (CHMP2B). Single-cell densitometry established an inverse correlation

between sortilin immunoreactivity and that of Ck1δ, CHMP2B, p62, and pTau

among pyramidal neurons. In pAD/AD cases, the sortilin aggregates were
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reduced in density as moving from the subiculum to CA subregions, wherein

sorfra plaques became fewer and absent. Taken together, we consider

intraneuronal sortilin aggregation an aging/stress-related change implicating

protein sorting deficit, which can activate protein clearance responses

including via enhanced phosphorylation and hydrolysis, thereby promoting

GVD, sorfra, and Tau pathogenesis, and ultimately, neuronal destruction

and death.

KEYWORDS

brain aging, dementia, neurodegeneration, neuritic plaque, proteostasis, Vps10p

Introduction

Senile (or neuritic) plaques (SP) and neurofibrillary tangles
(NFT) are the two primary neuropathologies of Alzheimer’s
disease (AD); these terms were coined in the late 1890s
based on the classic histological stains (Critchley, 1929; Oı̆fa,
1973; García-Marín et al., 2007; Ohry and Buda, 2015). The
identification of β-amyloid peptides (Aβ) and phosphorylated
Tau (pTau) as the major constituents of SP and NFT has
greatly advanced the research into AD (Glenner and Wong,
1984; Masters et al., 1985). Neuropathological studies indicate
that Aβ and Tau pathogenesis develop in the human brain
with stereotypical spatiotemporal patterns (Serrano-Pozo et al.,
2011; Veitch et al., 2019; Koychev et al., 2020). Specifically, Aβ

deposition starts in the isocortex (i.e., Thal phase 1), spreads
into the allocortical/limbic structures (phase 2), and further
to subcortical regions (phases 3–5), while tauopathy advances
through the entorhinal (Braak stages I and II), limbic (III
and IV) and isocortical (V and VI) stages (Braak and Braak,
1991; Thal et al., 2002; Braak and Del Tredici, 2014). Aβ and
pTau have served as neuropathological and imaging/biofluid
markers for the diagnosis or risk assessment of AD, and are
also being tested as mechanism-based therapeutical targets
(Montine et al., 2012; Johnson et al., 2016; Buckley et al.,
2017; Grothe et al., 2017; Jack et al., 2018; Schwarz et al.,
2018; Long and Holtzman, 2019; Mattsson et al., 2019; Leuzy
et al., 2021; Salloway et al., 2021; Beach, 2022; Chhatwal et al.,
2022).

Large autopsy studies indicate that tauopathy occurs prior
to microscopically detectable Aβ deposition in the human
brain (Braak et al., 2011; Veitch et al., 2019; Arnsten et al.,
2021; Frisoni et al., 2022). Thus, early Braak stage pTau/NFT
lesions are commonly observed in the entorhinal cortex and
hippocampus in the absence of cerebral Aβ deposition, a
condition referred to as primary age-related tauopathy (PART)
(Crary et al., 2014; Kim et al., 2019; Hickman et al., 2020;
Weigand et al., 2020; Teylan et al., 2020; Humphrey et al.,
2021; Walker et al., 2021). Notably, a type of cytoplasmic

inclusions called granulovacuolar degeneration (GVD) also
occurs early in these brain areas, and progresses with stage
I involving the CA1/CA2/subiculum, stage II the CA3/CA4
and entorhinal cortex, and further stages III-V in some other
cortical/subcortical regions (Woodard, 1962; Ball and Lo, 1977;
Funk et al., 2011; Thal et al., 2011; Köhler, 2016). The GVD
bodies occur in the so-called pretangle neurons. The causal
relationship between GVD and Tau pathogenesis is a topic of
growing interest (Kurdi and Alghamdi, 2020; Andrés-Benito
et al., 2021; Hondius et al., 2021; Hou et al., 2020; Puladi et al.,
2021).

We recently identified extracellular plaque-like deposition
of sortilin C-terminal fragments (shorted as sorfra) in aged
and AD human brains with Aβ and pTau pathologies (Hu
et al., 2017). Sorfra plaques appear to be human-specific as
they could not be detected in the brains of commonly used
transgenic mouse models of AD and aged monkeys (Zhou et al.,
2018). A whole-brain comparative mapping study established
that sorfra plaques occurred essentially in the cerebrum, and
developed spatiotemporally from the basal neocortical areas, to
allocortical structures, and finally to the primary neocortical
areas. This pattern of sorfra plaque formation resembles the
propagation of tauopathy in the cerebrum, pointing to a
certain intrinsic mechanistic link between these two lesions
(Tu et al., 2020).

In our initial study, we noticed that a subpopulation of
neurons around the sorfra plaques contained heavily labeled
sortilin immunoreactive aggregates morphologically resembling
the GVD bodies (i.e., Figures 6E1–E3 in Hu et al., 2017). During
the past few years, we have collected a sufficient number of
postmortem brains from youth, adult, and elderly subjects with
and without AD-type neuropathology (Yan et al., 2015; Ma
et al., 2019; Xu et al., 2019; Shi et al., 2020). In the current
study, we carried out correlative pathological characterization
and morphometric analyses using temporal lobe sections from
selected samples to further understand the development of
intraneuronal sortilin aggregation relative to brain aging, sorfra
plaque formation, GVD and Tau pathogenesis.
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Materials and methods

Human brain samples and tissue
preparation

This study was approved by the Ethics Committee of Central
South University Xiangya School of Medicine, in compliance
with the Code of Ethics of the World Medical Association
(Declaration of Helsinki). Postmortem human brains were
banked through a willed body donation program (Yan et al.,
2015), with donor’s clinical records prior to and/or during
the last hospitalization obtained whenever available. All brains
were histopathologically processed according to the Standard
Brain Banking Protocol set by China Brain Bank Consortium
(Qiu et al., 2019). Briefly, each brain was bisected, with a half
preserved fresh—frozen at –70◦C (for the future biochemical
studies) and the other half immersed in formalin for 2–3 weeks.
The fixed half brains were then cut coronally into 1-cm thick
slices and blocked for the preparations of cryostat and paraffin
sections as needed. Consecutive cryostat sections at 40-µm
thickness were cut and stored in a cryoprotectant at –20◦C. The
sets of these sections were immunohistochemically processed,
with the stages of Aβ, Tau, and GVD pathologies assessed for
a given brain whenever applicable, according to established
references (Braak and Braak, 1991; Thal et al., 2002, 2011; Braak
and Del Tredici, 2014). We identified 52 brain cases out of the
current repository (n = 180 by the end of 2021) to carry out the
analyses in this study. The cases were grouped according to the
age at death and the presence/extent of Aβ and pTau pathologies.
Specifically, the “Adult” group consisted of cases with age below
65 years without Aβ or Tau pathologies in the brain; the “Aged”
group consisted of cases above 65 years, and also lacking Aβ and
Tau lesions in the brain; the “PART” group consisted of cases
with tauopathy (Braak stages I–IV) but no Aβ deposition; and
the pathologically probable and diagnosable AD (“pAD/AD”)
group had extracellular Aβ deposition from Thal phases 1–5 and
tauopathy from Braak stages I–VI in the brain (Table 1).

Immunohistochemistry and
immunofluorescence

For each brain, a set of cryoprotected frozen temporal lobe
sections (3–4 sections/brain, with an interval of ∼1,000 µm)
passing the mid-hippocampus was immunohistochemically
stained with the avidin–biotin complex (ABC) method
consistently with each of the following antibodies (see Table 2
for detailed information): (1) mouse anti-Aβ 6E10, (2) mouse
anti-pTau AT8, (3) goat anti-sortilin extracellular domain
(ECD), (4) rabbit anti-sortilin C-terminal (CT), (5) mouse
anti-casein kinase I isoform δ (CK1δ), and (6) rabbit anti-
charged multivesicular body protein 2B (CHMP2B). The

immunolabeling procedures were as previously described (Hu
et al., 2017; Tu et al., 2020), with the labeled sections used for
the confirmation of neuropathologies and assessment of the
numerical densities of intraneuronal sortilin aggregates.

Based on the above overall assessment of
immunolabeling/pathology, the individual cases (marked
with “IHC/IF” in Table 1) from each subject group were
selected for additional immunohistochemical and double
immunofluorescent characterizations using thin-cut paraffin
sections. For this purpose, a tissue block containing the
hippocampal formation was dissected out from the formalin-
fixed temporal lobe slice, with the samples from three to four
cases embedded in the same paraffin block. Serial paraffin
sections were cut at 4 µm, which were stained with individual
antibodies using the ABC-peroxidase method (along with
hematoxylin counterstain in some cases) (Table 2). Other
paraffin sections were immunofluorescent stained with a pair
of primary antibodies from two different host species. The
primary antibodies used in this study were identified according
to the existing references (Zhang et al., 2009; Hu et al., 2017;
Andrés-Benito et al., 2021; Hondius et al., 2021; Hou et al.,
2020; Puladi et al., 2021). For each antibody, pilot experiments
were performed to optimize the working dilution and to check
the specificity by using positive and negative assay/sample
controls. For all primary antibodies, the immunohistochemical
labeling was visualized with the pan-specific secondary
antibody, i.e., biotinylated horse anti-mouse, rabbit, and goat
IgGs (1:400; Vector Labs., Burlingame, CA, United States)
followed by peroxidase-diaminobenzidine (DAB) reaction. For
double immunofluorescence, the signal was visualized with
an adequate combination of the Alexa Fluor R© 488 and Alexa
Fluor R©594 conjugated donkey anti-mouse, anti-rabbit, or anti-
goat secondary antibodies (1:100, Invitrogen, Carlsbad, CA,
United States), according to the species origins of the primary
antibodies. The sections were counterstained with the nuclear
dye Hoechst 33342 (bisbenzimide) and briefly incubated in 0.1%
Sudan black to block autofluorescence before coverslipped with
VECTASHIELD R© antifading mounting media (Vector Labs).

Image acquisition

All immunolabeled bright-field sections were scan-
imaged using the 40 × objective on a Motic–Olympus
microscope equipped with an automated stage and imaging
system (Motic China Group Co., Ltd., Wuhan, Hubei,
China). A final autofocused, montaged and magnification-
adjustable image covering the entire stained sections was
digitally documented. The images were examined with the
Motic viewer (Motic Digital Slide Assistant System Lite
1.0, Motic China Group Co., Ltd.), to comparatively assess
the labeling across anatomical regions from low to high
resolutions. Images covering the whole tissue section and
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TABLE 1 Demographic information of brain donors and staging of Alzheimer-related neuropathology.

Case # Age
(years)

Sex Clinical diagnosis and
cause of death

Postmortem
delay (hours)

Braak NFT
stage

Thal Aβ
phase

GVD stage Tissue
usage

Adult group
(n = 14; age
43.2 ± 13.2)

1 60 M Heart failure 14 0 0 I IHC

2 55 M Lung cancer 8 0 0 0 IHC

3 50 F Leukemia 8 0 0 0 IHC

4 37 F Leukemia 12 0 0 0 IHC

5 31 F Vagina cancer 10 0 0 0 IHC

6 31 M Heart failure 7 0 0 0 IHC

7 28 M Lung cancer 2 0 0 0 IHC/IF

8 64 M Movement disorder 18 0 0 I IHC/IF

9 57 M Cerebral hemorrhage 8 0 0 0 IHC

10 38 M Liver cancer 8 0 0 0 IF

11 47 M Lung cancer 7 0 0 0 IHC/IF

12 51 M Lymphoma 9 0 0 0 IHC/IF

13 22 F Osteosarcoma 10 0 0 0 IHC

14 37 F Leukemia 12 0 0 0 IF

Aged group
(n = 9;
77.9 ± 10.5)

15 79 M Stroke 2 0 0 I IHC

16 68 F Coronary heart disease 6 0 0 I IHC

17 67 M Cor pulmonale 20 0 0 0 IHC

18 62 F Multiple myeloma 4 0 0 0 IHC/IF

19 89 F Multisystem failure 16 0 0 I IHC

20 81 M Cardiovascular failure 6 0 0 I IHC/IF

21 88 F Coronary heart disease 9 0 0 I IHC/IF

22 91 M Heart failure 12 0 0 I IHC/IF

23 76 M Stroke 7 0 0 I IHC

PART group
(n = 14; age
74.6 ± 10.6)

24 57 M Cerebral infarction 20 I 0 I IHC

25 77 M Multisystem failure 12 II 0 I IHC

26 65 M Lung cancer 6 I 0 I IHC

27 70 M Cholangiocarcinoma 48 I 0 I IHC

28 70 F Pneumonia 12 II 0 I IHC

29 66 M Cor pulmonale 10 II–III 0 I IHC

30 90 M Coronary heart disease 9 III 0 III IHC/IF

31 95 M Esophageal cancer 7 IV 0 II IHC/IF

32 66 M Lung adenocarcinoma 10 III 0 II IHC/IF

33 71 M Cerebral infarction 8 III 0 II IHC/IF

34 84 F Lung cancer 10 III 0 III IHC/IF

35 82 M Respiratory failure 7 IV 0 III IHC/IF

36 81 M Stroke 8 III 0 II IHC/IF

37 71 M Cor pulmonale 6 III 0 I IHC/IF

pAD/AD group
(n = 15; age
84.9 ± 8.7)

38 70 M AD-type dementia* 8 III 4 II IHC/IF

39 74 F Lung cancer (small cell) 5 IV 4 II IHC/IF

40 74 M Coronary heart disease 26 IV 5 III IHC/IF

41 97 M Multisystem failure* 25 IV 5 III IHC/IF

42 80 M Lung cancer 15 I 3 I IHC

(Continued)
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TABLE 1 (Continued)

Case # Age
(years)

Sex Clinical diagnosis and
cause of death

Postmortem
delay (hours)

Braak NFT
stage

Thal Aβ
phase

GVD stage Tissue
usage

43 81 F Chronic Renal Failure 7 IV 2 II IHC

44 80 F Multiple system failure* 6 IV 5 II IHC/IF

45 98 M Multiple system failure 7 IV 4 II IHC/IF

46 82 M AD-type dementia* 9.5 III 5 II IHC/IF

47 88 M Cor pulmonale 6 II 3 II IHC

48 89 M Multiple system failure 8 III 2 III IHC

49 96 M Heart disease* 20 VI 5 V IHC/IF

50 92 M Coronary heart disease 12 VI 5 V IHC/IF

51 87 F Multiple system failure 6 III 3 III IHC

52 85 M Glioma 12 III 4 III IHC

*Demented according to the last clinical report or enquiry with the next-of-kin of the donor. Braak neurofibrillary tangle (NFT) stages were assessed according to immunolabeling with the AT8
antibody. Thal β-amyloid (Aβ) phases were assessed according to immunolabeling with the 6E10 antibody. Staging of granulovacuolar degeneration (GVD) was based on immunolabeling
with the Ck1δ antibody in reference to Thal et al. (2011).

TABLE 2 Primary antibodies used in this study.

Antibody name Manufacturer Product code Clone Host species Dilution IHC Dilution IF

Aβ Signet 39320 6E10 Mouse 1/4,000 1/1,000

Calnexin Proteintech 10427-2-AP Polyclonal Rabbit 1/1,000 1/400

Cathepsin B Millipore IM27L CA10 Mouse 1/500 1/100

Cathepsin D Millipore IM03 BC011 Mouse 1/1,000 1/100

CHMP2B Abcam ab226304 polyclonal Rabbit 1/2,000 1/500

CK1δ Santa Cruz sc-55553 C-8 Mouse 1/1,000 1/200

GSK3β Cell Signaling 12456 D5C5Z Rabbit 1/1,000 1/200

NeuN Millipore MAB377 A60 Mouse 1/2,000 1/1,000

p62 Abnova H00008878-M01 2C11 Mouse 1/1,000 1/100

p62 Bioworld AP6006 Polyclonal Rabbit 1/200 1/50

pS65-Ub Millipore ABS1513-I Polyclonal Rabbit 1/1,000 1/100

pTau Invitrogen MN1020 AT8 Mouse 1/5,000 1/2,500

pTau Abcam ab62639 (human Tau a.a.12–30) Polyclonal Sheep 1/2,500 1/1,000

Sortilin (CT) Abcam ab16640 Polyclonal Rabbit 1/1,000 1/100

Sortilin (ECD) R&D Systems AF3154 Polyclonal Goat 1/1,000 1/100

TOMM34 Santa Cruz sc-101284 S-05 Mouse 1/6,400 1/2,000

TOMM34 Protein Tech 12196-1-AP Polyclonal Rabbit 1/6,400 1/1,000

TPPP Santa Cruz sc-515819 A-6 Mouse 1/3,200 1/1,000

a.a., amino acid residues; Aβ, β-amyloid; CHMP2B, charged multivesicular body protein 2B; CK1δ, casein kinase I isoform δ; CT, C-terminal; ECD, extracellular domain; GSK3β, glycogen
synthase kinase-3 isoform β; IF, immunofluorescence; IHC, immunohistochemistry; NeuN, neuron-specific nuclear antigen; p62, sequestosome 1; pS65-Ub, PTEN-induced putative kinase
(PINK1)-generated phospho-ubiquitin (pS65-Ub); pTau, phosphorylated Tau; TOMM34, 34 kDa-translocase of the outer mitochondrial membrane; TPPP, tubulin polymerization promoting
protein. In the cases that two antibodies to the same protein are listed, the use of a particular antibody is indicated in the figure legend.

subregions of interest were extracted at desired magnifications
and exported for figure preparation. Quantification of the
intraneuronal sortilin aggregates was also carried out using
this digital interface (detailed below). All immunofluorescent
sections were scan-imaged with a Keyence imaging system
(KV-8000, Keyence Corporation, Osaka, Japan) using the
40 × magnification objective and a Z-stack setting of 1-
µm scanning depth. The final autofocused, montaged,
and magnification-adjustable digital images were used for
on-screen examination and exporting of low and high

magnification micrographs for figure presentation and
single-cell densitometry.

Quantitative image analysis

To estimate the incidence of intraneuronal sortilin
aggregates, quantitation was carried out using randomized
sampling approaches to obtain data from anatomically
consistent area of interest for comparison between cases
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and subject groups. Counting was carried out in sections
immunolabeled with the sortilin ECD antibody. The counting
region was anatomically defined as a rectangular zone lateral to
the DG, which covered the subicular to CA1 areas extending
between the superior and inferior borders of the granule cell
layer (GCL). Using the scale markers on the X and Y axes of the
Motic viewer interface as distance references, this rectangular
zone was divided into grids in 200 µm × 200 µm size.
Subsequently, 40 grids per section were randomly generated
using an Excel plug-in application, which were individually
marked over the image using the X and Y coordinates
of these grids (Ai et al., 2021). The numbers of neuronal
somata and intraneuronal aggregates in the grids in the s.p.
(representing effective sampling) were counted on-screen
at 40 × magnification and recorded into MS Excel table.
Specifically, the aggregates with a diameter above or 2 µm were
counted, using the 20-µm scale bar as a reference as needed.
This cutoff was arbitrary for a purpose of consistency, as it
was practical to judge the size of an aggregate being at least
one-tenth of the length of the scale on-screen. Based on the
numbers obtained from two sections per brain, the percentage
of neurons containing these aggregates and the average number
of aggregates per neuron, were calculated for each brain case.
The mean values and standard derivations (SD) of the counts
were subsequently calculated for the four subject groups.

We carried out comparative single-cell densitometry to
determine the trend of change in sortilin immunoreactivity
inside individual neurons relative to the accumulation of GVD,
p62, and pTau. The quantifications were carried out using
paraffin sections from two PART cases and two pAD cases that
were immunofluorescent labeled with the sortilin ECD antibody
and the CK1δ, CHMP2B, p62, and pTau antibodies, respectively.
High magnification (40×) images over 10 non-overlapping
microscopical fields across the s.p. of the subicular to CA1
region lateral to the DG were exported from each section, with
each set included the Alexa Fluor R© 488 and Alexa Fluor R©594
fluorescence separately as well as a merged file. The images
were converted into gray-scale tiff files, with the optical densities
over individual neuronal profiles measured using the OptiQuant
software. After obtaining the specific optical densities of the two
antibodies from individual neurons from all the PART and pAD
cases, we normalized the density data to the highest value of the
same labeling (i.e., defined as 100%) from the measured neurons.
The resulted relative specific optical densities of the labeling of
two antibodies in the same neurons were plotted against each
other, along with a correlation analysis.

To determine a spatial relevance of intraneuronal sortilin
aggregation to the progression of sorfra plaque deposition,
quantification was carried out in two sections per brain from
the pAD/AD cases (n = 10) immunolabeled with the sortilin
CT antibody. Four counting zones were selected in a mid-
hippocampal temporal lobe section, with the first zone (zone 1)
set at the area wherein the sorfra plaques became fewer and then

absent, and the last zone (zone 4) approximately at the curving
part of CA3. The remaining two zones (zone 2 and zone 3) were
set at approximately one fourth of the distance between zone 1
and zone 4. The counting area in each zone covered radially the
entire thickness and tangentially 300-µm width of the s.p.; again,
we counted the aggregates with a diameter above or 2 µm, using
the 20-µm scale bar as a reference in the cases that the size was
difficult to judge. The numbers of aggregates per millimeter were
calculated according to the sum of the aggregates and the total
area of the counted grids.

Statistical analysis and figure
preparation

The numerical densities (mean ± SD) of intraneuronal
sortilin aggregates among the four subject groups were
statistically analyzed using one-way analysis of variance
(ANOVA), with Bonferroni multiple comparison post-hoc tests
performed to determine the existence of intergroup differences
(GraphPad Prism 7.1, San Diego, CA, United States). These
statistical tests were also used to compare the areal densities
(mean ± S.D.) of the aggregates quantified in the four zones
of the subicular to CA1–CA3 subregions in the pAD/AD cases.
Pearson correlation was used for the analyses of the single-
cell double immunofluorescent densitometric data to depict the
relative changes of two labels among individual neurons. The
minimal level of significant difference was set at p < 0.05.
Figures were prepared with Photoshop 8.0 by assembling
representative micrographs and graphs from data analyses.

Results

Morphological characterization and
quantitative analysis of intraneuronal
sortilin aggregates in human
hippocampal formation

As characterized previously, sortilin immunoreactivity (IR)
visualized with the antibodies to sortilin ECD and CT appeared
microscopically identical in various anatomical regions in adult
human brain, with the IR localized to neurons especially
enriched in large-sized pyramidal or projection neurons (Hu
et al., 2017; Xu et al., 2018). As observed in the temporal lobe
sections from a mid-age adult case, sortilin IR in the neocortical
and hippocampal pyramidal neurons appeared largely punctate
at high magnifications, with fine granules (generally below
0.5 µm in diameter) seen inside the somata and proximal
dendritic processes (Supplementary Figures 1A–F). These
fine granules were visible in immunofluorescent labeling with
these two sortilin antibodies (Supplementary Figure 1G) or
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sortilin and NeuN antibodies (Supplementary Figure 1H). In
comparison, in sections from two elderly subjects, aggregates
larger in size than the above-mentioned fine granules were
seen in neocortical and hippocampal pyramidal neurons. Thus,
besides the fine granular profiles, larger and more heavily
labeled intracellular inclusions were found in a subpopulation
of pyramidal neurons in the aged case free of cerebral Aβ/pTau
pathologies, as well as in the case with cerebral pTau but no
Aβ lesions (i.e., PART case) (Supplementary Figures 2A–L).
These intraneuronal aggregates exhibited bright and colocalized
immunolabeling by the ECD and CT sortilin antibodies
(Supplementary Figures 2M,N). In sections from an AD case,
the intracellular aggregates were present in many pyramidal
neurons in the hippocampal formation and temporal neocortex
(Supplementary Figures 3A–D). Again, they were strongly co-
labeled by the sortilin ECD and CT antibodies, while the overall
neuronal labeling by the CT antibody tended to reduce in
the presence of extracellular sorfra deposition (Supplementary
Figures 3B,B1,B2,E). It was also notable that the intracellular
aggregates appeared to be reduce or were absent in neurons with
heavy pTau IR (Supplementary Figure 3F).

Examining closely in thin-cut paraffin sections, the
intraneuronal sortilin aggregates exhibited a spectrum in regard
to their size and labeling intensity (Figures 1A–A2’). Thus, the
aggregates appeared to be derived from the normally present
fine granules. As the aggregates increased in size, so did their
labeling intensity. Overall, the smaller aggregates stained lighter
and appeared solid (center-filled), whereas the larger ones
were more heavily stained. Importantly, the largest aggregates
were circular in shape at high magnification with a diameter
reaching 3–5 µm (Figures 1A1,A1’,A2,A2’). In other words, the
sortilin aggregates exhibited much of the same morphological
characteristics of GVD as established previously (Ball and Lo,
1977; Funk et al., 2011; Thal et al., 2011; Köhler, 2016).

According to the quantification described in “Materials and
methods section and illustrated in Figure 1B, the percentages
of neurons containing intracellular aggregates were estimated
to be 21.1 ± 11.9% (mean ± SD, same format below) in the
adult group, 45.1 ± 15.3% in the aged group, 55.2 ± 9.6% in
the PART group, and 54.0 ± 12.2% in the pAD/AD group. The
one-way ANOVA analysis (same test below) indicated an overall
difference in the frequency of neurons with the aggregates
(p < 0.0001, F = 23.6, df = 3,45), with Bonferroni multiple
comparison post hoc tests showing significant difference in the
adult group relative to the aged, PART, and pAD/AD groups,
respectively (Figure 1C). The mean number of aggregates per
neuron was 1.5 ± 0.3; 1.6 ± 0.3, 1.9 ± 0.4, and 2.1 ± 0.5 in the
above groups in the same listing order, respectively. Statistically,
there was an overall difference in the mean values among the
groups (p = 0.0004, F = 7.5, df = 3,45), with significant difference
reached between the adult vs. PART groups, adult vs. pAD/AD
groups, and aged vs. pAD/AD groups, respectively (Figure 1D).

Verification of a differential occurrence
of granulovacuolar degeneration in
p62/pTau positive neurons

It is well established that GVD develops in the hippocampal
formation in human brains with PART, as well as with AD-type
Aβ and Tau pathologies. Specifically, GVD bodies often occur
in the so-called pretangle neurons exhibiting light to moderate
pTau IR (Thal et al., 2011; Köhler, 2016; Andrés-Benito et al.,
2021; Hondius et al., 2021; Hou et al., 2020; Puladi et al., 2021).
To replicate these findings, we prepared paraffin sections from
some PART and pAD/AD cases, along with aged cases free of
Aβ/pTau as control (Table 1). The GVD lesions were rarely
observed in sections from the aged control cases. Therefore,
immunohistochemistry and double immunofluorescence were
carried out in sections from the PART and pAD/AD cases. Aβ,
GVD, and pTau pathologies were examined in the hippocampal
formation, with the GVD lesions validated using a panel of
related antibodies (Table 2).

As seen in sections from a set of PART cases confirmed
to be lack of Aβ deposition (Supplementary Figures 4A–
D), a small group of pyramidal neurons in the subicular
subregions, CA1 and CA2 exhibited light-to-moderate pTau
IR (Supplementary Figures 5A–E’), with a few of them
heavily labeled (Supplementary Figures 5C’–E’). Sortilin
IR in the subicular and hippocampal pyramidal neurons
occurred generally as fine intracellular granular profiles, with
heavily labeled aggregation bodies seen in a subpopulation of
neurons (Supplementary Figures 6A–E’). Moreover, CK1δ

and CHMP2B IR were observed in many pyramidal neurons
in CA2, and a few in CA1 and subicular subregions including
the prosubiculum (Pro-S), subiculum (Sub), presubiculum
(Pre-S), and parasubiculum (Para-S) (Supplementary
Figures 7, 8). The labeling appeared as intracellular bodies
among individual neurons, although a diffuse cytoplasmic
IR occurred in the somata and proximal dendrites in the
neurons with densely packed GVD bodies (Supplementary
Figures 7A1,B1,A2,B2, 8A1,B1,A2,B2). The distribution
and morphology of pS65-Ub (Supplementary Figure 9)
and TPPP (Supplementary Figure 10) labeled neurons
appeared to be comparable to that labeled with the CK1δ

and CHMP2B antibodies, including the presence of diffuse
cytoplasmic IR in the neurons with a large number of GVD
bodies (Supplementary Figures 9B1,D1, 10B,C). In another
PART case (Supplementary Figures 11, 12), a larger number
of pTau immunoreactive neurons and processes was present
in the hippocampal formation. Many of the pTau positive
neurons appeared to contain tangles, giving their distorted
morphological configuration, uneven or thread-like distribution
of IR in the somata. Some pTau positive neurons showed a loss of
nucleus and/or cytoplasmic constituents as seen in hematoxylin
counterstain preparation (Supplementary Figure 12). In
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FIGURE 1

Morphology and quantification of intraneuronal sortilin aggregation in human hippocampal formation. Image panels show
DAB-immunolabeling with the antibody to sortilin extracellular domain (ECD) in 4-µm thick paraffin [(A) and enlarged panels)] from the brain of
case #33 (Table 1) and 40-µm thick cryostat [(B) and enlarged panels] sections from the brain of case #48. Normal-appearing sortilin
immunoreactivity (IR) occurs in pyramidal neurons and granule cells in the neocortex and hippocampal formation (A,B), microscopically
featured by lightly to moderately labeled fine granules approximately below 0.5 µm in size (A1–A2’. However, heavily labeled aggregates
appearing in solid and circular forms (pointed by arrows) are present inside a subpopulation of pyramidal neurons, especially prominent in the
subicular and CA subregions. Quantification of intraneuronal sortilin aggregates are carried out in mid-hippocampal sections using the
grid-addition option of the Motic imaging interface (B). The squares in the stratum pyramidale (s.p.) are considered as effective sampling zones
(marked in red), whereas those outside the s.p. are non-effective sampling zones (marked in blue). Data from individual cases of the adult, aged,
primary age-related tauopathy (PART), and probable Alzheimerortiisease (pAD) and AD, groups are plotted, along with one-way ANOVA with
post hoc tests (C,D). ∗Difference reached statistically significance between the indicated groups. Additional abbreviations: Aβ, β-amyloid; NFT,
neurofibrillary tangle; CA1–CA3, Ammon’s horn subregions; Pro-S, prosubiculum; Sub, Subiculum; Pre-S, presubiculum; PHG, parahippocampal
gyrus; Hi, hilus; ML, molecular layer; s.r., stratum radiatum; WM, white matter. Scale bars are as indicated.
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a neighboring section, p62 immunolabeled neuronal and
neuritic profiles were present in the hippocampal subregions,
and exhibited similar morphological appearance as with
the pTau positive neurons (Supplementary Figure 13). In
other adjacent sections, many neuronal profiles were also
immunolabeled for the GVD markers, including CK1δ

(Supplementary Figure 14), CHMP2B (Supplementary
Figure 15), TOMM34 (Supplementary Figures 16, 17), TPPP
(Supplementary Figure 18), and GSK3β (Supplementary
Figure 19). Again, besides the heavily labeled inclusion
bodies, diffuse cytoplasmic IR was visualized by these
markers in some neurons (Supplementary Figures 14D, 15C,
16D, 17B–D, 19D).

Further, in the section from a case in the pAD/AD group,
abundant Aβ IR occurred in the temporal neocortex, subicular
subregions and hippocampal formation (Supplementary
Figure 20A). Also, Aβ IR appeared as compact and
diffuse plaques, and as subpial and vascular amyloidosis
(Supplementary Figures 20B–D). A great amount of pTau IR
was present in the above anatomical regions (Supplementary
Figure 21A). In fact, most pTau positive pyramidal neurons
exhibited tangles at high magnification (Supplementary
Figures 21B,C). In other adjacent sections immunolabeled
with the CK1δ (Supplementary Figure 22) and CHMP2B
(Supplementary Figure 23) antibodies (labeling of other
GVD markers not shown), a large number of pyramidal
neurons contained GVD bodies. Again, diffuse cytoplastic
CK1δ/CHMP2B IR was seen in the neurons with densely
packed GVD bodies. However, cytoplasmatic IR was also
found in morphologically distorted neuronal profiles wherein
no or few GVD bodies could be observed (Supplementary
Figures 22B’, 2BC’).

We further carried out double immunofluorescence using
the paraffin sections from the PART and pAD/AD cases
to examine the colocalization pattern of GVD, p62, and
pTau IR in pyramidal neurons. CK1δ and CHMP2B IR
were colocalized extensively at the GVD bodies among
individual pyramidal neurons in the PART (Supplementary
Figure 24A) and AD cases (Figure 2A). In general, CK1δ

or CHMP2B labeled GVD bodies occurred in neurons with
light or moderate p62 or pTau IR. In fact, CK1δ or
CHMP2B labeled GVD bodies were fewer or not present
in neurons with heavy p62 or pTau IR (Supplementary
Figures 24B,C and Figures 2B,C). Also, p62 and pTau IR
were extensively colocalized in the somata and dendrites.
Neuronal somata with relatively light p62/pTau IR exhibited
a granular appearance in many cases (pointed by arrows),
whereas those with heavy p62/pTau IR often appeared to
contain tangle-like structures (pointed by arrowheads) (Figures
2D,D1; Supplementary Figures 24B1, C1). It should be
noted that neuritic clusters (at the putative sites of neuritic
plaques according to their arrangement) exhibited bright
pTau IR. In contrast, little or no p62 IR occurred in these

neuritic clusters (Figure 2D1 and enlargements, marked
with asterisks).

Partial colocalization of
granulovacuolar degeneration markers
in intraneuronal sortilin aggregates

Having characterized the relationship of GVD to
p62/pTau pathology, we set to determine the extent to
which some previously reported GVD markers would
colocalize at the intraneuronal sortilin aggregates.
Double immunofluorescence for sortilin and one of
the GVD markers, respectively, was carried out using
additional paraffin sections from representative PART
and pAD/AD cases. Overall, a differential colocalization
pattern was observed in sortilin/CK1δ (Supplementary
Figure 24D), sortilin/CHMP2B (Supplementary Figure 24E),
sortilin/TOMM34 (Supplementary Figure 25), and
sortilin/GSK3b (Supplementary Figure 26) double
immunofluorescence. Thus, a subset of intraneuronal
sortilin aggregates colocalized with CK1δ (Supplementary
Figure 24D1, pointed by arrows; also see Figure 5),
CHMP2B (Supplementary Figure 24E1, pointed by
arrows; also see Supplementary Figure 30), TOMM34
(Supplementary Figure 25), or GSK3b (Supplementary
Figure 26) immunolabeling. However, in the same microscopic
field, there also existed CK1δ, CHMP2B, TOMM34, and GSK3β

immunolabeled GVD bodies that did not show an increased
sortilin IR (Supplementary Figures 24D,E, 25, 26).

In sortilin/TPPP double immunofluorescence there existed
a great extent of colocalization among the intracellular granular
profiles (Figures 3A–C4’). This colocalization was mostly
evident in pyramidal neurons packed with a large number of
the TPPP positive GVD bodies in granular and circular forms
(Figures 3B1’–B3’,C2’–C4’). However, there were also neurons
that contained sortilin immunoreactive aggregates that did not
exhibit TPPP IR (Figures 3B1–B3’,C1–C4’). In sortilin/pS65-Ub
double immunofluorescence (Figures 4A–C), there was also a
great extent of colocalization of the two markers in neurons at
the GVD bodies (Figures 4B,C).

It should be noted that, as with the labeling pattern
seen in peroxidase-DAB preparation, the GVD antibodies
also displayed relatively light and spreading cytoplasmic
immunofluorescence in some pyramidal neurons (as seen for
CK1δ in Supplementary Figures 24A–D and Figures 5A–D;
CHMP2B in Supplementary Figures 24D1,E1, and pS65-Ub in
Figures 4B1’–B3’,C1–C3, pointed by open arrows). Such cloudy
cytoplasmic immunofluorescence was often present between
densely packed GVD bodies, but could also occur in proximity
to isolated GVD bodies in some neurons. In addition, the
diffuse cytoplasmic immunofluorescence could occur in a large
part of or the entire intraneuronal space of a neuron with
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FIGURE 2

Representative images showing double immunofluorescent characterization of granulovacuolar degeneration (GVD) relative to tauopathy in
temporal lobe paraffin sections from a case (#39) in the pAD/AD group. Casein kinase 1 delta (Ck1δ) and charged multivesicular body protein
(CHMP2B) labeling are extensively colocalized among GVD bodies (arrows) in hippocampal pyramidale neurons [(A,A1) and enlarged panels].
Ck1δ positive GVD bodies exist preferably in pretangle neurons (arrows) but not those with tangle-like structures (arrowheads) expressing p62
(rabbit antibody indicated in Table 2 and B,B1 and enlarged panels). A similar differential colocalization pattern is seen among the labeled
neurons for CHMP2B and p62 (mouse antibody in Table 2 and C,C1 and enlarged panels). p62 (mouse antibody) and pTau (sheep antibody)
labeling colocalize in the somata of both pretangle neurons (arrows) and neurons with tangles (arrowheads). pTau, but not p62, IR is localized to
neuritic clusters (∗) [(D,D1) and enlarged panels]. Abbreviations are as defined in Figure 1. Scale bars are as indicated.
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FIGURE 3

Representative images showing colocalization of tubulin polymerization promoting protein (TPPP) among intraneuronal sortilin aggregates in
hippocampal and subicular pyramidal neurons (section from case #34). Boxed areas in (A) are enlarged sequentially [(B,B1–B3,B1’–B3’);
(C,C1–C4,C1’–C4’)]. In a subpopulation of pyramidal neurons, TPPP positive granulovacuolar degeneration (GVD) bodies appear to be mostly
labeled for sortilin (pointed by arrows) (B1’–B3’,C1’–C3’). However, TPPP labeling is absent in other pyramidal neurons containing sortilin
immunoreactive GVD bodies [(C1,C2’), pointed by arrowheads for example]. Abbreviations are as defined in Figure 1. Scale bars are as indicated.
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FIGURE 4

Representative images showing colocalization of PTEN-induced putative kinase 1 (PINK1)-generated phospho-ubiquitin (pS65-Ub) with
intraneuronal sortilin aggregates in hippocampal and subicular pyramidal neurons (section from case #34). Boxed areas in (A) are enlarged
sequentially [(B,B1–B3,B1’–B3’); (C,C1–C6)]. The pS65-Ub positive granulovacuolar degeneration (GVD) occur in a subpopulation of pyramidal
neurons, which also show relatively strong sortilin labeling (as pointed by arrows) [(B1,B1’–B3’,C1–C3)]. Again, some sortilin-labeled aggregates
do not exhibit pS65-Ub reactivity (pointed by arrowheads) [(C1–C3,C4–C6)]. Spreading cytosol pS65-Ub labeling is seen between the GVD
bodies (pointed by open arrows) [(B1–B3,B1’–B3’,C1–C3)], but may fill up the neuronal somata in some neurons with rare or no large-sized
sortilin immunoreactive aggregates [(C4–C6)]. Abbreviations are as defined in Figure 1. Scale bars are as indicated.
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FIGURE 5

Microscopical characterization and single-cell densitometric analysis of casein kinase 1 delta (CK1δ) relative to sortilin immunolabeling in
hippocampal/subicular pyramidal neurons. (A,A1,B,B1) Show DAB-immunolabeling in temporal lobe sections with and without hematoxylin
counterstain (from case #44). At high magnification, a large subset of pyramidal neurons in CA1 contain intraneuronal granular bodies in varying
numbers. Light-to-moderate cytosol reactivity is seen in the somata and dendritic processes of some neurons [(A1,B1)]. (C) and enlarged panels
(C1,C2,C2’) show sortilin (ECD antibody) and CK1δ double immunofluorescence with Hoechst 33342 nuclear counterstain in an adjacent
paraffin section. CK1δ labeling occurs in a subset of sortilin-labeled neurons, with colocalized immunofluorescence occurred at relatively
large-sized aggregates (pointed by arrows). However, CK1δ labeling is not present in other sortilin-labeled neurons with normal-looking fine
granules or with large-sized aggregates (pointed by open arrows). (D) Illustrates the methodology for correlated single-cell densitometry
detailed in “Materials and methods” section. (E) Plots the normalized (percentages) specific optical density (o.d.) values of CK1δ against sortilin
labeling in 827 CA1 and subicular pyramidal neurons measured in identically processed paraffin sections from 2 PART and 2 pAD cases. Pearson
analysis indicates a statistically (p = 0.019) significant inverse correlation with a relatively small coefficient (R2 = 0.007). FG, fusiform gyrus; ITG,
inferior temporal gyrus. Other abbreviations are as defined in Figure 1. Scale bars are as indicated.
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FIGURE 6

Microscopical characterization and single-cell densitometry of p62 relative to sortilin immunolabeling in hippocampal/subicular pyramidal
neurons. (A,A1,B,B1) Are low power and enlarged views of DAB-immunolabeling with the mouse p62 antibody in a paraffin section from case
#44. Note that some p62 labeled neurons appear in morphology that is essentially comparable to pTau positive neurons with tangles (inserts).
(C) and enlarged views show p62 and sortilin double immunofluorescence with Hoechst nuclear counterstain. There is a full spectrum of
variability for p62/sortilin colocalization across the labeled neuronal population in a single microscopic field. Among the neurons exhibiting
colocalization, sortilin labeling tends to reduce as p62 immunofluorescence increases [(C1) and enlarged views]. (D) Illustrates the methodology
for correlative single-cell densitometry. (E) Plots the normalized specific o.d. values obtained from 744 neurons from 2 PART and 2 pAD cases.
There exists a significant inverse correlation between p62 and sortilin reactivity among individual neurons (p < 0.0001, R2 = 0.11, Pearson
analysis). FG, fusiform gyrus; ITG, inferior temporal gyrus. Other abbreviations are as noted in Figure 5. Scale bars are as indicated.

distorted morphology (Figures 4C4–C6 and Supplementary
Figures 26B1–B3,C1–C4).

We carried out additional double immunofluorescent
characterizations to explore sortilin colocalization with some

cell organelle markers (Supplementary Figures 27–29). Sortilin
IR showed some degree of colocalization with the IR
of both the endosomal marker calnexin and the Golgi
body marker GM130. However, there were also some areas
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FIGURE 7

Microscopical characterization and single-cell densitometry of phosphorylated Tau (pTau) relative to sortilin immunolabeling in
hippocampal/subicular pyramidal neurons. (A–A4) Show low-power view and enlarged views of pTau (AT8 antibody) labeling in different
hippocampal and neocortical areas as indicated (section from case #44). (A3) And insert show pTau labeled mossy cells in the hilus. Neuritic
clusters are seen in the CA1 and subicular areas (pointed by arrows). In double immunofluorescence [(B,B1) and enlarged panels, and (C)], there
exists a full spectrum of variability regarding the extent of colocalization of pTau and sortilin. Thus, neurons exhibiting only sortilin and pTau
immunolabeling, respectively, represent the two ends of this spectrum. (C) Shows the appearance of labeled neurons seen in the OptiQuant
interface for correlative single-cell densitometry. There exists a distinct inverse correlation between pTau and sortilin reactivity among individual
neurons (p < 0.0001, R2 = 0.059, Pearson analysis). Abbreviations are as noted in Figure 5 (D). Scale bars are as indicated.

within the cell where the IR for calnexin or GM130 did
not colocalize with sortilin, and vice versa (Supplementary
Figures 27A–A2). It should be noted that calnexin IR
also occurred in relatively small-sized cellular profiles likely
interneurons, which were poorly labeled by the sortilin antibody
(Supplementary Figures 27A1,A2, pointed by arrows). Also,

GM130 IR appeared granule-like in neuronal somata, which
was partially colocalized with sortilin IR by the presence
of distinct yellow areas in merged images (Supplementary
Figures 27B,C and enlarged panels). Again, the relatively
small-sized cellular profiles were found to exhibit GM130 IR
but little sortilin IR. In addition, sortilin IR was partially
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colocalized in hippocampal and subicular pyramidal neurons
with immunolabeling for two lysosomal markers, cathepsin B
(Supplementary Figure 28) and cathepsin D (Supplementary
Figure 29).

Alteration of neuronal sortilin IR
relative to granulovacuolar
degeneration, p62 and pTau
accumulation

The colocalization pattern and relative change between
sortilin and CK1δ IR among individual neurons are shown
in Figure 5. As seen in the immunohistochemically stained
paraffin section from a pAD case, CK1δ-labeled GVD bodies
were distinctly present in a subgroup of pyramidal neurons
in the CA and subicular subregions (Figures 5A–B1). In
double immunofluorescence, many CK1δ positive GVD bodies
expressed bright sortilin IR (Supplementary Figures 5C,D,
pointed by arrows). The overall sortilin IR appeared to be
more or less reduced in the pyramidal neurons with GVD
bodies compared to those without (Figures 5C1,C2,C2’). The
single-cell densitometric data indicated a statistically significant
inverse correlation between the densities of sortilin and
CK1δ IR among individual pyramidal neurons (p = 0.019;
R2 = 0.007; n = 827 neurons) (Figure 5E). Similarly, the
overall sortilin IR tended to reduce in the neurons that
contained a large number of CHMP2B positive GVD bodies
in double immunofluorescence (Supplementary Figures 30A–
E). The densitometric analysis indicated an inverse correlation
between sortilin and CHMP2B IR among CA1 and subicular
pyramidal neurons (p = 0.001; R2 = 0.018; n = 615 neurons)
(Supplementary Figure 30F).

In the hippocampal section from the above-mentioned
pAD case, a large subpopulation of pyramidal neurons in all
CA sectors and subicular areas were immunohistochemically
labeled for p62 and pTau to various intensities, including
many darkly labeled neuronal profiles that appeared to
be filled with tangles (Figures 6A–B1, 7A–A4). In double
immunofluorescence, by comparatively examining the labeled
neurons in the same microscopic field, sortilin IR was reduced
as p62 IR or pTau IR emerged and increased in intensity in the
neuronal somata. In fact, sortilin IR was greatly or completely
lost in the neuronal profiles densely packed with p62/pTau
immunofluorescent product (Figures 6C,C1,D, 7B,B1,C).
Single-cell densitometric analyses confirmed a distinct inverse
correlation between sortilin IR and p62 IR (p < 0.0001;
R2 = 0.110; n = 744 neurons; Figure 6E), and between
sortilin IR and pTau IR (p < 0.0001; R2 = 0.059; n = 848
neurons; Figure 7D), among the individual hippocampal
pyramidal neurons.

Regional relationship of intraneuronal
sortilin aggregation with sorfra plaque
formation

A pattern of regional progression of extracellular sorfra
deposition could be recognized by comparing the distribution
of the plaques in temporal lobe sections from pAD/AD cases
exhibiting sorfra pathology at stages 2–3 and Aβ pathology
at Thal phases 2 and above (Tu et al., 2020). Thus, based on
the immunolabeling of the sortilin CT antibody, sorfra plaques
were found to expand progressively from the subicular areas
to CA1, CA2, and CA3, and the hilus as the overall amount
of sorfra deposition increased in the temporal lobe regions
(Figures 8, 9A–C). A trend of decrease in the intracellular
sortilin aggregation bodies was observed as moving from
subicular regions to the farther sectors of the CA subareas
(Figures 8A–9F4, 9A–A4,B–B4).

Thus, to determine a spatial relevance of intraneuronal
sortilin aggregation to the progression of sorfra plaque
deposition, a zoned-based quantification was carried out
in sections immunolabeled with the sortilin CT antibody
(Figure 9C). The areal densities (mean ± SD) of intraneuronal
sortilin aggregates were 1,739 ± 479, 896 ± 404, 361 ± 182, and
126 ± 85 aggregates per mm2 in zones 1, 2, 3, and 4, respectively.
The one-way ANOVA analysis indicated that there existed an
overall difference between the mean values among the four
zones (p < 0.0001, F = 47.3; df = 3, 36). Bonferroni’s multiple
comparison test indicated significant intergroup difference
between all paired zones except for zone 3 in comparison with
zone 4 (Figure 9D).

Discussion

Extracellular sorfra deposition is a recently identified
AD-related proteopathy (Hu et al., 2017). It is important
to first understand this new lesion relative to Aβ and Tau
as the AD hallmark pathologies. We have reported that,
while manifested microscopically as a typical plaque lesion,
extracellular sorfra deposition does not always co-occur
with Aβ deposition, and it develops in the human cerebrum
similar to the spatiotemporal pattern of tauopathy (Hu
et al., 2017; Zhou et al., 2018; Tu et al., 2020). This study
extends to an intraneuronal sortilin pathology in human
hippocampal formation, which is morphologically and
neurochemically related to the GVD bodies. To reconcile
our findings with the advance in the understanding of
GVD in brain aging and AD, we schematically proposed
a chain of related pathogenic events including GVD
development, pTau accumulation, sorfra formation, and
neuronal death (Figure 10).
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FIGURE 8

Double immunofluorescence illustrating a regional relationship between intraneuronal sortilin aggregation and sorfra plague formation in the
hippocampal formation. (A) and enlarged views [(B–C4)] are from case #39 and [(D–F4)] are from case #40. In both cases, extracellular sorfra
plaques displayed by the CT antibody are abundantly present in the temporal neocortex and subicular cortex, with their amounts reduced as
moving from the subiculum (Sub) to prosubiculum (Pro-S), and further to CA1, such that no sorfra plaques are seen in the stratum pyramidale
(s.p.) of CA2 and CA3 (A,D). Intraneuronal sortilin aggregation bodies (examples are pointed by arrows) co-labeled by the two antibodies are
frequently observed among the pyramidal neurons in the hippocampal or subicular areas wherein sorfra plaques are present
[(B,B1–B3,E,E1–E3)]. However, the number (or frequency) of pyramidal neurons containing intraneuronal sortilin aggregates are progressively
reduced as moving from the distal CA1 to CA3 areas [(C,C1–C4,F,F1–F4)]. Abbreviations are as defined in Figure 1. Scale bars are as indicated.
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FIGURE 9

Quantitative analysis of the regional density of intraneuronal sortilin aggregates using temporal lobe sections immunolabeled with the CT
sortilin antibody. [(A–A4) Are from case #49; (B–B4) from case #39, and (C–C1) from case #51]. A trend of regional expansion of sorfra plaques
in the stratum pyramidale (s.p.) from the subicular to CA1, CA2, and CA3 subregions is noticeable by comparing the images from the three cases
[(A–C)]. Note that the densities of intraneuronal aggregates are also reduced as moving from the subicular to CA3 direction [(A1–A4,B1–B4)].
(C) And enlarged views show a zone-based quantification detailed in “Materials and methods,” with areal densities of the aggregates in four
zones (Z1–Z4, in C) across s.p. (* in width of 300 µm) are quantified on-screen at high resolution using the Motic viewer. (D) Summarizes the
mean densities in the four zones obtained from 10 pAD/AD cases, with the inserted graph plotting the tendency lines in individual cases.
Statistical testing results (one-way ANOVA) are marked, with *, # and $ symbols indicating the existence of difference. Abbreviations are as
defined in Figure 1. Scale bars are as indicated.
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FIGURE 10

Schematic representation of intraneuronal sortilin aggregation in relevance to granulovacuolar degeneration (GVD), Tau pathogenesis, neuronal
death and sorfra plaque formation. Major pathologies are symbolized in the top cell drawings, which are interpreted with colored texts and
propensity trends in the middle frame. The underlying pathophysiological and pathological implications are hypothesized in the low frame. We
propose that aging and stress are the primary factors promoting intraneuronal sortilin aggregation, which implicates early onset protein sorting
deficit. At a certain point, aberrant protein modification (including proteolysis and phosphorylation), and cleavage and degradation machineries,
are activated, marking the formation of neurochemically distinct GVD bodies. The rupture of vacuolar bodies releases enzymatically active GVD
contents that further catalyze broader destructive effects to cell membrane, organelles and cytoskeleton, resulting in membrane leakage,
autophagy, mitophagy, necrophage, microtubule breakdown, and formation of tangles. Along with these degenerative cascades, normal
neuronal continents for metabolic and structural maintenance are lost. Thus, neuronal damage and death in partnership with the advance of
tauopathy is a consequence of multisystem metabolic crisis and cytostructural collapse. We propose that sorfra products are derived from
sortilin cleavage(s) by some GVD-associated enzymes, which are released via vesicular secretion and following cytostructural destruction,
leading to microscopically detectable accumulation in the extracellular space.

Intraneuronal sortilin aggregation can
progress into granulovacuolar
degeneration

Granulovacuolar degeneration was first identified in the
hippocampus of demented subjects, microscopically featured
as argentophilic and hematoxyphilic granular and vacuolar
inclusions inside the pyramidal neurons (Simchowicz, 1911).
Electron microscopic studies established that these lesions
are membrane-rich cytoplasmic inclusions, with the granular
and vacuolar forms implicating an early to-late pathologic
evolution (Hirano et al., 1968; Okamoto et al., 1991). Other
studies documented the occurrence of GVD in association
frequently with AD, but also with brain aging and other
neurodegenerative diseases (Woodard, 1962; Tomlinson and
Kitchener, 1972; Ball and Lo, 1977; Xu et al., 1992). Since
the late 1990s, a growing number of molecular markers
were found to immunolabel the GVD bodies (McShea et al.,
1997; Ghoshal et al., 1999; Stadelmann et al., 1999; Ishizawa
et al., 2003; Lagalwar et al., 2007; Hoozemans et al., 2009;
Kadokura et al., 2009; Yamazaki et al., 2010; Castellani et al.,
2011; Nishikawa et al., 2014). A recent laser microdissection-
mass spectrometry study reported the elevation of more

than 100 proteins in GVD-containing pyramidal neurons
in AD human brain (Hondius et al., 2021). The GVD
markers or constituents identified so far appear to be largely
implicative of proteostasis impairment, including abnormal
protein folding, aggregation and clearance, and aberrant
biochemical modification such as overactive phosphorylation,
hydrolysis, and glycolysis. In pathological perspectives, the
previous immunohistochemical studies on GVD bodies have
been related to lysophagy (Funk et al., 2011; Wiersma et al.,
2019; Yamoah et al., 2020), mitophagy (Hou et al., 2020), and
necrophagy (Koper et al., 2020; Van Schoor et al., 2021), besides
Tau hyperphosphorylation and formation of tangles (Ikegami
et al., 1996; Ghoshal et al., 1999; Andrés-Benito et al., 2021).
However, the origin and pathogenic course of GVD remain
elusive, with the causal/effective relationship of this lesion
to other neurodegenerative pathologies or processes being a
subject of discussion.

In this study, we found small- and large-sized
intraneuronal sortilin aggregates in granular and circular
forms morphologically characteristic of the GVD bodies. These
aggregates were observed in a subset of hippocampal/subicular
pyramidal neurons in the adult, aged, PART, and pAD/AD
cases, with an overall trend of increase in their frequency. Thus,
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they already developed in adult and aged individuals without
cerebral Aβ and Tau pathologies. In PART and pAD/AD cases,
they existed more broadly than the GVD bodies labeled by
previously reported GVD antibodies in the pyramidal neurons
in a given brain. Double immunofluorescence showed that a
subset of these sortilin aggregation bodies co-expressed some
existing GVD markers (CK1δ, CHMP2B, TPPP, pS65-Ub, and
p62). Notably, these latter markers labeled the GVD bodies
“de nova” (even with one microscopically evident granule in a
cell). On the other hand, sortilin-labeled GVD bodies appeared
to “derive” from normally present fine granular labeling (of
intraneural membranous organelles).

Granulovacuolar degeneration is considered an aging-
related neuronal pathology. Aging is a critical contributor to
proteostasis impairment (Stein et al., 2022). In the human brain,
sortilin is enriched in large-sized principal/projection neurons
that would need a high load of protein sorting for metabolic
and cytostructural maintenance in the somata and processes
(Xu et al., 2019). Sortilin IR appeared to be associated with
neuronal surface, endoplasmic reticulum, Golgi apparatus, and
lysosomes (rather than restricted to a particular type of the
above cellular components). This neuronal sortilin expression
pattern is consistent with a role of this protein in support
of diverse membrane signal transduction, and transportation,
secretion and degradation of various partner proteins in
neurons (Petersen et al., 1997; Wähe et al., 2010; Xu et al.,
2018; Malik and Willnow, 2020). Accordingly, the occurrence
of sortilin aggregates inside neurons would be indicative of
the existence of abnormal protein sorting, trafficking, and
accumulation. It should be noted that our current data could
not determine whether the sortilin aggregation occurs initially
at a particular part of the intracellular membranous systems,
e.g., secretory granules, endosome, trans-Golgi network, and
lysosome (Xu et al., 2018; Malik and Willnow, 2020), or could be
related to all of these compartments. It is also an open question
whether sortilin itself is functionally impaired at first, thereby
playing an initiative role in the development of GVD.

Granulovacuolar degeneration formation is also considered
a response to stress (Castellani et al., 2011; Thal et al., 2011;
Asadi et al., 2021). The impact of stress on neurodegeneration
in the human brain has been under intensive investigations
(Ionescu-Tucker and Cotman, 2021), with data pointing to
early onset and most dramatic alterations in bioenergetics
metabolites in the hippocampus (Song et al., 2021). Indeed,
the subicular/hippocampal areas serve as a neurocircuitry
“hub” integrating the cerebral neocortex and limbic system
(Berron et al., 2020). This region would likely function with a
high burden of neuronal activity requiring dynamic molecular
orchestration inside the somata and processes. The pyramidal
neurons here may be therefore inherently vulnerable to
metabolic stress, and hence, maladaptive failure in proteostasis
maintenance, which may underscore the development of GVD,
PART, and dendritic dystrophy (Shi et al., 2020).

Granulovacuolar degeneration bodies
may serve as a catalyzer underlying
multifaceted proteostatic disturbances

The causal relationship between GVD and Tau pathogenesis
is a matter of debate (Wiersma et al., 2020; Andrés-Benito et al.,
2021; Puladi et al., 2021). Cell culture and transgenic mouse
brain studies suggest that pTau seeds can induce GVD formation
(Ishizawa et al., 2003; Köhler et al., 2014; Wiersma et al., 2019).
However, several observations do not appear well coherent with
that tauopathy drives GVD in the human brain (Andrés-Benito
et al., 2021; Hondius et al., 2021). Granulovacuolar degeneration
bodies occur in pretangle neurons, but are reduced and lost in
tangle-filled neurons. Some GVD markers are kinases for the
phosphorylation of Tau but also other proteins, while others do
not have a clearly defined interplay with pTau. Moreover, there
are much more types of phosphorylated proteins than pTau in
GVD associated neurons (Lagalwar et al., 2007; Kadokura et al.,
2009; Rudrabhatla and Pant, 2011; Thal et al., 2011; Dammer
et al., 2015; Tagawa et al., 2015; Yan et al., 2018; Yamaguchi et al.,
2019; Drummond et al., 2020; Koper et al., 2020; Sathe et al.,
2020).

We observed intraneuronal sortilin aggregates in the
brains of mid-age and even some young adult humans
without microscopically detectable tauopathy. In double
immunofluorescence, intraneuronal sortilin aggregates could
colocalize with CK1δ and GSK3β that serve as phosphorylation
kinases (Ghoshal et al., 1999; Schwab et al., 2000; Leroy
et al., 2002; Ferrer et al., 2021). These sortilin aggregates
could co-express CHMP2B and p62 that are involved in
endolysosomal dysfunction and autophagy (Kaivorinne et al.,
2010; Midani-Kurçak et al., 2019). They could also colocalize
with pS65-Ub and TOMM34 that are related to mitochondrial
protein trafficking and mitophagy (Faou and Hoogenraad, 2012;
Hou et al., 2020; Hondius et al., 2021). Further, the aggregates
could colocalize with TPPP and pTau (in pretangle neurons),
relating to microtubule stability and disassembly (Kovács et al.,
2004; Oláh et al., 2011; Hondius et al., 2021). Therefore, the
occurrence of various GVD markers may represent a critical
stage of intraneuronal sortilin aggregation whereby multiple
pathogenic protein processing cascades are activated in neurons
in a non-compensable manner (Figure 10).

Tau-associated neuronal death may
relate to multisystem
molecular/cellular collapse

A progression from early pTau accumulation to ultimately
neuronal death is conceivable based on the morphological
evolution as observed comparatively from pretangle neurons
to tangle-containing neurons, and to ghost-like cell remains
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(Braak et al., 2006). As discussed above, the various GVD-
associated molecular markers are linked to multiple potentially
harmful cascades. These latter may lead to excessive autophagy,
mitophagy, and necrophagy, as well as microtubule disability
and cytoskeleton collapse, which may jointly result in cell self-
destruction and finally neuronal death.

The above notion is supported by our microscopical and
single-cell densitometric analysis of sortilin relative to other
pathological labels. Notably, many GVD markers exhibited a
spreading cytosol reactivity in both DAB immunolabeling and
immunofluorescence (Andrés-Benito et al., 2021; Hondius et al.,
2021). This diffuse cytoplasmic labeling often occurred near the
large-sized vacuolar bodies and could fill up the neurons with
densely packed GVD bodies. Thus, the pathogenesis of GVD
appears to proceed to a “mature” stage such that the vacuolar
bodies may rupture, thereby releasing the enzymatically active
contents to catalyze even broader destructive cascades to cell
membrane, organelles and cytoskeleton. Moreover, our single-
cell densitometry revealed an inverse relationship of sortilin
IR relative to that of CK1δ, CHMP2B, p62, and pTau among
hippocampal/subicular pyramidal neurons. The coefficients
(R2) of sortilin/p62 IR and sortilin/pTau IR were greater
than that of sortilin/CK1δ and sortilin/CHMP2B. Double
immunofluorescence depicted a full spectrum of colocalization
variability between sortilin vs. p62 and sortilin vs. pTau among
pyramidal neurons. The reduced expression of sortilin including
those at the intracellular aggregates indicates a loss of normal
cellular components along with p62/pTau accumulation. In fact,
the loss of intraneuronal sortilin may lead to a “burnout” effect
such that the GVD bodies could no longer be formed, therefore
also reduced and lost in neurons at a certain point of tangle
accumulation. Taken together, Tau-associated neuronal death
would be likely a consequence of multisystem molecular and
cellular collapse (Figure 10).

Sorfra plaque formation may result
from proteolytic and cytostructural
deficits

The extracellular sorfra deposits are expected to be sortilin
CT fragments derived from proteolytic processing of the full-
length protein (Hu et al., 2017). The chemical identity of sorfra
and the corresponding “sortilin-cleaving enzyme(s)” are yet to
be determined via comprehensive biochemical study and the
setup of proper in vitro systems. We attempted to gain more
pathogenic insight into sorfra formation in the human brain to
facilitate the future translational research.

The data obtained through this study point to a likelihood
that intraneuronal sortilin aggregation is a precursor of sorfra
formation and deposition. The aggregates were heavily labeled
by both antibodies against sortilin ECD and CT. The former
recognizes only the full-length protein ∼100 kDa, while the

latter additionally detects fragments ∼40, ∼25, and ∼15 kDa
in western blot (Hu et al., 2017). The CT antibody appears
to have a high affinity to sorfra, because in AD brain sections
its labeling is preferentially localized to the plaques than
the neuronal profiles that are still detectable by the ECD
antibody (Hu et al., 2017). Thus, the intraneuronal aggregates
should contain concentrated full-length sortilin as well as its
CT fragments. The quantitative data obtained from the four
subject groups showed the occurrence of sortilin aggregates
in some adult, aged and PART cases before the detection of
extracellular sorfra plaques (i.e., in the pAD.AD cases). Our
zone-based quantification indicated a progressive decrease in
the density of the sortilin aggregates from the direction of
the subicular toward CA3 subregions, in parallel with the
presence to absence of the extracellular sorfra plaques. In other
words, the occurrence of sortilin aggregation bodies regionally
occur ahead of the development of sorfra plaque formation.
Based on the above findings, we propose that sorfra may be
produced through sortilin cleavage(s) by some GVD-associated
proteolytic enzymes. This speculation might explain as to why
sortilin IR is not invariably increased among all GVD bodies
as visualized by other markers. In this regard, it is noteworthy
that there are two putative phosphorylation sites on the sortilin
CT. Therefore, GVD-associated phosphorylation kinases might
also participate in sorfra production. Sorfra might be released
by vesicular secretion in pretangle neurons (Yamoah et al.,
2020) and via cell membrane leakage along with Tau-associated
cytostructural destruction and neuronal death, consequently
accumulate, and deposit in the extracellular space (Figure 10).

Conclusion

In summary, this study has identified intraneuronal sortilin
aggregation in the pyramidal neurons of human hippocampal
formation from adults to elderly subjects with cerebral Tau and
Aβ pathologies. A subset of the sortilin-enriched aggregates
shows morphological and neurochemical characteristics of the
GVD bodies, although sortilin reactivity appears to be not
elevated at some GVD bodies visualized by other markers.
Altered intraneuronal sortilin expression is also found to be
relevant to intraneuronal accumulation of pTau and sorfra
formation. As an overview, our findings are in line with
emerging evidence that proteostasis impairment may play a
critical role in pathogenic cascades leading to Alzheimer-related
neuropathology and neurodegeneration.
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