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Abstract

The pathological hallmarks of Parkinson’s disease (PD) are the progressive loss of dopaminergic neurons in the substantia
nigra and the formation of Lewy bodies (LBs) in remaining neurons. LBs primarily consist of aggregated a-Synuclein
(a-Syn). However, accumulating evidence suggests that Tau, which is associated with tauopathies such as Alzheimer’s dis-
ease (AD), progressive supranuclear palsy (PSP), and argyrophilic grain disease, is also involved in the pathophysiology of
PD. A genome-wide association study (GWAS) identified MAPT, the gene encoding the Tau protein, as a risk gene for PD.
Autopsy of PD patients also revealed the colocalization of Tau and a-Syn in LBs. Experimental evidence has shown that
Tau interacts with a-Syn and influences the pathology of a-Syn in PD. In this review, we discuss the structure and function
of Tau and provide a summary of the current evidence supporting Tau’s involvement as either an active or passive element
in the pathophysiology of PD, which may provide novel targets for the early diagnosis and treatment of PD.
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Abbreviations Background
PD Parkinson’s disease
AD Alzheimer’s disease Parkinson’s disease (PD), one of the most common neuro-
PDND Parkinson’s disease nondemented degenerative diseases, is currently incurable. The prevalence
PDD Parkinson’s disease-related dementia and incidence of PD in industrialized countries are 1.0%
HC Healthy control in those over 60 years old and 8 to 18 per 100,000 person-
PD-CIND PD and cognitive impairment, not dementia years, respectively. Age is the strongest risk factor for
aMCI Amnestic mild cognitive impairment PD (Balestrino and Schapira 2020). With global aging,
DLB Dementia with Lewy bodies PD is taking an increasing toll on medical resources, but
TDPD Tremor-dominant Parkinson’s disease its etiology remains unclear. Age and male sex are also
NTPD Non-tremor-dominant Parkinson’s disease independent risk factors for PD, and exposure to pesticides
FTD Frontotemporal dementia and traumatic brain injury increases the risk of PD. In
EDO-PD  Early disease onset Parkinson’s disease contrast, reduced risk of PD is associated with smoking,
CBS Corticalbasal syndrome caffeine consumption, higher serum urate concentrations,
CBD Corticalbasal disease and physical activity (Ascherio and Schwarzschild 2016).
PD-CN Parkinson’s disease cognitively normal In addition to environmental risk factors, genetic factors
PD-MCI  Parkinson’s disease with mild cognitive also play an important role in PD. Approximately 15% of
impairment PD patients have a family history, whereas 5-10% have
24-OHC  24S-Hydroxycholesterol monogenic forms of the disease. At least 23 loci and 19
UPDRS Unified Parkinson Disease Rating Scale disease-causing genes and various genetic risk factors

have been identified to date (Deng et al. 2018). Variants
in genes such as SNCA (synuclein alpha, encoding a-Syn),
GBA (glucosylceramidase beta, encoding GBA protein),
LRRK? (leucine-rich repeat kinase 2, encoding LRRK?2
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The progressive loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and the formation
of Lewy bodies (LBs) in the remaining neurons are patho-
logical characteristics of PD (Arima et al. 1999; Kaur et al.
2019). The clinical features of PD manifest as motor as well
as nonmotor symptoms. Resting tremor, bradykinesia, rigid-
ity, and postural instability are the primary motor symptoms
of PD (Sveinbjornsdottir 2016). Nonmotor symptoms such
as depression, constipation, sleep disorders, and dementia
can appear earlier and significantly affect quality of life
(Chaudhuri et al. 2006). Levodopa is the mainstay treatment
to alleviate motor symptoms (Reich and Savitt 2019). In
recent years, deep brain stimulation (DBS) has become an
optional therapeutic method for patients with advanced PD
(Hacker et al. 2020; Krack et al. 2003).

Currently, several issues remain in the field of PD. First,
the etiology and pathogenesis of PD remain elusive. Second,
the diagnosis of PD relies on its motor symptoms. How-
ever, it is difficult to establish clinical acumen to make an
early accurate diagnosis, though pathological lesions may
appear decades before the onset of clinical symptoms. The
establishment of early biological markers can facilitate the
early diagnosis of PD. Third, pharmacologic treatment at the
late stage of the disease has intractable side effects. Accord-
ingly, there is an urgent need for disease-modifying drugs
that can halt or slow the development of PD. To solve these
problems, more research on the mechanisms underlying the
pathophysiology of PD needs to be conducted.

LBs are mainly composed of aggregated forms of the
presynaptic protein a-Synuclein (a-Syn), which is an abundant
neuronal protein that localizes predominantly to presynaptic
terminals (Kaur et al. 2019; Teravskis et al. 2018). a-Syn
aggregates into fibrillary assemblies during the onset of PD, and
the aberrant aggregation of a-Syn is considered to contribute to
the pathogenesis of PD (Wakabayashi et al. 2013). However,
the molecular mechanisms underlying the aggregation of a-Syn
remain unknown. In 1999, Arima et al. detected colocalization
of a-Syn and Tau, a predominant pathological element in
Alzheimer’s disease (AD), in LBs of PD patients (Arima
et al. 1999). Later, a genome-wide association study (GWAS)
identified MAPT, the gene encoding Tau, as a risk gene for
PD (Edwards et al. 2010; International Parkinson’s Disease
Genomics Consortium et al. 2017). Since then, extensive
investigations have been performed to explore the roles of Tau
in PD. Researchers have also found a significant association
between Tau levels in the cerebrospinal fluid (CSF) and
clinical manifestations in PD patients (W. T. Hu et al. 2010).
Furthermore, several in vitro and in vivo studies have explored
the roles of Tau in PD (Beauchamp 2018; Shi et al. 2016; Singh
etal. 2019). These findings indicate that Tau contributes to PD
pathology as an underappreciated component and may provide
a novel therapeutic target for PD.
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PD Pathophysiology and Diagnosis

Currently, the molecular mechanisms underlying the
pathophysiology of PD remain largely unknown. To date,
a-Syn accumulation, mitochondrial dysfunction, oxidative
stress, and excitotoxicity are thought to play crucial roles
in PD pathophysiology (Kaur et al. 2019).

The accumulation of a-Syn progresses predictably
throughout the brain, typically known as the Braak stage.
The lesions initially begin from the dorsal motor nucleus
of the glossopharyngeal and vagal nerves and the anterior
olfactory nucleus. They then ascend to the brain stem and
finally to the neocortex (Braak et al. 2003). The reasons
why a-Syn, an intrinsically disordered protein, misfolds and
deposits in the brain are still obscure. The currently accepted
explanation is imbalance between its synthesis and clearance
(Afitska et al. 2019; Ghosh et al. 2017; Mehra et al. 2019).
SNCA gene duplication, triplication, or mutation aggravates
the accumulation of misfolded a-Syn (Chartier-Harlin et al.
2004; Conway et al. 1998; Ross et al. 2008). Moreover, the
collapse of any pathways involved in a-Syn clearance and
degradation results in the accumulation of a-Syn (Cuervo
2004; McNaught et al. 2002). For instance, disruption of the
lysosomal degradation pathway promotes the formation of
a-Syn inclusions in cells (Desplats et al. 2009).

Oxidative stress and mitochondrial dysfunction are also
closely associated with PD pathophysiology (Hemmati-
Dinarvand et al. 2019). Oxidative stress is a noxious condition
induced by an imbalance between reactive oxygen species
(ROS) production and detoxification. It ultimately leads to
impairment of cellular function (Cenini et al. 2019). It is widely
accepted that the mitochondrial respiratory chain is the primary
source of ROS. Mitochondrial dysfunction can lead to a decline
in energy production, generation of ROS, and induction of
stress-induced apoptosis (Subramaniam and Chesselet 2013).
On the one hand, mutations in some genes (such as SNCA
and LRRK?2) and mitochondrial DNA can disrupt the fission
and fusion of mitochondria and contribute to mitochondrial
dysfunction and the development of PD (Bose and Beal 2016;
Nguyen et al. 2019). On the other hand, a-Syn fibrils can induce
mitochondrial membrane depolarization, cytochrome C release,
and mitochondrial fragmentation (Grassi et al. 2018). It has
also been reported that mitochondrial oxidative stress leads to
the accumulation of oxidized dopamine, resulting in lysosomal
dysfunction and a-Syn accumulation (Burbulla et al. 2017).

It is hypothesized that neural hyperactivity at the early
stages of PD can lead to pathophysiological degeneration
(Jamwal and Kumar 2019). Glutamate is the most abundant
excitatory neurotransmitter in the central nervous system, and
alteration of glutamate homeostasis results in neurotoxic or
excitotoxic events. One of the pathophysiological hallmarks
of PD is the excessive release of glutamate into the SNpc,
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which activates ionotropic glutamate receptors and initiates
the influx of Ca’** ions (Himmelberg et al. 2018). This
triggers a variety of destructive cascades. For example, visual
stimulation increased neural activity and excitotoxicity in
a Drosophila model of early-onset PD (Himmelberg et al.
2018). Furthermore, Yamada and coworkers found that
elevated neuronal activity increased a-Syn release (Yamada
and Iwatsubo 2018). These results indicate that neuronal
excitotoxicity plays a vital role in the pathophysiology of PD.

PD diagnosis is based on the presence of bradykinesia and
either resting tremor or rigidity and the absence of features
from the history or examination, suggesting an alternative
cause of parkinsonism (Reich and Savitt 2019). A panel of
diseases or factors (such as PD, multiple system atrophy,
and drug-induced Parkinsonism) can cause parkinsonism, a
clinical syndrome including bradykinesia, cogwheel rigidity,
resting tremor, slow shuffling gait, and imbalance (Hayes
2019). Because of its heterogeneous clinical manifestations,
the diagnosis of PD is not easy. Therefore, it is essential to
understand the molecular mechanisms of PD to promote
diagnostic advances in the future.

Tau Structure and Functions

Tau is encoded by the MAPT gene located on the long arm
of chromosome 17 at 17q21 in humans. Alternative splicing
of exons 2, 3, and 10 generates six Tau isoforms differing by
one or two short inserts at the N-terminus (O N, 1 N, and 2 N)
and either three or four microtubule-binding repeat domains
at the C-terminus (3R and 4R) (Goedert et al. 1989). Differ-
ent Tau isoforms are expressed during development and in
diseases. In the human fetal brain, only the shortest isoform of
Tau is expressed; the mature brain expresses all six isoforms.
Tau is mainly expressed in neurons but can also be detected
in astrocytes and oligodendrocytes (Mietelska-Porowska
et al. 2014). The N-terminal region of the protein contains a
glycine-rich sequence, followed by two highly acidic regions
and two proline-rich regions (P1 and P2); the remainder of
the protein contains microtubule-binding domains and a
short C-terminal region (Lee et al. 1988). As a member of
the intrinsically disordered protein family, Tau shares many
similarities with a-Syn. They are both abundant brain pro-
teins with prion-like properties, as they can misfold, seed,
and spread the misfolded conformation to typical monomeric
forms of each protein (Vasili et al. 2019). Furthermore, an
in vivo study demonstrated that Tau and a-Syn can accelerate
each other’s aggregation, suggesting that Tau may be involved
in the aggregation of a-Syn (Giasson 2003).

The physiological function of Tau is poorly understood. It
was demonstrated to promote microtubule polymerization by
interacting with the C-terminus of tubulin and driving tubu-
lin assembly into microtubules, forming the cytoskeleton in

neurons and defining neuronal morphology (Cleveland et al.
1977). Recent studies have demonstrated that Tau is con-
centrated on the labile domain of the axonal microtubules
rather than on the stable domain, indicating that the role of
Tau in the regulation of microtubule stability in the axon
is not to stabilize axonal microtubules but to enable them
to extend their labile domains (Baas and Qiang 2019). In
addition to polymerizing microtubules and regulating their
stability and mobility, Tau can regulate axonal transport.
High concentrations of Tau bind to microtubules and differ-
entially inhibit both dynein and kinesin functions, which are
related to retrograde and anterograde transport of molecules
in neurons, respectively (Dixit et al. 2008). However, Tau
does not influence axonal transport within the physiological
range (Tapia-Rojas et al. 2019), and studies have demon-
strated that alterations in axonal transport can be observed
only after Tau overexpression (Dubey et al. 2008). Thus, we
can speculate that Tau influences axonal transport only under
some pathological conditions.

In recent years, Tau has also been found in other subcellular
structures and to exert different functions in these structures.
First, nuclear Tau in its dephosphorylated state can protect
DNA from damage, whereas Tau phosphorylation increases
nuclear invagination and disrupts nucleocytoplasmic
transport (Violet et al. 2014). One study demonstrated that
hyperphosphorylated Tau interacts with components of the
nuclear pore complex (NPC) to impair nucleocytoplasmic
transport (Tripathi et al. 2019). Research on Tau-transgenic
Drosophila showed that polyadenylated RNAs accumulate
within and adjacent to Tau-induced nuclear envelope
invaginations, leading to cell death (Cornelison et al. 2019).
Paonessa et al. demonstrated that mutations in the MAPT gene
result in microtubule-mediated deformation of the nucleus
and disrupted nucleocytoplasmic transport (Paonessa et al.
2019). Second, under physiological conditions, low levels
of Tau can be found at dendritic spines, where it regulates
synaptic function in the dendritic/postsynaptic compartment
(Frandemiche et al. 2014; Ittner et al. 2010). It is reported that
Tau trans-locates to excitatory synapses in cultured mouse
neurons and acute hippocampal slices, indicating that Tau
might be involved in the regulation of synaptic plasticity
(Frandemiche et al. 2014). Another study found that Tau
participates in the postsynaptic targeting of the Src kinase
Fyn. Additionally, knockout of Tau in mouse induces signal
transduction disorder (Ittner et al. 2010).

Comprehensive investigations have revealed a role of
Tau in physiology and pathology. Speculations on how Tau
participate in or influence the pathophysiology of PD include
the following: axonal transport dysfunction may contribute
to the deposition of a-Syn and disable of excretion of
metabolites (Dixit et al. 2008; Y. Wang and Mandelkow
2016); Tau translocation to the excitatory synapses may be
involved in excitotoxicity in PD pathology (Frandemiche
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et al. 2014). Clarifying the association between Tau protein
and PD is of interest, and additional research is warranted to
explore possible mechanisms underlying PD.

Association between MAPT Gene and PD

As the popularity of GWAS technology has grown, numerous
studies have been performed to explore risk loci for PD
(Edwards et al. 2010; International Parkinson’s Disease
Genomics Consortium et al. 2017; International Parkinson’s
Disease Genomics Consortium (IPDGC) et al. 2014). Thus far,
at least 41 risk loci have been identified to be associated with
PD (International Parkinson’s Disease Genomics Consortium
et al. 2017), among which, MAPT is one of the most studied
risk genes. Two extended haplotypes, H1 and H2, differ in
orientation and do not recombine, covering the entire MAPT
gene (Hutton 2000; Pastor et al. 2002; Stefansson et al. 2005).
Variants in MAPT can increase the risk of PD and influence
the progression and clinical manifestations of the disease.
A full sequencing and haplotype analysis of MAPT in PD
showed that the H1 haplotype is associated with an increased
risk of PD but that the H2 haplotype has protective effects (Li
et al. 2018). The pathologic effects of the H1 haplotype seem
to vary in different populations. For example, the results of
GWAS in Europe and America show a significant association
(Mata et al. 2011; Refenes et al. 2009; Trotta et al. 2012;
International Parkinson’s disease consortium 2011; Rhodes
et al. 2010; Kalinderi et al. 2011). In contrast, the results
of studies in Asia are not consistent (Chen et al. 2016; Li
et al. 2018; Satake et al. 2009). Such a lack of consensus in
investigations among different populations likely stems from
the effects of population structure and population-specific
environmental interactions, and the different results of studies
in Asia may be caused by clinical heterogeneity and variable
reliability in methodological issues. Hence, more studies are
needed to explore the influences of MAPT on PD onset in the
Asian population.

In addition to the influence on disease susceptibility,
variations in MAPT also contribute to the clinical hetero-
geneity of PD. Some studies have discovered that MAPT
is an independent risk factor for the development of cog-
nitive impairment or dementia in PD patients (Set6-Salvia
et al. 2011; Williams-Gray et al. 2009). Other studies found
that the MAPT gene is also associated with the severity of
motor symptoms (Huang et al. 2011; G. Wang et al. 2016).
In a 5-year follow-up study, the MAPT H1/H1 genotype was
proven to be an independent predictor of dementia risk in PD
patients (Williams-Gray et al. 2009). Compta et al. reported
that MAPT rs242557 is associated with high CSF Tau lev-
els and low Af levels in PD patients (Compta et al. 201 1a,
b). Another gene-based and pathway-enrichment analysis
suggested that MAPT is involved in the development of
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olfactory dysfunction, one of the most common nonmotor
symptoms of PD, in older individuals (Dong et al. 2015).
Genetic evidence suggests that the MAPT gene participates
in disease onset and contributes to the diverse clinical mani-
festations of PD. Thus, identifying MAPT genotypes may
help to identify groups at high risk for the development of
PD and provide the possibility for early preventive measures.
Furthermore, the implications of MAPT on PD indicate that
Tau may have an essential role in the pathophysiology of PD.

Post-mortem Observation of Tau in the PD
Brain

In addition to a-Syn deposition, which is the characteristic
pathology of PD, many studies have documented the occur-
rence of comorbid Tau in autopsy-confirmed PD brains
(Table 1). Arima et al. found colocalization of Tau and a-Syn
in LBs in PD as well as dementia with Lewy body (DLB)
patients. They also classified the morphology of those inclu-
sions into four types: (1) LBs with ring-shaped Tau immu-
noreactivity, (2) LBs surrounded by neurofibrillary tangles
(NFTs), (3) a-Syn- and Tau-immunoreactive filamentous and
granular masses, and (4) a-Syn- and Tau-immunoreactive
dystrophic neurites (Arima et al. 1999). Another study
excluded nonspecific antibody cross-reactivity by using a
panel of monoclonal antibodies against Tau epitopes that span
the entire length of the protein. The study showed colocaliza-
tion of Tau and a-Syn in LBs, and most Tau-immunoreactive
LBs were found in neurons vulnerable to NFTs, such as the
locus coeruleus and basal nucleus of Meynert (Ishizawa et al.
2003). Galloway et al. found that an antibody specific for Tau
does not react with LBs in the substantia nigra of isolated PD
patients but can stain both the cortex and substantia nigra of
dementia with Lewy bodies (DLB) patients (P G Galloway
et al. 1988; Pamela G. Galloway et al. 1989). The discrepancy
of these results may result from the variable reliability in the
methodology applied.

Cell replacement has been explored as a therapeutic
strategy to treat PD. In addition to the postmortem observation
that Tau is deposited in PD patients’ brains, Tau pathology has
been observed in healthy grafts transplanted to PD patients.
Cisbani and colleagues detected hyperphosphorylated
Tau in grafted tissue of two PD patients at 18 months and
16 years posttransplantation, respectively. They also found
Tau-positive inclusions, neurofibrillary tangles, and neuropil
threads in patients who underwent autopsy at 16 years
posttransplantation (Cisbani et al. 2017). Another case report
showed frequent neuronal perikaryal inclusions positive for
both phosphorylated a-Syn and Tau in the graft of a 70-year-
old man who underwent cell transplantation 21 years prior
(Ornelas et al. 2020). It is speculated that pathological a-Syn
and Tau can spread from the host to the graft in a cell-to-cell
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Table 1 Post-mortem observation of Tau in the PD brain

Type of analysis Cohorts Findings

Citation (year)

Brain tissue N=7 1. Antibodies to tubulin, MAP1, MAP2, and NFT recognized LBs Galloway et al. (1988)
-PD 2. Antibody specific to Tau was not incorporated into LBs
Brain tissue N=5 Tau antibody stained inclusions in the cortex and substantia nigra Galloway et al. (1989)
-DLB
Brain tissue N=9 1. Both phosphorylation-dependent and independent Tau epitopes Arima et al. (1999)
-PD (n=2) were present in LBs
-DLB (n=17) 2. Morphologies of colocalization of Tau and a-Syn can be classified
into four types
Brain tissue N=2 1. a-Syn and Tau AT8 antibodies co-localized in LBs at the brain Arima et al. (2000)
-DLB stem, cortex, and pale bodies
2. a-Syn and Tau aggregated into different filamentous components in
the same inclusions
Brain tissue N=24 1. 80% of cases have Tau-immunoreactive LBs irrespective of the Ishizawa et al. (2003)
-DLB/AD (n = 20) Braak stage
-AD (n=4) 2. Tau immunostaining was present at the periphery of the LBs in
most cases
3. The proportion of LBs with Tau immunoreactivity was most
significant in neurons vulnerable to NFTs
4. The phospho-Tau antibody, TG3, detected more LBs than other
Tau antibodies
Brain tissue N=156 Cortical and striatal AP scores, Braak Tau stages, cortical Lewy Compta et al. (201 1a, b)
-PDND (n =27) body, Lewy neurite scores, and Lewy body densities, but not Braak
-PDD (n =29) a-Syn stages, were all significantly greater in PDD, with all the
pathologies showing a significant positive correlation to each other
Brain tissue N=4 1. Hyperphosphorylated Tau can be found in grafted tissue 16 years ~ Cisbani et al. (2017)
-PD (n=2) post- transplantation in PD patients
-HD (n =2) 2. Hyperphosphorylated Tau can be found in grafted tissue 9 and
12 years post-transplantation in HD patients
Brain tissue N=1 Immunohistochemical staining of graft tissue on 21 years post- Ornelas et al. (2020)
-PD transplantation PD patients demonstrated frequent neuronal

perikaryal inclusions of phosphorylated a-Syn and Tau in the left

graft only

PD Parkinson’s disease, AD Alzheimer’s disease, DLB dementia with Lewy bodies, PDND Parkinson’s disease nondemented, PDD Parkinson’s
disease-related dementia, /D Huntington’s disease, NFTs nerve fiber tangles, LBs Lewy bodies

manner. However, the transplantation process may also make
the graft more susceptible to the spontaneous generation of
pathology or factors within the host environment. These Tau
pathologies observed in PD patients remind us that Tau may
participate in PD pathophysiology by interacting with a-Syn
or LBs. Overall, the different morphologies of Tau and a-Syn
colocalization detected by immunohistochemistry technology
indicate that more than one mechanism is involved (Arima
et al. 1999, 2000).

CSF Tau as a Biomarker for PD

PD can be subcategorized into different clinical subtypes
based on etiology and clinical manifestations (Reich and
Savitt 2019). Extensive investigations have attempted to
develop biomarkers for the early and precise diagnosis of
PD (Maass et al. 2019). Although many studies have shown
that CSF a-Syn levels are lower in PD patients, a lack of

association with the severity of disease and considerable
overlap of values between control and diseased groups ham-
per the use of CSF a-Syn as a diagnostic marker (Delenclos
et al. 2016; Maass et al. 2019). Hence, biomarkers that are
more sensitive and specific are urgently needed to facilitate
early and precise diagnosis and to track progression of the
disease. Many investigations have explored the association
between CSF Tau levels and the risk of developing PD or its
clinical manifestations. Please see Table 2 for an overview
of the literature.

CSF Tau levels are significantly associated with cogni-
tive impairments in PD patients. Several meta-analyses have
shown that PD patients with cognitive impairment have ele-
vated total Tau (t-Tau) and phosphorylated Tau (p-Tau) and
reduced Ap,, levels compared with those without cognitive
impairment (Buongiorno et al. 2011; W. T. Hu et al. 2010;
X. Hu et al. 2017). Leverenz et al. observed a significant
association between CSF Af,,, AB,,/t-Tau, and BDNF levels
and cognitive impairment in PD patients without dementia
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Table 2 Clinical evidence supporting the role of Tau in PD pathophysiology

Type of Cobhorts Findings Citation (Year)
sample
CSF N=170 CSF t-Tau and p-Tau levels: Compta et al. (2009)
-PDND (n = 20) -higher in PDD than PDND and HC
-PDD (n = 20) -associate with impaired memory and naming in PD
-HC (n = 30)
CSF N=62 1. Higher Tau and clusterin levels in PD versus HC Prikrylova Vranova et al. (2010)
-PD (n =32) 2. Higher Tau, Tau/Af,, and clusterin in patients suffering from PD
-HC (n =30) less than 2 years versus those more than 2 years
CSF N =165 CSF t-Tau and p-Tau levels: Alves et al. (2010)
-PD (n = 109) -no different in HC versus PD without treatment
-AD (n = 20)
-HC (n = 36)
CSF N =345 CSF t-Tau and p-Tau levels: Montine et al. (2010)
-PD (n =49) -unchanged in PD-CIND and PDD
-PD-CIND (n =62) CSF Af,, levels:
-PDD (n=11) -reduced in PD-CIND and PDD
-AD (n =49)
-aMCI (n = 24)
-HC (n = 150)
CSF N=121 CSF Tau levels: Bibl et al. (2010)
-PDD (n=21) -no difference between PDD and HC
-AD (n = 45) CSF Ap levels:
-DLB (n = 15) -lower in PDD versus HC
-HC (n = 40)
CSF N=56 CSF t-Tau and Tau/AB,, levels: Jellinger (2012)
-TDPD (n = 6) -significantly increased in both NTPD and AD compared with TDPD
-NTPD (n = 6) and HC groups
-AD (n=27)
-HC (n=17)
CSF N=22 CSF AB,,, AP,,/t-Tau, BDNF levels: Leverenz et al. (2011)
-PD -have significant associations with cognitive impairment in non-
demented PD patients
CSF N=181 1. AP4,, t-Tau and p-Tau levels in PD patients were similar to controls  Parnetti et al. (2011)
-PD (n = 38) 2. T-Tau/a-Syn and p-Tau/a-Syn showed the lowest values in PD
-DLB (n = 32) patients
-AD (n =48)
-FTD (n = 31)
-HC (n =32)
CSF PD (n = 48) In PD patients: Pfikrylova Vranova et al. (2012)
-EDO-PD (n = 17) -Tau and Tau/Ap42 levels higher in NT-PD versus the other groups
-TD-PD (n = 15) -Tau levels have a close relationship with motor manifestation in
-NT-PD (n = 16) NT-PD
AD (n=18)
HC (n=19)
CSF N =403 Cross-sectional analyses: The Parkinson Study Group
-PD -baseline CSF biomarker levels positively correlated with each other DATATOP Investigators et al.
-baseline CSF p-Tau/t-Tau and AB42 have borderline effects on the (2013)
time to reach the endpoint
Longitudinal analyses:
-t-Tau and t-Tau/Ap42 change rate are correlated with UPDRS total,
or motor scores change rate
CSF N=69 1. o/t-a-Syn and Af,/t-Tau ratio significantly contributing to the Parnetti et al. (2014)
-PD (n =44) discrimination of PD from HC
-HC (n =25) 2. Patients with low CSF Ap,, level are more prone to develop
cognitive decline
CSF N =403 CSF p-Tau and p-Tau/Ap42 levels: Liu et al. (2015)
-PD -predict cognitive decline in PD since start treatment
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Table 2 (continued)

Type of Cohorts Findings Citation (Year)
sample
CSF N =390 Combination of age, non-motor assessments, DAT imaging, and CSF  Schrag et al. (2017)
-PD AP42/t-Tau ratio can predict the occurrence of cognitive impairment
in PD patients during 2-years follow-up study
CSF N =285 12 years longitudinal study in PD: Mollenhauer et al. (2017)
-PD (n =173) -Ap42 increase in both groups
-HC (n=112) -t-Tau and a-Syn levels remained stable
-p-Tau increased marginally more in PD over time
-p-Tau/t-Tau increased, and t-Tau/Ap42 decreased slightly
Across time points:
-t-Tau, p-Tau, and a-Syn levels were significantly lower in PD versus
HC
CSF PD=421 1. Diffuse malignant PD have lowest AB and Ap/t-Tau levels in CSF  Fereshtehnejad et al. (2017)
Neuroimaging -mild motor predomi- 2. MRI morphometry showed more atrophy and disease-specific
nant (n = 223) network in diffuse malignant PD
-intermediate
(n = 146)
-diffuse malignant
(n=152)
CSF N=115 1. CSF levels of a-Syn, Ap42, and TNF-a were lower in patients than ~ Delgado-Alvarado (2017)
Plasma -PD (n =51) in controls
-HC-CSF (n = 40) 2. The t-Tau/a-Syn, p-Tau/a-Syn, t-Tau/AP42 + a-Syn, and p-Tau/
-HC-Plasma (n =24)  AP42+a-Syn ratios were higher in patients
3. P-Tau/a-Syn alone and also combined with TNF-a obtained the
best AUC
4. IL-6 positively correlated with UPDRS scores
CSF cohort 1 1. T-Tau/Ap42, t-Tau/a-Syn, t-Tau/AP42 + a-Syn, AP42/t-Tau ratios Delgado-Alvarado et al. (2018)
-PD (n = 281) are associated with dementia risk over a 3-year follow-up
cohort 2 2. T-Tau/a-Syn and t-Tau/AP42 + a-Syn ratios are associated with
-PD (n = 40) progression to dementia over a 41-month follow-up
CSF N =136 CSF Tau and p-Tau levels: Gmitterova (2018)
-DLB (n = 51) -higher Tau levels in DLB versus PDD
-PD (n =53) -higher Tau levels in PDD versus PD
-HC (n =32) -Tau levels no difference between PD and HC
-both reflect severity of dementia in PDD and DLB
CSF p-Tau/Tau levels:
-lower in DLB versus PDD
CSF N=68 1. 24-OHC levels increased in PD or CBS patients Bjorkhem et al. (2018)
-PD (n = 30) 2. CSF 24-OHC, Tau and p-Tau levels in PD, CBS or CBD patients
-CBS (n=11) correlate with each other
-CBD (n=18)
-HC (n=19)
CSF N =230 1. P-Tau levels were significantly lower in the PD group and rose Dolatshahi et al. (2018)
-PDND (n = 120) significantly during the 1-year follow-up time in the PD group
-HC (n=110) 2. T-Tau levels were different between the two groups at all time
points despite their non-significant longitudinal changes
CSF N =557 10-year follow-up study of sporadic PD Lerche et al. (2019)
-PD (n = 415) -low levels of Ap,, are associated with a higher risk of developing
-HC (n = 142) cognitive impairment earlier in the disease process
Neuroimaging PD (n = 30) Patterns of cortical Tau and A do not differ in three groups Winer et al. (2018)
-PD-CN (n =15)
-PD-MCI (n = 15)
HC (n = 49)
Neuroimaging N =17 No significant increase in Tau tangles occurred after a two-year Hansen et al. (2020)
-PD follow-up of PD patients
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(Leverenz et al. 2011). Further studies showed that CSF
p-Tau and p-Tau/Af,, levels could predict cognitive decline
in PD patients (Liu et al. 2015; Schrag et al. 2017). Some
studies have also suggested that the lifetime prevalence of
cognitive impairment in PD is 80% (Aarsland et al. 2003;
Buter 2008; Hely et al. 2008), making it very important to
recognize PD patients who are more likely to develop cogni-
tive impairment. Furthermore, CSF Tau levels may help in
the differentiation of tremor-dominant PD (TDPD) and non-
tremor-dominant PD (NTPD). Indeed, it has been reported
that t-Tau and Tau/Ap,, levels are higher in NTPD patients
than in TDPD patients and that Tau levels are closely related
to motor symptoms in NTPD (Jellinger 2012; Ptikrylova
Vranova et al. 2012). Thus, CSF Tau levels may help in the
diagnosis of PD subtypes and lay the foundation for develop-
ing personalized therapeutic strategies.

CSF Tau levels can also be used as a biomarker to track the
progression of PD. In a longitudinal study of PD patients, the
change rates of t-Tau and t-Tau/Ap,, correlated with the Uni-
fied Parkinson Disease Rating Scale (UPDRS) total or motor
score change rate (The Parkinson Study Group DATATOP
Investigators et al. 2013). Another longitudinal study detected
increased p-Tau and p-Tau/t-Tau and decreased t-Tau/A,, in
the CSF of PD patients in 12 years (Mollenhauer et al. 2017).
Dolatshahi et al. found that p-Tau levels in CSF were low and
rose significantly during the 1-year follow-up in the PD group
(Dolatshahi et al. 2018). As CSF Tau has become an essential
index for diagnosis of AD and other tauopathologies (Blennow
and Zetterberg 2018; Takashima et al. 2019), clinical realities,
such as manifestations, should be considered in differential
diagnosis. However, its potential as a predicting factor of the
course development and an indicator in PD’s typology should
not be ignored.

Experimental Evidence Supporting the Role
of Tau in PD Pathophysiology

Various studies have employed transgenic PD mouse lines
in which Tau is manipulated, reduced, or eliminated to
explore the potential molecular pathways through which Tau
may contribute to the pathophysiology of PD (Beauchamp
2018; Lei et al. 2012; Singh et al. 2019; Wills et al. 2011).
Nevertheless, no consistent conclusion can be drawn thus
far. The differences in the results of those studies may be
due to intermodel variability. Some studies have been
performed to explore changes in Tau protein in PD models.
Wills and coworkers found increased hyperphosphorylated
Tau in the striatum of adult AS3T a-synuclein transgenic
mice that colocalized with a-Syn, which was aggregated
and accumulated in inclusion bodies (Wills et al. 2011).
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Further studies have shown that overexpression or mutation
of a-Syn may increase the phosphorylation of Tau by
promoting expression of GSK-3, a primary kinase known to
phosphorylate Tau at multiple sites (Ga and Adamczyk 2014;
Kalinderi et al. 2011). Bardai et al. reported that the leucine-
rich repeat kinase 2 (LRRK?2) protein and mutations in the
gene encoding it are the most common causes of familial
PD and promote Tau neurotoxicity through dysregulation of
actin and mitochondrial dynamics (Bardai et al. 2018). These
studies suggest that Tau and a-Syn can promote each other’s
pathological changes to form a vicious cycle, ultimately
promoting the occurrence and development of PD.

Many in vitro studies have demonstrated that Tau and a-Syn
can interact and promote aggregation of the other (Giasson
2003). Dasari and colleagues found that Tau interacts with
the C-terminus of a-Syn and promotes the formation of toxic
aggregations with distinct molecular conformations (Dasari
et al. 2019). However, the results of in vivo studies remain
controversial. Some research indicates that Tau is detrimental
during the development of PD. Clinton and coworkers
generated a mouse model expressing both a-Syn, Tau, and A
by mating 3xTg-AD mice (Tg(APPSwe, TauP301L)1Lfa) with
AS53T a-Synuclein transgenic mice and found that coexpression
of the three proteins accelerated cognitive decline (Clinton
et al. 2010). Singh et al. found aberrant localization of Tau to
postsynaptic spines, which contributed to postsynaptic deficits
and cognitive impairment in TgAS5S3T mice. Furthermore,
removal of endogenous Tau in AS3T a-Synuclein transgenic
mice ameliorated postsynaptic deficits and cognitive
dysfunction (Singh et al. 2019; Teravskis et al. 2018). These
results suggest that reducing Tau in the PD brain may break the
vicious cycle of the two proteins and alleviate the symptoms
of PD. Regardless, Morris and colleague reduced Tau levels in
two kinds of PD models and found that this reduction failed to
prevent motor deficits (Morris et al. 2011).

It has been reported that Tau-knockout mice develop
motor deficits and cognitive impairment; thus, they have
been used as an age-dependent model of parkinsonism
in some studies. One study showed that knockout of Tau
induced the accumulation of iron in dopaminergic neurons
in the substantia nigra by impairing APP-mediated iron
export. The authors found that Tau-knockout mice developed
Parkinsonism and dementia (Lei et al. 2012). Leah C et al.
reported olfactory and motor deficits in 7- and 15-month-
old Tau-KO mice. They also found accumulation of a-Syn
and autophagic impairment in the olfactory bulb, striatum,
and substantia nigra at 7 and 15 months of age, respectively
(Beauchamp 2018). The movement disorders caused by Tau
deletion may be due to the loss of its normal function. These
observations suggest that more caution should be taken when
targeting Tau for the treatment of PD.
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Conclusions

Pathological and genetic evidence suggests that Tau plays
an essential role in the pathogenesis of PD. However, the
underlying molecular mechanisms remain unclear. Although
a great deal of progress has been made in the field of PD,
further studies are needed to develop methods for early and
precise diagnosis as well as more efficient therapies. CSF
Tau levels can help in PD diagnosis and monitoring disease
progression. Moreover, crosstalk of Tau and a-Syn can
induce loss of physiological function and axonal transport
dysfunction, ultimately inducing the deposition of toxic
fibrils and cell death. Overall, understanding the mechanisms
by which Tau contributes to the pathophysiology of PD will
be helpful for the treatment of PD in the future.
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