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Abstract

type-specific tau pathology.

Microtubule-associated protein tau is abnormally aggregated in neuronal and glial cells in a range of
neurodegenerative diseases that are collectively referred to as tauopathies. Multiple studies have suggested that
pathological tau species may act as a seed that promotes aggregation of endogenous tau in naive cells and
contributes to propagation of tau pathology. While they share pathological tau aggregation as a common feature,
tauopathies are distinct from one another with respect to predominant tau isoforms that accumulate and the
selective vulnerability of brain regions and cell types that have tau inclusions. For instance, primary tauopathies
present with glial tau pathology, while it is mostly neuronal in Alzheimer’s disease (AD). Also, morphologies of tau
inclusions can greatly vary even within the same cell type, suggesting distinct mechanisms or distinct tau
conformers in each tauopathy. Neuropathological heterogeneity across tauopathies challenges our understanding
of pathophysiology behind tau seeding and aggregation, as well as our efforts to develop effective therapeutic
strategies for AD and other tauopathies. In this review, we describe diverse neuropathological features of tau
inclusions in neurodegenerative tauopathies and discuss what has been learned from experimental studies with
mouse models, advanced transcriptomics, and cryo-electron microscopy (cryo-EM) on the biology underlying cell
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Overview of tau physiology and aggregation
pathobiology

Tau is a microtubule-associated protein that promotes
microtubule assembly and stability. Tau is encoded by a
single gene (MAPT) on chromosome 17q21, with at least
16 exons, some of which undergo developmentally regu-
lated alternative spicing to generate a family of isoforms.
Tau has several functionally distinct domains (number-
ing according to the longest isoform), including an
amino (N)-terminal projection domain (1-150), a central
proline-rich domain (151-243), a repeat domain (244—
368), and a carboxyl (C)-terminal domain (369-441) [1].
Due to alternative splicing of exons 2, 3, and 10, tau can
be expressed in six different isoforms in the CNS, with
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different numbers of N-terminal inserts (0 N, 1 N, or
2 N) and either three of four repeats in the repeat do-
main (3R or 4R). Fetal brains have only 3R tau, but adult
human brains express both 3R and 4R tau in approxi-
mately 1:1 ratio [2—4]. Initially, tau was thought to be
exclusively a neuronal protein due to its robust expres-
sion in neurons [5]; however, it has been shown that oli-
godendrocytes and astrocytes also express tau, albeit at
lower levels [6, 7].

Tau is a phosphoprotein with numerous serine and
threonine residues that can be differentially phosphory-
lated [1]. Site-specific hyperphosphorylation of tau is
one of the major hallmarks of neurodegenerative tauopa-
thies, in which neuronal and glial cells exhibit various
intracellular tau inclusions [8]. Tau is also subject to
other post-translational modifications (PTMs), such as
acetylation, ubiquitination, and cleavage [9-11]. Site-
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specific PTMs of tau can substantially impact the patho-
physiology of tau by altering the solubility of tau or dis-
rupting  proper interaction between tau and
microtubules [8, 9].

Intrinsically, tau is highly hydrophilic and maintains its
native unfolded structure; however, under pathological
conditions, tau becomes abnormally misfolded and ag-
gregated, which impairs its physiological functions. Spe-
cifically, aggregation of tau is defined by formation of
tau polymers that are often filamentous with ordered
structures derived from aberrant intermolecular inter-
action, which is speculated to occur via a nucleation-
elongation = mechanism [1].  After  oligomeric,
aggregation-competent tau forms nuclei, they can be
subsequently elongated into multimeric, filamentous
structures [12, 13]. Of note, the first report of paired hel-
ical filaments (PHFs) in Alzheimer’s disease (AD) brains
preceded the discovery of tau [14]. These filaments were
later confirmed to be predominantly composed of hyper-
phosphorylated tau (p-tau) [15], demonstrating that tau
can pathologically aggregate in neurons to form neuro-
fibrillary tangles (NFTs). NFTs are pathological, but not
necessarily associated with cell death in that NFT-
bearing neurons can survive for decades [16]. This has
led to the controversial suggestion that formation of
NFTs could be a protective mechanism [17]. In addition
to NFTs, tau aggregates form a wide range of structures
depending on the neurodegenerative tauopathy, varying
in vulnerability of brain regions and cell types. Such will
be the focus of this review.

Pathological tau has been suggested to act as a
“seed” that recruits or promotes soluble tau into fur-
ther aggregation [18]. A number of animal studies
have demonstrated that tau seeds can transmit patho-
logical tau by intracerebrally injecting recombinant
tau protein [19, 20], lysates of cells that express
pathological tau strains [21, 22], or brain tissue-
derived tau seeds [23-28] into wild-type (WT) or tau
transgenic mice. Intriguingly, human brain-derived tau
seeds injected into mouse brains have been shown to
recapitulate heterogeneity of neuropathological lesions
of the disorders from which the tau protein was ob-
tained, in terms of morphology of lesions, affected
cell types and vulnerable brain regions [21-28]. Com-
plementary observations were made in cellular models
in which tau seeds derived from various human tauo-
pathies demonstrated different seeding potency and
induced tau aggregates with unique morphological
features [21, 28, 29]. It should be noted that in most
of these studies, the seeding materials are not pure
tau, but contain of factors that copurify with patho-
logic tau. Nevertheless, these studies collectively sug-
gest that distinct tau strains or distinct conformers
may underlie neuropathological heterogeneity of tau
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pathology in neurodegenerative tauopathies, including
cell-type specificity.

Tauopathies

Tauopathies are a group of neurodegenerative diseases
that are histopathologically characterized by abnormal
accumulation and aggregation of tau within neurons or
glial cells, or both. In addition to diverse clinical presen-
tations, tau lesions in tauopathies are heterogeneous in
their isoform composition, morphology, cell type in-
volvement, and brain regions most affected (Table 1).
Tauopathies are divided into primary tauopathies and
secondary tauopathies. The latter is defined by substan-
tial aggregation of a second protein, which is considered
as the primary driver of the disease process. The most
common example of a secondary tauopathy is AD,
where tau pathology is thought to be driven or acceler-
ated by beta-amyloid (Ap) [30]. Of note, while many pri-
mary tauopathies are considered to be at least partially
driven by genetic factors, a subset of tauopathies are
more clearly linked to environmental triggers or expos-
ure, such as repeated (sub)concussions in chronic trau-
matic  encephalopathy (CTE) and environmental
neurotoxins in Guam Parkinsonism-dementia complex
(PDC) (31, 32].

Primary tauopathies

Frontotemporal dementia

Frontotemporal dementia (FTD) is an umbrella term for
various clinical syndromes ranging from personality and
behavioral changes to language impairment to move-
ment disorders [33]. Neuropathologic substrates of FTD
are heterogeneous, but they show anatomical overlap,
with frontal and temporal lobes being selectively vulner-
able to degeneration. The term frontotemporal lobar de-
generation (FTLD) is used to classify the pathology and
molecular underpinnings of the clinical FTD syndrome
[33]. FTLD-tau is a major molecular subgroup of FTLD
that is characterized by aberrant accumulation of ptau in
neurons and glia. The major subtypes of FTLD-tau are
Pick’s disease (PiD), corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), globular glial tauo-
pathy (GGT), frontotemporal dementia and parkinson-
ism linked to chromosome 17 (FTDP-17), and rare
unclassifiable tauopathies.

Pick’s disease

Pick’s disease (PiD) is a rare 3R tauopathy that usu-
ally presents clinically with features of FID, such as
deterioration of language, personality, and memory.
While most cases are sporadic, a few familial cases
have been linked to missense mutations in MAPT
[34, 35]. Circumscribed focal cortical atrophy (“lobar
atrophy”) is a striking neuropathological feature, often
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Table 1 A list of different tauopathies and their cell type-specific tau lesions

Tauopathy Tau lesions
Disorder Predominant tau Neuron Astrocyte Oligodendrocyte
isoform

PiD 3R Pick bodies (+++) and Ballooned Ramified astrocytes Pick body-like inclusions
neurons (++)

PSP 4R Neurofibrillary tangles (++) and Tufted astrocytes Coiled bodies(+++)
Pretangles (+++)

CBD 4R Pretangles (+++) and Ballooned Astrocytic plaques Coiled bodies(++)
neurons(++)

GGT 4R Pretangles (+++) Globular astrocytic inclusions Globular oligodendroglial

inclusions

AGD 4R Grains (+++) and Ballooned neurons(+) Ramified (bushy) astrocytes Coiled bodies(+)

PART 3R/4R Neurofibrillary tangles N/A N/A

ARTAG 4R N/A Thorn-shaped and Granular N/A

fuzzy astrocytes
AD 3R/4R Neurofibrillary tangles (+++) N/A N/A
CTE 3R/4R Neurofibrillary tangles (++) Thorn-shaped astrocytes N/A

Abbreviations: +: mild; ++: moderate; +++: marked; N/A not applicable

macroscopically severe in anterior frontal and tem-
poral lobes, as well as medial and inferior temporal
cortices. This “knife-edge” atrophy is associated with
severe neuronal loss and gliosis, with spongiosis and
astrogliosis in the cortical ribbon and secondary
axonal loss in the subjacent white matter. The stri-
atum, subthalamic nucleus, and the substantia nigra
are variably affected [36].

PiD has prominent neuronal lesions in the form of bal-
looned neurons (or “Pick cells”) and Pick bodies. Bal-
looned neurons are not specific to PiD and can be seen
in other tauopathies such as CBD and argyrophilic grain
disease (AGD). The neuroanatomical distribution of Pick
bodies parallels brain atrophy. They are well-
circumscribed, round, neuronal cytoplasmic inclusions
that are immunoreactive for p-tau and 3R tau (Fig. 1 A),
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Fig. 1 Various tau inclusions in primary tauopathies and AD. (A-C) PiD. Neuronal Pick bodies stain positive for 3R tau (A) while negative for 4R tau
(B). White matter oligodendroglial inclusions (C). (D-F) PSP. Neuronal globose tangle (D). Tufted astrocyte (E). Oligodendroglial coiled bodies (F).
(G-) CBD. Ballooned neuron (G). Astrocytic plaque (H). Neuropil tau threads (I). J-L) GGT. GAls (upper right) and neuronal pretangles (lower left)
(J). Higher magnification of GAls (K). GOIs (L). (M-O) AGD. Argyrophilic grains (inset shows ballooned neuron) (M). White matter oligodendroglial
coiled body (N). Bush-like astrocyte (O). (P-R) ARTAG. Thorn-shaped astrocytes in subpial (P), perivascular (Q), and subependymal regions (R). (S-U)
AD. NFT (S). Neuropil tau threads (T). Dystrophic neurites in a neuritic plague (U). Immunoreactivity to RD3 (3R tau) (A), RD4 (4R tau) (B, M-O),

and CP13 (pS202 tau) (C-L, P-U). Asterisks denote the crest of the gyrus
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but negative for 4R tau (Fig. 1 B). Pick bodies have vari-
able (mostly negative) staining with the Gallyas silver
impregnation method, and they are weakly positive or
negative with thioflavin-S fluorescent microscopy [36,
37]. Of note, Pick body-like inclusions in hippocampal
dentate gyrus neurons in AD [38, 39] differ from Pick
bodies in histologic properties (argyrophilic and
thioflavin-S-positive) and tau isoform composition (3R
and 4R tau-positive).

Glial lesions are less frequent than neuronal lesions in
PiD, but Pick-body-like inclusions can be detected in oli-
godendrocytes in affected white matter (Fig. 1 C) [36,
37, 40]. Biochemically, insoluble tau protein in PiD is
enriched in 3R tau, but immunohistochemistry with
antibodies specific to 4R tau often reveals sparse astro-
cytic lesions in most cases [37, 40]. As in all neurode-
generative disorders, neuronal loss and astrogliosis in
PiD are accompanied by microgliosis. A common
marker of activated microglia, HLA-DR, shows promin-
ent microgliosis in the neocortex and white matter of
PiD, including areas with sparse tau pathology [36]. Of
note, the cortex and white matter contain only few lipid-
laden amoeboid microglia, which may reflect a chronic
disease process rather than distinct microglial activation
as described in FTLD without tau pathology [41].

Progressive supranuclear palsy (PSP)

Progressive supranuclear palsy (PSP) is a sporadic 4R
tauopathy with less than 5% of patients having a family
member with reported clinical history consistent with
PSP [42]. Major clinical features of PSP include L-DOPA
non-responsive parkinsonism, oculomotor dysfunction
that significantly affects vertical eye movement, gait fail-
ure, and postural instability that is frequently accompan-
ied by falls [43, 44]. The PSP syndrome has been
reported in patients with damaging mutations in MAPT
[45], but there are only a few autopsy-proven cases of fa-
milial PSP due to MAPT mutations, including two
brothers with early-onset PSP and a MAPT p.S285R mu-
tation [46]. The pathology of other MAPT mutations
clustered in exon 10 and its splicing region (p.AN296,
p-N296N, p.P301L, p.G303V, p.S305S, IVS10+ 3, and
IVS10 + 6), which may alter the ratio of 3R and 4R tau,
fits better with FTLD-tau than PSP [47, 48].

The tau gene has common variants that define two
haplotypes, H1 and H2, associated with a large genomic
inversion on chromosome 17 that includes the MAPT
gene [49]. Most PSP patients carry the H1 haplotype,
but several other non-tau genetic risk loci have been
identified in a genome-wide association study (GWAS)
of autopsy-confirmed PSP [50]. Intriguingly, the €2 allele
of apolipoprotein E (APOE) gene is potentially linked to
increased risk of PSP independent of the H1 haplotype
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[51], although APOE was not identified as a risk allele in
the PSP GWAS [50].

Histopathologically, PSP is characterized by neuronal
and glial tau pathology, neuronal loss, and fibrillary
astrogliosis, with the most severe neuronal loss found in
the globus pallidus, subthalamic nucleus, and substantia
nigra [52]. Globose NFT (Fig. 1D) or pretangles are fre-
quent in these affected brain regions. The morphology
of glial tau pathology (especially astrocytic) distinguishes
PSP from other tauopathies [53]. The most characteristic
glial lesion in PSP is the tufted astrocyte (Fig. 1E), but
oligodendrocytes are also vulnerable (“coiled bodies”)
(Fig. 1 F). In addition to vulnerable subcortical regions,
the premotor and motor cortices, the ventral thalamus,
corpus striatum, and the olivopontocerebellar output
and input systems are also affected. Interestingly, unlike
reactive astrocytes, tau-immunoreactive tufted astrocytes
have minimal labeling with glial fibrillary acidic protein
(GFAP) [54]. Moreover, the distribution of tufted astro-
cytes does not parallel the reactive astrogliosis in PSP,
which is greatest in the aforementioned nuclei. Instead,
tufted astrocytes are more frequent in the neocortex and
striatum, where neuronal loss is less, suggesting that
tufted astrocytes represent an independent degenerative
disease process [54].

Corticobasal degeneration (CBD)

Corticobasal degeneration (CBD) is a sporadic 4R tauo-
pathy with only a few MAPT mutations reported in rare
familial cases (e.g., p.G389R and p.N410H) [55, 56].
Similar to PSP, CBD risk is strongly associated with the
MAPT H1 haplotype [57]. An association with the APOE
€2 allele has been reported, but it did not reach a statis-
tical significance [51]. CBD shows a wide range of clin-
ical symptoms, including impaired execution of skilled
movements (apraxia), parkinsonism, executive dysfunc-
tions, language impairments, and even PSP-like features
such as postural instability and gaze palsy [58]. At a neu-
roanatomic level, cerebral cortex and basal ganglia are
preferentially affected in CBD as its name suggests, un-
like in PSP in which the basal ganglia, subthalamic nu-
cleus, and midbrain are disproportionately impacted
[59].

A key histopathological feature of CBD is the bal-
looned neuron (Fig. 1G). Ballooned neurons are swollen
neocortical neurons that contain phosphorylated neuro-
filament protein [60], but are also labeled with antibody
to alpha-B crystallin [61]. Importantly, CBD shares simi-
larities with PSP in its prominent accumulation of 4R
tau in both neurons and glial cells. Astrocytic tau path-
ology in CBD is distinct from that in PSP in terms of
morphology and anatomical distribution. Unlike tufted
astrocytes in PSP, tau-positive astrocytes in CBD appear
as annular clusters of astrocytic cell processes, which
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have been named “astrocytic plaques” [62] given their
resemblance to neuritic plaques centered around AP in
AD [59, 63]. While tufted astrocytes in PSP show tau
immunoreactivity concentrated in cytoplasm and prox-
imal astrocytic cell processes, astrocytic plaques in CBD
show tau immunoreactivity concentrated in distal astro-

cytic cell processes (Fig. 1 H) [59, 63]. These
morphological differences in astrocytic tau lesions in
PSP and CBD represent distinct subcellular

compartmentalization of pathological tau in astrocytes
[64]. Oligodendroglial coiled bodies may also be found
in CBD, but are less prominent than in PSP. Another
prominent pathological feature of CBD is tau accumula-
tion in neuronal processes as neuropil threads in af-
fected gray and white matter of cortical and subcortical
regions (Fig. 1I). Neuropil threads are also frequent in
AD, where the term was originally used [65]; however,
the neuroanatomical distribution of threads is different,
with corticolimbic gray matter vulnerable in AD, while
threads in CBD are in both gray and white matter of
cortical and subcortical structures.

Globular glial tauopathy (GGT)

Globular glial tauopathy (GGT) is a rare non-familial 4R
tauopathy; only a few individual cases have been linked
to MAPT mutations [66—68]. A subset of GGT (Type 2)
overlaps with an atypical form of PSP [69], while other
types (Types 1 and 3) are distinctly different [70]. The
major histopathological hallmarks of GGT are globular,
tau-positive inclusions in astrocytes and oligodendro-
cytes that are enriched in 4R tau (Fig. 1 J). They are re-
ferred to as globular astrocytic inclusions (GAIs) and
globular oligodendroglial inclusions (GOls), respectively
(Fig. 1 K-L). GOIs are argyrophilic on silver stains (e.g.,
Gallyas), while GAIs are negative or only weakly argyro-
philic, which distinguish astrocytic lesions in GGT from
those in PSP and CBD. The clinical spectrum of GGT
includes features similar to those of FID or motor
neuron disease (MND) or both, leading to the classifica-
tion of three different GGT subtypes [71]. In each GGT
subtype, FTD-like symptoms reflect tau pathology affect-
ing frontal and temporal cortices, while MND-like symp-
toms correspond to involvement of motor cortex,
corticospinal tract degeneration [71]. While Type 2
GGT shows similarities with PSP, other subtypes (Types
1 and 3) are distinct frontotemporal tauopathies clinic-
ally and morphologically. In addition, recent biochemical
data demonstrates striking differences in seeding po-
tency of GGT brain lysates in cell-based reporter assays
compared to brain lysates of other tauopathies such as
PSP, CBD, and AD. This strongly supports the concept
that GGT is a distinct tauopathy [29]. Recent biochem-
ical characterization of tau in GGT shows distinct tem-
plating properties of 4R tau (with RT-QulC assays [72])
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in GGT compared to PSP and other 4R tauopathies. In
addition, expression levels of aquaporin-4 and glial glu-
tamate transporter were altered in GGT, suggesting po-
tential unique pathologic mechanisms of
oligodendroglial and astroglial dysfunction in GGT [73].

Argyrophilic grain disease (AGD)
The term “argyrophilic grains” were originally coined by
Braak and Braak to describe numerous spindle-shaped
profiles scattered in the neuropils of demented patients
who lacked AD tau pathology [74]. These profiles ap-
peared to be strongly positive on Gallyas silver stains,
hence given the name “argyrophilic,” indicating their
high affinity to silver. Argyrophilic grains were later
found to be 4R tau-positive (Fig. 1 M), defining argyro-
philic grain disease (AGD) as a 4R tauopathy [75]. Gen-
etic studies have revealed that AGD patient have
overrepresentation of the MAPT H1 haplotype like PSP
and CBD [75], but no clear association with APOE [76].
Clinically, AGD can be associated with neuropsychi-
atric symptoms (e.g., personality changes and emotional
instability) and memory impairment [75], but AGD is
not always associated with cognitive impairment [77].
Cognitively unaffected individuals with AGD tend to
show more restricted pathology in the ambient gyrus
and the anterior portion of hippocampal CA1, while de-
mented AGD patients have a more widespread pattern
[77]. In addition to argyrophilic grains, ballooned neu-
rons are frequent in the amygdala and limbic cortices
(Fig. 1 M, inset). 4R tau-positive oligodendroglial coiled
bodies, another feature of AGD (Fig. 1 N), are often lim-
ited to the white matter of the limbic lobe, while grains
are mainly found in the neuropil of the entorhinal and
perirhinal cortices, the hippocampus, and the amygdala.
There is no specific astrocytic tau lesion assigned to
AGD, yet tau-positive astrocytes often show a ramified
to bushy appearance (Fig. 10) [78].

Primary age-related tauopathy (PART)

Primary age-related tauopathy (PART) encompasses
neuropathological changes that were previously regarded
as a part of normal aging or neurofibrillary tangle pre-
dominant senile dementia [79]. PART is characterized
by AD-like NFTs without amyloid co-pathology [80].
Specifically, “definite PART” is defined by the low
Braak NFT stage (II-III), in which NFTs are frequent in
the limbic system, including CA2 region of the hippo-
campus, amygdala and medial temporal lobe. The term
“possible PART” is intended to indicate cases with simi-
lar NFT pathology, but also mild amyloid co-pathology.
PART can overlap with some types of FTLD-tau. The
most frequent MAPT mutations with limbic predomin-
ant NFT pathology are p.R406W and p.V337M [81].
Clinically, definite PART can be seen in those who were
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cognitively normal or those with cognitive impairment,
especially amnestic syndromes. Cognitive impairment is
more frequent at older ages (>80 years) and in those
with a positive family history of cognitive impairment
[82]. In contrast to other primary tauopathies, most tau
pathology in PART is neuronal [80].

Biochemical and ultrastructural studies have shown
that NFTs in PART are positive for both 3R and 4R tau.
Electron microscopy reveals a structural composition of
PHFs, reminiscent of NFT pathology in AD. Despite
these similarities, PART is not associated with APOE4
[80]. That PART is an age-associated medial temporal
tauopathy distinct from AD remains controversial[83].

Aging-related tau astrogliopathy (ARTAG)

While astrocytic tau lesions are characteristic of neuro-
degenerative tauopathies such as PSP, CBD, and GGT,
they are also observed in brains of neurologically normal
elderly individuals. Aging-related tau astrogliopathy
(ARTAG) is defined by the presence of 4R tau-positive
thorn-shaped astrocytes in subpial (Fig. 1P), perivascular
(Fig. 1Q), and subependymal regions (Fig. 1R) [84]. An-
other pathologicalsubtype of ARTAG is tau-positive
granular/fuzzy astrocytes in the gray matter, especially in
the amygdala [84]. Thorn-shaped astrocytes in ARTAG
can be distinguished from tufted astrocytes in PSP based
on their co-immunoreactivity for GFAP [40, 84]. Astro-
cytic lesions in ARTAG share similarities with those in
chronic traumatic encephalopathy (CTE). Yet, tau le-
sions in CTE have a predilection for the depths of the
cerebral sulci in an unpredictable distribution [84],
whereas they show a characteristic distribution and pro-
gression in ARTAG [85].

ARTAG is rarely observed in individuals younger than
60 years of age. It is rarely an isolated finding, but it is a
common co-pathology. ARTAG is detected in more than
65 % of primary tauopathies [85]. While the etiology and
clinical significance of ARTAG are poorly understood,
studies have shown that ARTAG is associated with a sig-
nificantly elevated level of another astrocytic protein
aquaporin-4 [86], the major water channel in the brain.
This might suggest that dysfunction of the blood-brain
barrier (BBB) may at least partially contribute to the
pathogenesis of ARTAG [85].

Secondary tauopathies

Alzheimer’s disease (AD)

Alzheimer’s disease (AD), the most common form of de-
mentia, is classified as a secondary tauopathy as its
neuropathological diagnosis requires both amyloid de-
position and tau aggregation [87]. Tau lesions in AD in-
clude NFTs (Fig. 1 S) and neuropil threads (Fig. 1T)
composed of PHFs and straight filaments (SFs) that are
immunoreactive for both 3R and 4R tau [87]. NFTs are
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the mature form of neuronal tau pathology, while pre-
tangles represent an earlier stage of pathologic neuronal
tau accumulation. In AD, NFTs have a stereotypic pro-
gressive pattern of distribution that allows for staging of
AD-type tau pathology into six different stages that cor-
relate with the progression of cognitive impairment [65,
88]. This staging scheme, which was proposed by Braak
and Braak [65], suggests that the NFT pathology first de-
velops in the transentorhinal cortex and subsequently
appears in the limbic system, including the hippocampus
and amygdala, ultimately affecting the isocortical re-
gions, with primary cortices (e.g., primary visual cortex)
involved in the most advanced disease stages. When
neurons containing NFTs die, insoluble tau filaments re-
main in the extracellular space as “ghost tangles” [89].
Neuropil threads, composed of tau accumulation within
dendrites and axons, also progress in association with
the NFT distribution pattern. Moreover, a subgroup of
neuritic plaques contains filamentous tau with dys-
trophic neurites surrounding amyloid deposits ("neuritic
plaques") (Fig. 1U) [87]. Unlike diffuse AP plaques that
lack neuritic elements, neuritic plaques are associated
with cognitive deficits.

Tau-positive glial lesions are not a feature of AD un-
less there is a comorbidity with other tauopathies such
as ARTAG or AGD. On the other hand, reactive astro-
cytes and activated microglia are frequently detected in
affected brain regions. These aberrant glial responses are
associated with neuritic plaques, indicating a significant
contribution of neuroinflammation in AD.

Tauopathies with environmental exposure

Chronic traumatic encephalopathy (CTE)

Chronic traumatic encephalopathy (CTE) is a sporadic
tauopathy associated with repetitive traumatic brain in-
juries and related (sub)concussions. As such, contact
sport players and military veterans are often reported as
the most vulnerable populations [90, 91]. Recently, a
retrospective study revealed that approximately 6 % of a
population-based autopsy cohort (athletes and non-
athletes combined) had pathology of CTE, and a history
of playing contact sports; American football was not-
ably associated with increased risk of pathology of CTE
[92]. In a large referral autopsy series (Boston University
Chronic Traumatic Encephalopathy Center), subjects
with CTE pathology often had attention and memory
deficits, as well as personality changes that were progres-
sive [90]. A subset of CTE patients has also been re-
ported to be associated with MND-like symptoms,
showing muscle atrophy and speech impediment [93].
Genetic assessment has shown that there is no clear as-
sociation between APOE genotype and the risk of devel-
oping CTE [94, 95].
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Fig. 2 Various tau inclusions in multi-factorial tauopathies and AD.
(A-C) CTE. Subpial tau at the depth of the cortical sulcus (A). Patchy
perivascular tau (B). Thorn-shaped-like astrocytes (C). (D-F) Guam
PDC. Tau threads, extracellular tangle, and NFT (D). Midbrain NFT
and globose tangle (E). Ramified astrocytes in periaqueductal gray
matter (F). Immunoreactivity to CP13 (pS202 tau). Asterisks denote
the crest of the sulci.

Like AD, neuronal tau inclusions in CTE are positive
for both 3R and 4R tau [96]. Unlike the predictable NFT
distribution in AD, tau pathology in CTE is seemingly
random, but thought to initiate at the depths of the sulci
(Fig. 2 A), usually in the form of perivascular neuronal
and glial tau lesions (Fig. 2B) [94]. The pathology of
CTE needs is to be distinguished from ARTAG, which
can also be detected in subpial spaces at the depths of
cerebral sulci. Unlike ARTAG, CTE pathology is charac-
terized by neuronal tau pathology at the depths of cor-
tical sulci [97] (Fig. 2 C). At the advanced disease stage,
tau pathology in CTE is found in most cortical regions,
including medial temporal lobe. Progressive involvement
of basal ganglia and brainstem is accompanied by pro-
nounced brain atrophy [94]. Additionally, diffuse AP pla-
ques can be detected in a subset of CTE, especially those
individuals with more advanced age [94].
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Geographically isolated PSP-like tauopathies

Guam Parkinsonism-dementia complex (PDC) is a geo-
graphically isolated tauopathy found in the Chamorro
population of Guam in the Western Pacific, which was re-
ported to be prevalent in the mid-1950’s (~ 1 in 400) [98].
While no MAPT mutations have been reported in Guam
PDC, environmental factors such as toxins from cycad are
debated to play a role in the pathogenesis, at least partially
[99]. Guam PDC patients show several motor symptoms
(rigidity, tremor, bradykinesia) as well as memory deficits
and personality changes [98]. Neuropathological features
of Guam PDC include cortical atrophy and depigmen-
tation in the substantia nigra and locus ceruleus [98].
Similar to AD, Guam PDC exhibits 3R- and 4R-positive
NFT pathology extensively distributed in the neocortex,
hippocampus, and brainstem, but mostly in the absence of
senile plaques (Fig. 2D, E) [98]. Neuropil threads are also
observed (Fig. 2D) [98]. Both gray and white matter are af-
fected by tau pathology, and unlike AD, glial tau inclu-
sions are often detected in Guam PDC in astrocytes
(Fig. 2 F) and oligodendrocytes [98].

Similar to Guam PDC, Guadeloupean parkinsonism
represents a cluster of tauopathy that was prevalent
among residents of the Guadeloupe islands in the
French West Indies in the late 1990's [100, 101]. Clinic-
ally, these individuals displayed an atypical Parkinson
syndrome with PSP-like features such as postural in-
stability and vertical gaze impairment [100, 101]. Histo-
pathological analysis of several cases revealed pre-
tangles, NFTs, and threads composed of hyperpho-
sphorylated tau in multiple brain regions including the
midbrain, the striatum, and the cortex, while one case in
particular showed occasional glial tau inclusions in the
caudate and the putamen [101]. The etiology of Guade-
loupean parkinsonism is speculated to be associated with
the regional practice of consuming herbal tea and trop-
ical fruits containing alkaloid toxins that are potent in-
hibitors of mitochondria [100, 101]. In addition to
consumption of herbal toxins, exposure to industrial
metals may contribute to the onset of tauopathies as re-
ported in the small town in Northern France. Specific-
ally, from 2007 to 2014, a spike of PSP-like tauopathy
was observed (~ 12 times more than expected) in the
Northern regions of France where soils are highly con-
taminated with arsenic and chromate from chemical
plants [102]. Clinical and neuropathological presenta-
tions of this tauopathy were reminiscent of PSP; patients
often showed gait and gaze abnormalities, and both NFT
and tufted astrocytes were detected at autopsy [102].

Dynamics between glial cells and tau
pathophysiology

Functions of neuronal tau have been extensively investi-
gated in various aspects of CNS physiology, including
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microtubule dynamics [103], axonal transport [104, 105],
and neurite formation [106, 107]. Compared to neuronal
tau, however, roles of glial tau remain to be further ex-
plored. The presence of robust glial tau inclusions in pri-
mary tauopathies highlights a crucial role of a primary
degenerative process in astrocytes and oligodendrocytes
that is likely amplified by a secondary glia-mediated neu-
roinflammation [108].

Astrocytic functions and tau

Astrocytes, critical in supporting synaptic and neuronal
metabolic functions, may play a dual role by either be-
coming a target of the degenerative process or contribut-
ing to the progression of neurodegeneration in their
reactive state [109]. Tau astrogliopathy is a shared
phenomenon across a number of primary tauopathies,
yet its form and degree vary in a disease-specific man-
ner. In addition to nonspecific reactive astrocytosis and
dysregulation of astrocytic functions (e.g., glutamate
transporter), astrocytes also accumulate disease-specific
tau pathology [110]. Reactive astrocytes are well-
documented in AD and other degenerative disorders
[84, 111]. Reactive astrocytes, marked by immunoreac-
tivity for astrocyte-specific intermediate filament, glial fi-
brillary acidic protein (GFAP), are associated with thorn-
shaped astrocytes in ARTAG, but not with tufted astro-
cytes in PSP, suggesting that different astrocytic tau le-
sions occur through distinct mechanisms that may
involve neuroinflammation [54, 84]. While still being ac-
tively investigated, several studies have demonstrated
that reactive astrocytes can be triggered by inflammatory
cytokines, complement component 1q (Clq), or mito-
chondria fragments secreted by microglia or astrocytes
themselves [112, 113]. In addition to reactive astrocyto-
sis, several key astrocytic proteins that are important in
water and glutamate transport are altered in tauopathies
with prominent astrocytic pathology, including GGT
and CBD [114, 115]. It remains to be determined if aber-
rant changes in water homeostasis and glutamate trans-
port contribute to accumulation of tau in astrocytes, or
vice versa.

In addition to regulating the BBB, modulating inflam-
mation, and aiding neuronal function, astrocytes can
phagocytose synapses and other debris [116]. In vitro
studies show astrocytes can mediate AP clearance by
phagocytosis [117], and several studies have similarly
demonstrated that astrocytes can also take up and de-
grade pathological tau species from the extracellular
space [118, 119]. Interestingly, the transcription factor
EB (TFEB), a master transcriptional regulator of lyso-
somal biogenesis, was found to enhance the efficiency of
astrocytic uptake and clearance of tau in both the pri-
mary cultures and mouse models [118]. Another study
suggested that astrocytes can internalize tau monomers
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via pathways mediated by heparan sulfate proteoglycans
(HSPGs), a transcellular tau propagation mechanism ini-
tially described for neurons [119]. While further studies
are required to determine if other mechanisms can also
mediate astrocytic uptake of tau, it has been speculated
that astrocytic tau inclusions are the result of tau seeds
that were internalized by astrocytes, but failed to be de-
graded. A similar possibility has been tested for AP in a
study that showed AP, engulfed by astrocytes, can accu-
mulate to form inclusions resistant to intracellular deg-
radation [120]. Although it remains to be determined if
external sources account for tau in astrocytic lesions, it
is also possible that tau in astrocytic lesions is intrinsic
to astrocytes, reflecting astrocytic dysfunction and de-
generation. Importantly, in addition to displaying tau in-
clusions, astrocytes have been reported to facilitate Ap-
induced tau phosphorylation in neurons [121], indicating
that their role in modulating tau pathology can be
multifaceted.

Additional studies are warranted to elucidate innate or
acquired aberrant functions of astrocytes that may po-
tentially promote neurodegeneration. For instance, a re-
cent genome wide association study in FTLD-tau
revealed that the TBKBP1 gene (TANK-binding kinase
1-binding protein) is important in innate immune re-
sponse. This gene is enriched in fetal astrocytes [122],
which suggests that it might have relevance to astroglial
tauopathy. Additional studies are needed to explore the
link between an increased risk of primary tauopathies
and disrupted astrocytic immune responses.

Oligodendrocytic functions and tau

Oligodendrocytes are the key source for myelin that
form sheaths around axons in the CNS, and they also
express tau [6]. Several studies using mouse models have
shown that oligodendroglial tau can facilitate myelin-
ation by inducing myelin basic protein and promoting
outgrowth of oligodendrocyte processes that wrap
around axons [123-125]. Hence, correct sorting of tau
into oligodendroglial processes is believed to be critical
for tau-mediated myelination [126]. Oligodendrocyte
dysfunction can lead to dysmyelination, causing subse-
quent degeneration of white matter [127]. In fact, struc-
tural abnormalities of white matter in AD have been
reported using antemortem neuroimaging [127, 128].
Significant degeneration of white matter has also been
noted in primary tauopathies such as PSP [129], CBD
[130], and GGT [71].

Tau inclusions in oligodendrocytes can appear as
coiled bodies in several tauopathies including PSP, CBD,
and AGD, as well as globular Pick body-like inclusions
in PiD and GOIs in GGT [131]. On the other hand,
oligodendroglial tau lesions are not prominent in AD,
PART, ARTAG, or CTE [131]. Given that loss-of-
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function of oligodendroglial tau can compromise mye-
lination [125], a crucial link may exist between patho-
logical tau aggregates in oligodendrocytes and white
matter degeneration in tauopathies. Interestingly, a re-
cent study has shown that injection of tau seeds directly
into the lateral corpus callosum of WT mice can lead to
aggregation of mouse endogenous tau in both ipsilateral
and contralateral corpus callosum, frequently associated
with myelin disruption [132]. In this study, oligodendro-
glial tau lesions induced by tau seeds from various tauo-
pathy brain samples were reminiscent of coiled bodies of
PSP, AGD and CBD [132]. As such, oligodendrocytes
and white matter may be involved in tau propagation in
tauopathies.

Microglial functions and tau

Microglia, the brain-resident macrophages involved in
neurodevelopment, regeneration, and neuroinflamma-
tion [133], maintain surveillance during homeostasis
[134]. In neurodegenerative conditions, microglia react
by mediating clearance of pathological protein aggre-
gates as demonstrated by in vitro studies [133]. Import-
antly, neurodegenerative processes can be promoted by
microglial dysfunction, which leads to impaired damage
repair and aberrant neuroinflammatory responses [133].
Microglial activation is a notable feature in all tauopa-
thies, but the initial trigger and efficiency of clearing
pathologic tau aggregates likely vary. In AD, multiple
studies have demonstrated that activated microglia are
closely associated with neuritic plaques and ghost tan-
gles of insoluble tau filaments [87]. Genetic evidence
from a series of AD GWAS [135-141], as well as the
more recent GWAS [142, 143], further suggests a strong
role for microglia in pathogenesis of AD. Similar genetic
evidence is lacking in primary tauopathies such as PSP
and CBD, even though enhanced microglial activation
has been shown to correlate with severity and distribu-
tion of tau pathology [144].

Unlike oligodendrocytes and astrocytes, microglia do
not express tau, although a few reports have shown
immunohistologic evidence of co-localization of tau and
microglia [145-147]. It remains uncertain if these are
microglial tau inclusions. Internalization of tau by
microglia has been supported by several studies that
have highlighted potential involvement of microglia in
exosome-dependent tau propagation [148, 149] or an as-
paragine endopeptidase-mediated tau cleavage [150].
Moreover, multiple studies have demonstrated the im-
portance of microglia-mediated neuroinflammation and
phagocytosis in modulating tau pathology by manipulat-
ing microglia or their receptors in cell culture and ani-
mals (extensively covered by Leyns and Holtzman
[108]).
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Lessons from transcriptomics

In addition to animal studies that extend our under-
standing of mechanisms underlying tau pathology in dif-
ferent cell types, transcriptomic approaches have been
highly valuable, especially when assessing data directly
obtained from human brain tissues. A recent
transcriptome-wide association analysis of gene expres-
sion levels in PSP brain tissues determined whether cell
type-specific tau pathology in PSP can be derived from
transcriptional changes in the brain [151]. This analysis
revealed a highly unique pattern of transcripts and ex-
pression networks that were associated with each cell
type-specific tau lesion. In particular, NFT pathology
was positively associated with a brain co-expression net-
work enriched for synaptic and PSP candidate risk genes,
while negatively associated with immune system tran-
scripts. Conversely, tufted astrocytes were negatively as-
sociated with synaptic genes, but positively associated
with the immune system and enriched for microglial
genes. These findings suggest that aberrant immune
transcript expression may specifically underlie the astro-
cytic tau pathology in PSP, while they are not clearly as-
sociated with NFT. Intriguingly, these data are
consistent with microglial activation in systems severely
impacted in PSP such as pyramidal, extrapyramidal, and
cerebellar output systems [54]. The lack of evidence that
tufted astrocytes are associated with astrocytic genes also
corresponds to how tufted astrocytes are distinct from
reactive astrocytes [54]. Taken together, contrasting pat-
terns of transcriptional association between NFT and
tufted astrocytes strongly suggest that distinct pathome-
chanisms drive cell type-specific tau pathology in PSP. It
remains to be determined whether microglial activation
in PSP is merely a reactive phenomenon or if it might
also promote formation of glial tau pathology.

Recently, single-cell (scRNA-Seq) and single-nucleus
RNA sequencing (snRNA-Seq) techniques have greatly
increased the resolution of transcriptomic analysis com-
pared to conventional bulk RNA-Seq. This method ex-
tends the ability to identify distinct cell populations with
unique transcriptomic signatures [152-155], and it has
led to increased interest in determining cell type-specific
response to pathological insults, including those in neu-
rodegenerative diseases. For instance, one study inter-
rogated two independent sets of snRNA-Seq data
obtained from healthy human brain tissues and found
that excitatory neurons have significantly elevated levels
of aggregation-prone and “metastable” proteins, as well
as genes that can enhance tau aggregation (“tau aggre-
gation promoters”) [156]. These neurons had simultan-
eously decreased levels of genes that prevent tau
aggregation (“tau aggregation protectors”), suggesting
vulnerability to tau pathology. Conversely, the level of
tau aggregation protectors was elevated in astrocytes,
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oligodendrocytes, and microglia. Combining this find-
ing with the lower level of endogenous tau in glia, the
study suggested that these factors can collectively con-
tribute to the lack of glial tau pathology in AD. From
these analyses, however, it can also be speculated that
primary tauopathies with a more pronounced glial tau
pathology are driven by unique pathomechanisms com-
pletely distinct from those of AD, which will be inter-
esting to further investigate.

In addition to studies of healthy controls, several
snRNA-Seq studies have analyzed AD brain tissues to
reveal AD-associated transcriptional changes at a single-
nucleus level [157-159]. Importantly, some of their find-
ings suggested that differentially expressed genes (DEG)
earlier in the AD pathogenesis were altered in a highly
cell type-specific manner, highlighting the importance of
evaluating different regulatory responses of each cell
type to tau pathology. So far, no study has used snRNA-
Seq to examine transcriptional landscape in primary
tauopathies. Given that primary tauopathies have more
robust glial tau pathology, it will be important to investi-
gate cell type-specific transcriptional changes in tauopa-
thies compared to AD. Understanding this aspect of tau-
related pathomechanisms will greatly facilitate efforts to
increase the efficacy of tau-targeted therapeutic
strategies.

Lessons from cryo-EM studies

The patient-based structural biology of tauopathies has
recently witnessed one of the most exciting advance-
ments in the field, powered by cryogenic electron mi-
croscopy (cryo-EM) [160] that uncovered the high-
resolution atomic structure of insoluble tau filaments
directly extracted from various tauopathies. In 2017, a
seminal paper revealed that the insoluble core of tau fi-
brils from sporadic AD includes the last two repeats in
the repeat domain (R3, R4) and a few residues beyond
them (amino acid residues 306 to 378 of the longest tau
isoform) [161]. A subsequent cryo-EM study also found
the nearly identical tau core structure in both sporadic
and familial AD cases [162], proposing a common tau
fold for AD regardless of its genetic or environmental
underpinnings. This core structure is unique to AD tau
filaments as a novel fold of pathological tau filaments
was reported for PiD (amino acid residues 254 to 378 of
the 3R tau) [163], potentially due to different tau iso-
forms implicated in the lesion: 3R tau in PiD versus 3R
and 4R tau in AD. Yet, the conformation of tau fila-
ments in CTE was found to be distinct from that of AD,
despite 3R and 4R tau pathology shared between two
diseases [164]. A unique hydrophobic cavity in the CTE
tau core further indicates potential incorporation of un-
identified factors that may contribute to the CTE-
specific tau aggregation [164].
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Two recent cryo-EM studies have additionally discov-
ered the unique conformation of CBD tau filament core
that, like CTE, includes a hydrophilic cavity [165, 166].
Similar to CTE, an unknown cofactor was associated
with the CBD tau core [165, 166], while its exact role in
promoting CBD-specific tau aggregation is unknown.
Both studies have consistently shown two types of CBD
tau filaments made of an identical protofibril — one type
with a single protofibril (“type I” [165] or “singlet” [166])
and the other including two protofibrils (“type II” [165]
or “doublet” [166]). A combinatorial mass spectrometry-
based proteomic analysis additionally found distinct ubi-
quitination and acetylation patterns in tau filaments core
region between CBD and AD [166]. Interestingly, two
types of CBD tau filaments also exhibited different ubi-
quitination and acetylation patterns [166], suggesting
that specific PTM events occur not only between tauo-
pathies, but also within the same tauopathy. A more re-
cent study has expanded the investigation to identify
structures of tau filaments in other 4R tauopathies: PSP,
GGT, AGD, and ARTAG [167]. Similar to CBD-tau, this
study also found multiple types of structurally different
tau filaments in each tauopathy, indicating that patho-
logical tau can possess distinct folds in the same disease
[167]. Furthermore, this study revealed that tau filaments
in an atypical PSP case with limbic globular 4R-positive
neuronal inclusions had a unique structure intermediate
between GGT and PSP tau filaments, providing molecu-
lar evidence to define this case as a novel class of tauo-
pathy, which they termed as Limbic-predominant
Neuronal inclusion body 4R Tauopathy (LNT) [167].

While cryo-EM studies have rapidly advanced our un-
derstanding of structural details of pathological tau fila-
ments in various tauopathies, tau filament extraction
methods used in these studies do not distinguish cell
types from which insoluble tau is derived. For instance,
multiple different types of tau protofibrils were observed
in CBD, PSP, GGT, AGD, and ARTAG, but their cellular
origin is mainly unknown as the bulk tissue has been
used to extract tau fibrils [165—167]. Since both neur-
onal and glial tau lesions are prominent in these 4R
tauopathies, whether each type of tau filaments is spe-
cific to a certain cell type remains to be determined.
Potentially, techniques such as laser-capture microdis-
section can be applied to extract tau filaments in a cell
type-specific manner, as this method allows isolation of
specific types of cells from the frozen brain tissues [168].
Yet, much optimization will be needed to utilize such
techniques for cryo-EM studies, as the analysis of the
atomic structure requires a substantial amount of tau fi-
brils. While considering this option, examination of in-
soluble tau in other tauopathies, such as PSP and GGT,
will further elucidate the link between certain structural
properties of tau and disease-specific and/or cell type-
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specific tau aggregation. Ultimately, these findings will
greatly aid the development of structure-based, disease-
specific drugs that can efficiently target pathological tau
species in each disease.

Transgenic mouse models that reflect cell-type
specific features of tau lesions

Since the identification of MAPT mutations in FTD
[169-171], a myriad of transgenic mouse models has
been developed to recapitulate tau aggregates and asso-
ciated pathological changes in tauopathies (reviewed by
Dujardin et al. [172]). Many of these mouse models
show tau aggregates specifically in neurons, largely due
to the use of neuron-specific promoters that drive the
neuronal expression of transgene. Yet, glial tau path-
ology was reported in some of the earlier mouse models,
such as TG23 mice (p-tau in astrocytes [173]) and
G272V transgenic mice (oligodendroglial tau inclusions
[174]) (Table 2). Moreover, models that have been previ-
ously characterized for their neuronal tau pathology
were later shown to exhibit glial tau lesions. For in-
stance, JNPL3 transgenic mice [175], overexpressing
P301L human mutant tau, have tau inclusions in oligo-
dendrocytes and astrocytes in addition to neuronal tau
pathology [176]. These oligodendroglial tau inclusions,
abundant in the white matter of the spinal cord and
brainstem, resemble coiled bodies in human tauopathies.
Similarly, another well-established tau transgenic mouse
model, rTg4510 [177], was found to have oligodendro-
glial tau inclusions [178]. Interestingly, these inclusions
were composed of endogenous mouse tau, suggesting
that mouse tau can also form aggregates in glial cells. It
is possible that glial tau pathology was not initially re-
ported due to its lower abundance compared to neur-
onal pathology in these mouse models.

In 2002, the Tal-3RT tau transgenic mouse model
was developed to overexpress all three 3R tau isoforms
in both neurons and glia, under the mouse Tal a-
tubulin promoter [179]. Intriguingly, while lacking
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neuronal tau pathology, these mice developed glial tau
inclusions similar to astrocytic plaques and oligodendro-
glial coiled bodies. In 2007, the T-279 mouse model ex-
pressing N279K mutant human tau recapitulated both
neuronal tau inclusions and astrocytic tau inclusions, the
latter reminiscent of tufted astrocytes in PSP [180]. Un-
like many of tau transgenic mouse models that robustly
overexpress the tau transgene, this model expresses hu-
man tau transgene at a very low level under the human
tau promoter that regulates the transgene expression
similar to the endogenous pattern. Accompanied by be-
havioral dysfunctions, such as impaired motor functions
and spatial memory deficits, T-279 mice exhibited
caspase-3 activation in neurons and astrocytes that are
indicative of apoptotic cell death, shedding light on the
potential molecular mechanisms underlying age-
dependent neurodegeneration in these mice.

Efforts to recapitulate glial tau inclusions in a more
controlled manner led to the development of mouse
models that express human tau transgene under the
astrocyte- or oligodendrocyte-specific promoter. For ex-
ample, the GFAP/tauWT and GFAP/tauP301L mouse
models were generated to express WT or P301L human
mutant tau under the astrocytic GFAP promoter [115,
181]. Both mouse models progressively formed astrocytic
tau lesions reminiscent of tufted astrocytes and astro-
cytic plaques, as well as neuropil thread pathology.
These mice also showed impaired motor strength, which
correlated with reduced expression of the glutamate
transporter-1 (GLT-1), the mouse analogue of the hu-
man excitatory amino acid transporter 2 (EAAT?2). Inter-
estingly, the level of glial glutamate transporters has
been shown to be substantially decreased in CBD, but
not in AD, which lacks astrocytic tau pathology [115].
These mouse models, along with subsequent validation
using post-mortem human brain tissues, suggested that
disrupted glutamate homeostasis is potentially linked to
astrocyte dysfunction in tauopathies that have robust
glial tau pathology.

Table 2 A list of transgenic mouse models showing tau lesions in non-neuronal cell types

Name (if applicable) Human tau isoform Mutation (if applicable) Promoter Type of p-tau + cells Ref.
TG23 ON3R WT HMG-CR Neuron, astro [173]
- 2N4R p.G272V mPrP-tTA Neuron, olig [174]
JNPL3 ON4R p.P301L mPrP Neuron, astro, olig [175, 176]
rTg4510 ON4R p.P301L CaMKII-TA Neuron, olig [177,178]
Tal1-3RT tau Tg ON3R,TN3R, 2N3R WT mTala-tubulin Astro, olig [179]
T-279 2N4R p.N279K hTau Neuron, astro [180]
GFAP/tauWT 1N4R WT GFAP Astro [115,181]
GFAP/tauP301L TN4R p.P301L GFAP Astro [115]
- 1N4R WT or p.P301L mCNP Olig [182]

Abbreviations: astro astrocyte; CaMKIl calcium/calmodulin kinase lla promoter; GFAP Glial fibrillary acidic protein; HMG-CR HMG-CoA reductase; hTau human tau;
mCNP mouse 2, 3'-cyclic nucleotide 3'-phosphodiesterase; mPrP mouse prion; olig oligodendrocyte; tTA tetracycline-responsive transactivator; WT wild-type



Chung et al. Molecular Neurodegeneration (2021) 16:57

For oligodendrocyte-specific tau expression, one study
developed mouse models expressing either WT or
P301L mutant human tau under the CNP (2’,3’-cyclic
nucleotide  3’-phosphodiesterase)  promoter  [182].
Among them, the PL transgenic line, with a high expres-
sion level of P301L tau, formed fibrillar tau inclusions in
oligodendrocytes, preceded by impaired axonal transport
and structural disruption of myelin and axon. Import-
antly, similar myelin abnormalities are also present in
PSP and CBD. Moreover, both PSP and CBD share gen-
etic risk factor in the MOBP gene (myelin associated
basic protein) [183]. Along with the age-dependent loss
of motor function, PL transgenic mice exhibited progres-
sive degeneration of both oligodendrocytes and neurons,
suggesting that oligodendroglial tau inclusions and de-
generation may contribute to neurodegeneration.

Transgenic mouse models exhibiting astrocytic or
oligodendroglial tau inclusions have facilitated our un-
derstanding of potential pathogenic factors involved in
glial tau pathology in primary tauopathies. In particular,
studies using mouse models in which tau transgene ex-
pression is confined to astrocytes or oligodendrocytes
have served as valuable tools to elucidate previously un-
known molecular links between glial tau lesions and
various pathological features in primary tauopathies, as
subsequently confirmed in human samples [115, 181,
182]. Characterization of mouse models, combined with
biochemical and immunohistologic validation from post-
mortem tauopathy brain tissues, as well as genetic evi-
dence from human transcriptomic studies, may continue
to help us investigate the pathogenesis of glial tau path-
ology and its impact on the pathology of primary
tauopathies.

Injection mouse models that recapitulate cell-type
specific features of tau inclusions

In addition to conventional transgenic mouse models,
sporadic mouse models have been recently developed to
reflect pathological heterogeneity of tau inclusions
(Table 3). As mentioned earlier, injection of seeding ma-
terials into the brains of WT or tau transgenic mice has
been a popular approach to investigate in vivo tau seed-
ing and propagation [19-28]. In particular, one study
demonstrated that intracerebral injection of different
tauopathy brain homogenates into transgenic mice ex-
pressing WT human tau can induce various types of
neuronal and glial tau inclusions that closely resembled
tau lesions characteristic to each tauopathy used in the
injection materials [26]. Specifically, astrocytic lesions in-
duced by PSP and CBD brain homogenates appeared
morphologically similar to tufted astrocytes and astro-
cytic plaques, respectively. This intriguing finding sug-
gested that tau species in primary tauopathies
characterized by distinct glial inclusions have capacity to
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maintain cell type-specific propagation preference, pro-
viding another piece of evidence for the tau conformer
hypothesis.

This notion has been supported by a more recent
study that used a similar approach by intracerebrally
injecting pathological tau filaments isolated from human
tauopathy brains (AD, PSP, CBD) into non-transgenic
mice [28]. These “sporadic” tau mouse models displayed
aggregation of endogenous mouse tau in the brain upon
the injection of different tau filaments. Similar to previ-
ous reports, only PSP-tau and CBD-tau, but not AD-tau,
induced robust and distinct astrocytic and oligodendro-
glial tau lesions. These mice also demonstrated time-
and region-dependent transmission of glial tau path-
ology. The glial tau lesions continued to spread to spe-
cific parts of the brain over time. Importantly, PSP-tau
induced more oligodendroglial tau inclusions, while
CBD-tau induced more astrocytic tau inclusions. In the
PSP-tau-injected mouse brains, oligodendroglial tau in-
clusions were observed to spread from the ipsilateral to
contralateral white matter tracts, suggesting the potential
contribution of either oligodendrocytes or myelinated
axons (or both) in transmission of glial tau pathology. In
the CBD-tau-injected mouse brains, the regions with a
temporal increase in astrocytic tau lesions exhibited con-
comitantly decreased neuronal tau lesions, suggesting
that glial tau lesions developed either more slowly com-
pared to neuronal tau lesions, or upon receiving tau
seeds released from neurons. Of note, several other stud-
ies have also demonstrated induction of various tau
pathologies in non-transgenic mouse brains by injecting
tau seeding materials prepared from various tauopathies,
such as ARTAG and GGT [114, 184], further elaborating
on how tau pathology can continue to propagate upon
inoculation while maintaining cell-type specificity.

Several questions remain on the mechanisms underlying
glial tau pathologic transmission, including whether the
presence of neuronal tau is required to form glial tau ag-
gregates. Recently, a mouse model termed TauKDn <%
was developed to specifically knock down neuronal tau
while preserving glial tau expression [185]. Upon intracere-
bral injection of CBD- or PSP-tau, these mice developed
oligodendroglial tau pathology similar to the WT mice, in-
dicating that oligodendroglial tau lesions do not require the
presence of neuronal tau. Resulting tau lesions were mostly
localized to the processes of oligodendrocytes, further sup-
porting a potential oligodendrocyte-to-oligodendrocyte
transmission mechanism. Unlike oligodendroglial tau le-
sions, astrocytic tau lesions failed to propagate in the ab-
sence of neuronal tau, suggesting the existence of distinct
transmission mechanisms for oligodendroglial and astro-
cytic tau pathology.

Is the formation of cell type-specific tau pathology
dependent on different tau isoforms? To explore this



Chung et al. Molecular Neurodegeneration (2021) 16:57 Page 13 of 20

Table 3 A list of sporadic mouse models developed by injection of tau seeding materials

Genetic background Injection Injection Type Type of tau lesions Brain areas with lesions Ref.
sites & materials ofp-
length tau +
cells
ALZ17 (tg mice expressing HPC, CTX AD brain Neuron, NFTs, NTs, dystrophic HPC and several connected areas (e.g., [26]
WT human tau) (3-mo) (for 615 homogenates olig neurites, coiled bodies fim, amyg, thalamus, etc.); PiD-induced
months) 0 brain Neuron, NETs, NTs, coiled bodies lesions were limited to injection sites

homogenates olig
PiD brain Neuron, Short and thick NTs,

homogenates olig coiled bodies
PSP brain Neuron, Nerve cell body
homogenates olig, inclusions, NTs, coiled
astro bodies, tufted astrocytes
CBD brain Neuron, Nerve cell body
homogenates olig, inclusions, NTs, coiled
astro bodies, astrocytic plaques
AGD brain Neuron,  Argyrophilic grains, NFTs,
homogenates olig, coiled bodies, non-fibrillar
astro astrocytic pathology
Non-tg mice (C57BL/6; 2-3- HPC, CTX Sark-insoluble  Neuron  Pretangles HPC, CTX [28]
mo) (for 1-9 AD-tau
months) Sark-insoluble  Neuron, Mature tangles, coiled HPC, CTX, fim, CC
PSP-tau olig, bodies, tufted astrocytes,
astro astrocytic plaques
Sark-insoluble  Neuron, Mature tangles, coiled HPC, CTX, fim, CC
CBD-tau olig, bodies, astrocytic plaques
astro
Non-tg mice (C57BL/6; 3-7 Ventricles, Sark-insoluble  Neuron, p-tau + neurons/oligo/ HPC, fim, CC, fornix [184]
mo) HPC (for 3—  ARTAG-tau olig, astro
7 months) astro
Non-tg mice (C57BL/6; 3- 12- HPC, CC, Sark-insoluble  Neuron, Pretangles, NTs, coiled HPC, fim, CC, CPu [114]
mo) and CPu (for GGT-tau olig bodies
4-7
months)
TauKDn“"*"(specific HPC, CTX Sark-insoluble Little to  No tau lesions No tau lesions [185]
knockdown of neuronal (for 3-6 AD-tau no p-
mouse tau; age n/d) months) tau +
cells
Sark-insoluble  Neuron, NTs, coiled bodies, tufted HPC, fim, CC
PSP-tau olig, astrocytes
astro
Sark-insoluble  Neuron, NTs, coiled bodies, HPC, fim, CC
CBD-tau olig, astrocytic plaques,
astro
6hTau (expressing all six HPC, CTX Sark-insoluble  Neuron  NFTs, NTs HPC, CTX [186]
human tau isoforms; no (for 1-9 AD-tau
endogenous mouse tay; 3-5-  months) Sark-insoluble  Neuron, NFTs, NTs, p-tau + oligo- ~ HPC, CTX, fim
mo) ;
PSP-tau olig, dendrocytes, tufted
astro astrocytes
Sark-insoluble  Neuron, NFTs, NTs, p-tau + oligo- ~ HPC, CTX, fim, CC
CBD-tau olig, dendrocytes, astrocytic
astro plaques
Sark-insoluble  Neuron, NFTs, NTs, p-tau + HPC, CTX, fim
PiD-tau olig oligodendrocytes

Abbreviation: AD Alzheimer’s disease; AGD argyrophilic grain disease; amyg amygdala; ARTAG aging-related tau astrogliopathy; astro astrocyte; CBD corticobasal
degeneration; CC corpus callosum; CPu caudate/putamen; CTX cortex; DG dentate gyrus; fim fimbria; GGT globular glial tauopathy; HPC hippocampus; mo month-
old; n/d not described; NFT neurofibrillary tangles; NT neuropil thread; olig oligodendrocyte; PiD Pick’s disease; PSP progressive supranuclear palsy; sark sarkosyl;
TD tangle-only dementia; tg transgenic
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possibility, another recent study generated the 6hTau
mouse model in which six WT human tau isoforms re-
placed mouse endogenous tau (predominantly 4R in
adult brains) [186]. This model, expressing an equimolar
ratio of 3R and 4R tau, was similarly injected with patho-
logical tau fibrils isolated from AD, PSP, CBD, and PiD,
which led to cell type-specific transmission of tau strains
similar to previous studies. Specifically, AD-tau exclu-
sively induced neuronal tau pathology, whereas PSP-
and CBD-tau induced tau pathology in astrocytes and ol-
igodendrocytes in addition to neurons. Of note, PiD-tau
induced tau pathology mostly in neurons, but also in a
subset of oligodendrocytes. This study suggests that
tauopathy-specific tau strains can maintain their cell-
type specificity during pathological transmission, inde-
pendent of tau isoforms that respond to seeding
materials.

Despite their more recent development, sporadic tau
mouse models based on injection of seeding materials
have been useful in investigating mechanisms and path-
ways implicated in cell type-specific tau lesions. While
tau lesions in many of these mouse models recapitulated
morphological similarities and anatomical distribution of
aberrant tau pathology found in human tauopathies, not
all pathological features were reflected in these models.
For example, injection of tau fibrils from GGT brain tis-
sues only resulted in tau lesions in neurons and oligo-
dendrocytes, but not in astrocytes [114]. This
discrepancy could be potentially due to differences in
structures and isoform ratio between human and murine
tau [114]. This demonstrates persistent challenges in de-
veloping mouse models that faithfully recapitulate
pathological hallmark of human tauopathies. Still, efforts
to create novel mouse models that more closely demon-
strate abnormal tau lesions and associated pathology will
continue to facilitate our understanding of pathome-
chanisms underlying tauopathies.

Remaining questions for selective vulnerability in
tauopathies
In this review, we summarized neuropathologic features
and experimental findings that may help explain the se-
lective vulnerability of the primary tauopathies, with a
focus on glia. Yet, much remains to be understood with
respect to what events can initially predispose, trigger,
and propagate tau pathology in such a diverse manner.
In particular, reports of tauopathies such as CTE and
Guam PDC, which are possibly driven by specific envir-
onmental exposures further highlight the gap in our un-
derstanding of clinical, pathological, biochemical and
cell biological heterogeneity of primary tauopathies.
While many of the neuronal lesions in different tauo-
pathies share morphologic features in primary and sec-
ondary tauopathies, the regional vulnerability is
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different. Modeling anatomical vulnerably and disease
progression in AD has been possible by assembling data
from large autopsy series [65]. This is more challenging
for the primary tauopathies, which are much less com-
mon, and possibly inherently more variable [43, 187]. A
recent study suggested a staging scheme for PSP and
concluded that, like AD, late-stage PSP involved the oc-
cipital cortices [122]. This remains to be confirmed, but
more importantly, the scheme does not provide a clear
anatomical framework linking early and late stages of
PSP in terms of neuroanatomical connectivity. Except
for CTE [94], there is a dearth of information on staging
of primary tauopathies, and the sequential spreading of
pathological tau still cannot explain the observed re-
gional vulnerability in CTE, which exhibits strikingly un-
even distribution of neuronal and glial pathology in
cortical and subcortical regions. In AD, primary cortices
such as the motor cortex, show relative resistance to tau
pathology, mostly involved in the final disease stages. In
contrast, the motor cortex is affected early in the disease
course of PSP. Factors other than neural connectivity
and tau spreading may contribute to selective vulnerabil-
ity in tauopathies, but these factors currently remain
unknown.

Regional differences in neuronal subtypes and net-
works are often used to explain selective vulnerability
[188, 189], yet this phenomenon is largely understudied
in neurodegenerative tauopathies. Most studies have ex-
amined glia as a uniform category and do not distinguish
different subpopulations or their potentially diverse
functionality. For example, oligodendroglia in cortical
gray matter likely differ from those in white matter in
terms of selective vulnerability given considerable differ-
ences in the microenvironment of cortical gray matter
and myelinated white matter. To better understand cel-
lular and pathological heterogeneity of tau lesions, it will
be critical for future studies to address the potential role
of glial diversity in pathogenesis of tauopathies.

Concluding remarks

Aberrant neuronal and glial tau aggregation is a shared
feature of tauopathies, but tau lesions appear in various
forms across different cell types and within a given cell
type depending upon the tauopathy (Fig. 3). Cell-type
specificity, as well as morphological and structural het-
erogeneity, clearly indicates that distinct disease-specific
pathomechanisms are implicated in tauopathies. While a
growing body of literature continues to provide valuable
insights on this aspect of tau pathophysiology, the
underlying mechanisms remain unknown. It is still un-
clear why glial tau inclusions are frequent in primary
tauopathies, but minimal in AD. Advanced proteomic
approaches may help identify potential interactors or
binders for tau in each tauopathy, or in different CNS



Chung et al. Molecular Neurodegeneration

(2021) 16:57

Page 15 of 20

Healthy Pathological
/// »
Pick body [~ 4y
- astrocytes :
\> < (tau+
oligodendrocytes R 'S (taut)
(tau+) p ( astrocytic
GOIs reactive plaques
° (GGT) asu:ocytes (CBD)

coiled bodies
(PSP, CBD)

neurons
(tau+++)

%f : b E"‘-. -
nilivogha - . pre-tangles
no tau inclusions %\/ P gl

P

(GGT)

tau propagation?

J

Created with BioRender.com

Fig. 3 An illustration depicting a range of pathological tau lesions in different cell types in tauopathies. In the healthy brain (left), microtubule-
binding protein tau interacts with neuronal microtubules to promote stability and facilitate axonal transport. While neurons have the highest
expression level of tau, oligodendrocytes and astrocytes also express endogenous tau, albeit at lower levels. Microglia do not express
endogenous tau. In a pathological condition (right), tau becomes aberrantly aggregated in the form of various inclusions, impaired in its
physiological functions, such as supporting microtubule stability. In neurons, tau can accumulate in the forms of NFTs, neuropil threads, or Pick
bodies. Tau also accumulates in astrocytes, mostly in primary tauopathies such as PSP, CBD, and GGT, in the form of tufted astrocytes, astrocytic
plaques, and GAls. Moreover, tau aggregates in oligodendrocytes in the form of coiled bodies or GOls. Microglia do not form tau inclusions, while
accumulating studies have suggested that they may contribute to tau propagation

cell types, that contribute to cell type-specific tau aggre-
gation across diseases [190—192]. Moreover, it needs to
be determined whether tau expressed in glia is the
source of tau inclusions in astrocytes and oligodendro-
glia, or if the pathologic tau is derived from internalized
neuronal tau. It has been suggested that neuronal tau is
necessary to form tau aggregates in astrocytes, but not
in oligodendrocytes [185], but further studies are needed
to determine if astrocytes and oligodendrocytes develop
tau lesions by distinct mechanisms.

In the recent years, the field has witnessed an exciting
progress in development of various therapeutic strategies
targeting tau, ranging from anti-aggregation agents to
immunotherapy, with some of them being currently used
in clinical trials [193-195]. It is unlikely that a thera-
peutic approach effective for one tauopathy will neces-
sarily demonstrate similar efficacy for others. Advancing
our understanding of what drives the cell-type specificity
of tau aggregates in tauopathies will accelerate develop-
ment of efficacious therapeutic strategies for each tauo-
pathy. Moreover, it is intriguing that other pathological
proteins, such as a-synuclein and TAR DNA binding
protein 43 kDa (TDP-43), also aggregate in different cell
types and have distinct anatomical distributions

depending on the specific disease [196—198]. It has been
suggested that distinct pathological properties of «o-
synuclein or TDP-43 are associated with their cell-type
specificity [199, 200]. Elucidating mechanisms and re-
lated properties of tau aggregation in specific CNS cell
types will greatly facilitate our understanding of a com-
mon pathogenic mechanism in neurodegenerative
diseases.
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