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Abstract

Neurodegenerative diseases are characterized by progressive dysfunction and loss of neurons
associated with depositions of pathologically altered proteins showing hierarchical
involvement of brain regions. The role of astrocytes in the pathogenesis of neurodegenerative
diseases is explored as contributors to neuronal degeneration or neuroprotection pathways,
and also as potential mediators of the transcellular spreading of disease-associated proteins.
Protein astrogliopathy (PAG), including deposition of amyloid-B, prion protein, tau,
a-synuclein, and very rarely transactive response DNA-binding protein 43 (TDP-43) is not
unprecedented or unusual in neurodegenerative diseases. Morphological characterization of
PAG is considered, however, only for the neuropathological diagnosis and classification of
tauopathies. Astrocytic tau pathology is seen in primary frontotemporal lobar degeneration
(FTLD) associated with tau pathologies (FTLD-Tau), and also in the form of aging-related
tau astrogliopathy (ARTAG). Importantly, ARTAG shares common features with primary
FTLD-Tau as well as with the astroglial tau pathologies that are thought to be hallmarks of a
brain injury-related tauopathy known as chronic traumatic encephalopathy (CTE). Supported
by experimental observations, the morphological variability of PAG might reflect distinct
pathogenic involvement of different astrocytic populations. PAG might indicate astrocytic
contribution to spreading or clearance of disease-associated proteins, however, this might
lead to astrocytic dysfunction and eventually contribute to the degeneration of neurons. Here,

we review recent advances in understanding ARTAG and other related forms of PAG.

INTRODUCTION: ASTROCYTES AND
NEURODEGENERATION

Neurodegenerative diseases (NDD) comprise disorders thought to
affect predominantly neurons. Based on the anatomical distribution
of malfunctioning and dying neurons, the clinical symptomatology
and prognosis varies considerably. In contrast to neurons, astro-
cytes, as well as oligodendrocytes, have been long considered as
side players or bystanders in the pathogenesis of NDD. Recent
studies, however, highlighted an underestimated spectrum of astro-
cytic functions (128, 148, 163) that might be considered as contrib-
utory to the development of neuronal dysfunction and degeneration
thereby implicating astroglial responses in mechanisms of diverse
NDD and brain aging (34).

In addition to the loss of neurons in NDD, most NDD are charac-
terized by the presence of inclusions, such as Lewy bodies, neurofi-
brillary tangles (NFTs), or Pick bodies, that have been detected in
neurons in neurodegenerative conditions more than a century ago.
The introduction of silver staining methods showing positivity for
example of NFTs and Pick bodies (4) indicated that these bodies
include components with altered physicochemical properties.
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Indeed, the finding that altered proteins are central in the pathogene-
sis of neurodegenerative conditions lead to the introduction of
immunohistochemical (IHC) methods applying specific antibodies
against different modifications of proteins, complemented by ultra-
structural examinations and biochemistry. These revealed an unex-
pected plethora of wvarious intra- and extracellular protein
depositions. Argyrophilic inclusions have been described in glial
cells as well: first in oligodendroglia as glial cytoplasmic inclusions
morphologically unifying different clinical forms of multiple sys-
tem atrophy (MSA) (127) followed soon by the elucidation of
astroglial inclusions (5) such as tufted astrocytes (48, 124, 170),
thorn-shaped astrocytes (55, 124), and astrocytic plaques (32, 105).
However, in contrast to the oligodendroglial Papp—Lantos bodies in
MSA, the recognition of argyrophilic inclusions in astrocytes was
inspired first by tau IHC observations.

The next highly significant milestone for NDD research was the
introduction of the concept of cell-to-cell spreading of pathological
disease proteins; this has been discussed mostly for neurons leading
to hierarchical involvement of anatomical regions in the human
brain (18, 45, 61). However, it has been recognized that astrocytes
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also appear early in the pathogenesis and might also internalize dif-
ferent pathological disease proteins (41, 70, 77, 90, 95). Therefore,
the role of astrocytes is now explored not only as players in neuro-
nal degeneration or neuroprotection pathways, but also as potential
participants in the transcellular spreading of disease-associated pro-
teins. In this review, we summarize the spectrum of protein deposi-
tions in astrocytes, termed here protein astrogliopathy (PAG), in
various neurodegenerative conditions and aging.

THE RELEVANCE OF PAG FOR THE
CLASSIFICATION OF
NEURODEGENERATIVE DISEASES

Classification of NDD includes three levels: (i) clinical: reflecting
the anatomical involvement of the disease process; (ii) protein-
based: indicating that specific disease proteins with various physio-
logical functions show conformational change and biochemical
modifications related to distinct groups of NDD; and (iii) cellular
and subcellular pathology: implying that pathological disease pro-
tein deposits involve neurons or glial cells, furthermore, which of
their subcellular compartment, or whether these are found extracell-
ularly (68). NDD are more frequently associated with aging.
Various gene alterations with distinct protein products are associ-
ated with rare disease forms; however, the most frequent NDD of
the adult or aging brain involve six proteins: amyloid-f3 (AR), prion
protein (PrP), microtubule-associated protein tau, «-synuclein
(a-syn), transactive response (TAR) DNA-binding protein 43
(TDP-43), and FET proteins, which include the fused in sarcoma
(FUS), Ewing’s sarcoma RNA-binding protein 1 (EWSR1), and
TATA-binding protein-associated factor 15 (TAF15) (68).

For the molecular pathologic classification (i.e., protein and cel-
lular distribution) mostly morphological criteria are used, although
genetic abnormalities and biochemical modifications are also con-
sidered in the assessment of NDD (68). Alzheimer disease (AD)
is characterized by extracellular AR deposits known as amyloid
plaques and intracellular tau aggregates known as NFTs. The dis-
tribution of NFTs shows stages in the progressive accumulation of
this tau pathology, which also include plaque-associated tau posi-
tive neurites and neuropil threads distributed diffusely in the gray
matter neuropil (15), while the distribution of different morpholo-
gies of parenchymal A deposits are defined as occurring in pro-
gressive phases stereotypically involving ever wider regions of
cortex followed by deep gray structures, brainstem and eventually
cerebellum in the most advanced stages of AD (157). Intracellular
AP deposits, including those in astrocytes, are discussed but not
included in the neuropathological classification of AD, and the
significance of these intracellular species of AB are uncertain (30).
Classification of prion diseases is based on the etiology and
molecular subtyping; the latter includes a gene polymorphism
(codon 129 of the prion protein gene) and biochemical examina-
tion of the size of the proteinase kinase (PK)-resistant core of the
abnormal prion protein (PrP); IHC demonstrates mostly extracellu-
lar deposits and astrocytes are not considered in the classification
(71). Tauopathies are distinguished based on the cellular distribu-
tion of tau pathology, exemplified by Pick’s disease (PiD) and
NFT-dementia or primary age-related tauopathy (PART), progres-
sive supranuclear palsy (PSP), corticobasal degeneration (CBD),
argyrophilic grain disease (AGD), and globular glial tauopathies
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(GGT), showing variable involvement of neurons and glial cells
(67). Indeed, the morphology of astrocytic pathology is crucial to
distinguish PSP and CBD (67), furthermore, its importance is
highlighted in aging-related tau astrogliopathy (ARTAG) (72).
Neuropathological classification conforms with different bands
and isoforms demonstrated in Western blots of insoluble tau (87).
a-Synuclein pathology characterizes dementia with Lewy bodies
(DLB) and Parkinson disease (PD) and MSA. DLB and PD are
distinguished upon clinical symptoms and show predominance of
intraneuronal cytoplasmic and neuritic deposits (cortical and brain-
stem type Lewy bodies and Lewy neurites) showing stages or dif-
ferent anatomical patterns (11, 16, 109). MSA is dominated by
oligodendroglial cytoplasmic inclusions (GCIs) (160). All forms
show various morphologies of astrocytic a-syn deposition, how-
ever, considered as irrelevant for disease-classification (68). TDP-
43 is a major component of the ubiquitin-positive inclusions that
characterize amyotrophic lateral sclerosis (ALS) and a common
form of frontotemporal lobar degeneration (FTLD) (122). The
spectrum of TDP-43 immunoreactive structures includes neuronal
cytoplasmic and intranuclear inclusions, dystrophic neurites, and
oligodendroglial cytoplasmic inclusions (85); therefore, astrocytic
TDP-43 protein is not included in classification systems (101,
102). This is true for FUS (FET)-proteinopathies, including baso-
philic inclusion body disease, atypical FTLD-U, and neuronal
intermediate filament inclusion disease (NIFID), where mostly
neuronal and less frequently oligodendroglial inclusions are
detected (114, 118, 120, 121).

In summary, astrocytic protein pathology is not unprecedented
or unusual in NDD; however, morphological characterization of
these is considered only for the neuropathological diagnosis and
classification of tauopathies. Thus, there is a need for a closer look
at the spectrum (Figures 1 and 2) and relationships of astrocytic
protein deposition to neuronal protein or extracellular pathological
aggregates so here we provide a careful reconsideration of the
importance of PAG.

PAG IN NON-TAUOPATHY
NEURODEGENERATIVE DISEASES

Ap-PAG

AR is produced by not only neurons but also non-neural cells;
indeed human astrocytes produce high levels of intact AR (19).
Using different anti-A antibodies, Funato et al reported dot-like
AR deposits, associated mostly with AB40 immunoreactive dif-
fuse plaques in the aging human brain (41). These deposits colo-
calized with GFAP positive astrocytes and further ultrastructural
studies revealed their association with lipofuscin granules. The
authors theorized that astrocytes may take up and degrade A in
lysosomes in the aging brain (41). An ultrastructural study of AD
brain biopsies also found Af3 immunoreactivity in astrocytes (84).
Thal et al showed that large numbers of GFAP-positive astrocytes
containing N-terminal-truncated AR fragments appear in the vicin-
ity of N-terminal-truncated A3 deposits, thus the authors con-
cluded that N-terminal-truncated A peptide may be cleared
preferentially from the extracellular space by astrocytic uptake and
processing (158). Another study examining the entorhinal cortex
in AD affected brains showed that activated astrocytes are
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Figure 1. Stratification of PAG in
neurodegenerative diseases. * Indicates that
these are variably argyrophilic.

abundant near amyloid plaques and they showed AB42 immuno-
reactivity in astrocytes in the molecular layer (116). They
discussed the possibility that subpial plaques are in fact astrocyte-
derived following the lysis of the astrocytes (116). Oide et al
considered AR deposits of diffuse and neuritic plaques to be
shredded by astrocytic processes from the marginal zone of pla-
ques, and to gradually disintegrate into smaller compartments
(126). In a further study on individuals with Down syndrome
(under the age of 30 years) reported AB1-28 and AB40 immuno-
staining in astrocytic cell bodies and in processes that extended to
the vicinity of blood vessels (46). These studies raise the possibil-
ity that astrocytes interact with AP deposition in the brain.
However, more studies are needed for better interpretation, partic-
ularly that, similarly to the detection of intraneuronal A deposits,
most of the antibodies that show intracellular deposits are unable
to distinguish AR from ABPP (2).

PrP-PAG

Prion diseases are characterized by the deposition of disease-
associated PrP together with spongiform change of the neuropil
associated with neuronal loss and reactive astrogliosis (71). Early
IHC studies reported granular PrP deposits in astrocytes in
Creutzfeldt-Jakob disease (99); this has already been described in
an experimental mouse model with scrapie infection (28). Indeed, it
has been shown, that this PrP accumulates in astrocytes prior to the
cardinal neuropathological changes in scrapie (28). Double immu-
nolabeling confocal microscopy studies in human prion disease
confirmed that astroglial cells harbor intracytoplasmic disease-
associated PrP granules and that there is additionally a periastro-
cytic accumulation of disease-associated PrP deposits suggesting
that astroglial cells may have a role in the processing, degradation,
or removal of disease-associated PrP (77). However, in the early
stages of prion diseases in humans this cannot be ascertained with
certainty; therefore astrocytic PrP is never seen as a pure neuropath-
ological feature and also not considered in the diagnostic descrip-
tion of immunostaining patterns. Finally, the role of astrocytes in
the formation of neuropil vacuolation has been addressed in a com-
prehensive ultrastructural study. This revealed that the ultrastruc-
tural correlates of spongiform change develop within neuronal
processes and, most likely, not astrocytic processes, in contrast to
the intra-astrocytic vacuolation found in some rodent models (92).
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PrP Gray matter (PD/DLB)
Subpial and subependymal
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Tau Granular/fuzzy astrocytes
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Globular astroglial inclusions
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—> Tau ! Astrocytic plaques (CBD)
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(ARTAG)

TDP-43-PAG and FUS-PAG

TDP-43 proteinopathies are associated with the mislocalization
of TDP-43 from the neuronal nucleus into the cytoplasm; however,
TDP-43 pathology is consistently observed in the oligodendrocytes
as well. In contrast, astrocytic TDP-43 pathology is not a consistent
feature of, or less examined in, FTLD-TDP or ALS. Interestingly,
astrocytic TDP-43 immunoreactivity has been reported in non-
TDP-43 disorders (119). For example, Uryu et al reported TDP-43
in astrocytic plaques of the FTLD-tau disease CBD (161). Further-
more, a study evaluating three cases with FTLD-TDP due to muta-
tions in the gene for progranulin and a case of familial LB disease
due to the AS3T mutation in the gene encoding a-syn demonstrated
astrocytic end-feet with abnormal TDP-43 fibrillary inclusions,
while glial fibrils of reactive astrocytes were negative for TDP-43
(93). In addition, round phospho-TDP-43-positive structures asso-
ciated with astrocytes have been described in Cockayne syndrome
(141). Lee et al reported TDP-43 in astrocyte-related Rosenthal
fibers and eosinophilic granular bodies associated with low-grade
tumors and reactive brain tissue (88). A further study demonstrated
widespread TDP-43 pathology in astrocytes of Alexander disease,
a primarily astrocytic neurodegenerative disease, which lacks neu-
ronal TDP-43 deposits (167). Interestingly, phosphorylation, and
increased insolubility of TDP-43 is similar in Alexander disease to
what has been reported in other neurodegenerative diseases, how-
ever, insoluble C-terminal fragments of TDP-43 were absent or
barely detectable in immunoblots contrasting neurodegenerative
TDP-43 proteinopathies. One of the most frequent genetic causes
of FTLD-TDP is related to C9orf72 mutation; this leads to promi-
nent TDP-43 pathology and also shows TDP-43 negative ubiquiti-
nated neuronal cytoplasmic inclusions, which are immunoreactive
for antibodies generated against putative GGGGCC repeat RAN-
translated peptides (anti-CORANT); however, astroglia do not
show these peptide deposits (10).

Similarly to TDP-43 proteinopathies, astrocytic FUS-inclusions
are not considered to be major pathological hallmarks of FTLD-
FUS. Astrocytic FUS inclusions have been described in the white
matter in NIFID, but relatively infrequently when compared with
neuronal inclusions (9). A comparative analysis of six cases of
ALS-FUS revealed glial inclusions; however, in spite of a ramified
morphology of some of these, an astrocytic origin could not be con-
firmed by double-labeling experiments using sensitive and specific
markers of these cell types, therefore, these inclusions were not
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considered to be astroglial (100). Finally, the glial intranuclear
inclusions in intranuclear inclusion body disease show FUS immu-
noreactivity (111).

o-Synuclein PAG

It is generally accepted that PD is a neuron-predominant, while
MSA is a glia-predominant a-synucleinopathy. However, a-syn
inclusions in oligodendrocytes can be seen in PD; this has been
reported first in the substantia nigra (6, 164) and later it has been
shown that oligodendroglial inclusions, with overlapping features to
that seen in MSA, can be seen in the pallidothalamic tract (137).
Astrocytic a-syn pathology has received less attention. Wakabayashi
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Figure 2. Various type of PAG. Amyloid-f (Af;
left: frontal cortex; right: frontal white matter;
antibody used: anti-Af, clone 6F/3D directed
against amino acids 8-17 of the peptide, Dako,
Glostrup, Denmark, 1:100), prion protein (PrP:
temporal cortex; antibody used: anti-PrP 12F10,
Cayman Chemical, Ann Arbor, MI, USA,
1:2000), and a-synuclein (left: striatum; right:
temporal cortex; antibody used: anti-az-synuclein
5G4, Roboscreen, Leipzig, Germany, 1:4000)
PAG showing coarse and fine granules of
immunoreactivity: compare with granular/fuzzy
astrocytes of ARTAG (temporal cortex; antibody
used: anti-tau AT8 pS202/pT205, Pierce
Biotechnology, Rockford, IL, USA, 1:200).

et al mentioned already that some astrocytes in the brainstem show
crescent-shaped inclusions (164). Terada et al reported astrocytic
star-like inclusions detectable also by Gallyas—Braak staining mostly
in the temporal lobe in DLB cases; however, the anti-a-syn antibody
used in that study did not label these (156). Braak and colleagues
performed a comprehensive study using different anti-a-syn antibod-
ies and found immunoreactive astrocytes in Braak PD stage 4 or
higher preferentially in prosencephalic regions (amygdala, thalamus,
septum, striatum, claustrum, and cerebral cortex) (17). Importantly,
these were detected mostly by antibodies covering the NAC (non-
amyloid component) region of the a-syn molecule, but they were
ubiquitin and p62 negative and were also undetectable using silver
methods, including the Gallyas stain (17); thus, contrasting with the
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findings of Terada et a/ (156). Braak et al concluded that labeling of
astrocytes appears to accompany the formation of neuronal inclusion
bodies and the presence of Af protein or neurofibrillary changes of
the Alzheimer type, do not appear to influence the development of
these (17). A further study, focusing on neostriatal phosphorylated-
a-syn pathology, revealed coiled-like glial inclusions correlating
with Braak PD stage (113). The morphology of these glial inclusions
was different from that reported by Braak ef al (17) suggesting that
phosphorylated-a-syn antibodies do not reveal the whole spectrum
of astrocytic a-syn pathology as seen by selected non-phospho anti-
bodies (17, 70). Indeed, an antibody (5G4) against the epitope con-
taining amino acids 47-53 in a-syn, which detects exclusively
disease-associated a-syn but not the monomer form (81), revealed
abundant non-ubiquitinated a-syn astroglial pathology correlating
with dots and thin neurites but not with the thick neurites and neuro-
nal immunoreactivity (70). This study showed that in the cortex and
amygdala the morphology is more star-like, while in the striatum
fine granular astrocytic deposits were seen; ultrastructural examina-
tions revealed a relation to endocytosis (70). These observations can
be better interpreted in the context of a comprehensive study on
experimental models and human brains (90). This showed an
endocytosis-dependent transfer of a-syn to astrocytes and suggested
that a-syn proteins may be released from neurons and therefore
could be a source of astroglial a-syn pathology and an important
mediator of astroglial inflammatory responses (90).

It also should be mentioned that based on a double-labeling
immunofluorescence study a-syn-positive doughnut-shaped often
ubiquitin-positive structures were located in the GFAP-positive,
swollen processes of Bergmann glia of the cerebellum in DLB/PD
and less in MSA (129). Furthermore, several types of oxidized-y-
syn positive astrocytes with different morphologies were reported
in PD/DLB and also in controls (153). An interesting aspect of glial
a-syn immunoreactivity was highlighted by a study comparing dif-
ferent epitope-retrieval methods in distinctly processed tissue: this
revealed that in the normal human brain both oligodendroglia and
astroglia show prominent a-syn immunoreactivity detectable in
vibratome sections using proteinase K and formic acid pretreatment
(112). This study emphasizes the pathogenic role of posttranslation-
ally modified a-syn in the disease-processes of a-synucleinopathies
(112).

In contrast to PD/DLB, another morphological type of a-syn
inclusion has been described in MSA: phosphorylated-a-syn and
5G4 (81) immunoreactive processes appeared in the subpial surface
of the spinal cord and brainstem, as well as the subependymal
region of the lateral ventricles (117). They were not visualized by
Gallyas—Braak staining and were ubiquitin and p62 negative. While
the morphology of these a-syn inclusions is reminiscent of subpial
and subependymal ARTAG (72), however, the anatomical distribu-
tion in the brainstem is different; mostly dorsolateral for tau in
ARTAG (79) and ventrolateral for a-syn in MSA (117).

TAU-PAG IN PRIMARY FTLD-
TAUOPATHIES AND AGING

In spite of the application of silver-staining methods many decades
prior to IHC, only the introduction and development of tau IHC
methods enable the recognition that astroglial tau pathology is an
important component of FTLD-tau. Many studies described these
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as glial fibrillary tangles, by analogy to neuronal NFTs, however,
this does not reflect the fact that tau pathology involves different
astroglial populations and associates with dramatically different
morphological appearances. It has also been noted that the descrip-
tions of morphologies varied between disorders and also between
publications, the latter possibly complicating the comparison of
studies. The recognition that the nomenclature and definitions of
astrocytic tau morphologies in FTLD tauopathies and aging can
vary between experts signifies that this topic still requires further
consensus studies (82). Recent experimental studies show that glial
tau pathology can be reproduced in animal models of tauopathies
through injections of diseased brain homogenates from AD and
FTLD-Tau patients (12, 22), thereby suggesting the existence of
pathological tau strains involving different astrocytic populations or
inducing distinct astrocytic responses. Currently, there is emerging
consensus that at least six types of astrocytic tau pathologies should
be distinguished (Figure 3): tufted astrocytes, astrocytic plaques,
ramified astrocytes, globular astroglial inclusions seen mostly in
primary FTLD-tauopathies, while thorn-shaped astrocytes (TSA)
and granular/fuzzy astrocytes (GFA) are discussed in the context of
ARTAG (72).

Astrocytic tau pathology in progressive
supranuclear palsy

In 1988, Probst et al described a surprisingly high number of stel-
late neurons showing Gallyas positive material (133); re-evaluation
of the images (see Figure 1A in that paper) suggest that these would
be now interpreted as tufted astrocytes. Hauw and colleagues men-
tioned tufts of abnormal fibers in PSP cases using the Bodian silver
method and tau IHC (48), soon confirmed to be related to astro-
cytes (168, 170). Tufted astrocytes are characterized by the accu-
mulation of phospho-tau immunoreactivity in the proximal part of
astrocytic processes that shows argyrophilia particularly with Gal-
lyas staining (67). They are found mostly in the striatum, frontal
and motor cortices. Ultrastructural observations described tubular
profiles and suggested that tufted astrocytes are protoplasmic astro-
cytes (7, 124). Importantly, tufted astrocytes do not represent a
reactive process but rather astrocytic degeneration, which does not
seem to contribute to gliosis or neuronal loss, therefore its clinical
significance has yet to be clarified (159). The interesting finding
that tufted astrocytes are usually GFAP negative (65, 149) raises
questions about whether they are really protoplasmic astrocytes,
however, they are negative for another type of astrocyte, NG2, as
well (149). It has been speculated that oxidative damage leads to
GFAP fragmentation, explaining its lost, all together indicating
dysfunction of pathological tau-harboring protoplasmic astrocytes
associated with neuronal dysfunction (142, 149). Contrasting NFTs
with tufted astrocytes shows that the latter remain more localized in
their distribution and may retain their original regular pattern of
clustering in subcortical areas, and this is associated with a lack of
spatial correlation that has be observed between neuronal and glial
cell pathologies in specific regions (8). A further aspect on the ori-
gin of tufted astrocytes was highlighted by a study showing that
these, together with astrocytic plaques of CBD, are positioned in
close proximity to blood vessels (147). Tufted astrocytes were
found to be closer to blood vessels than were astrocytic plaques
(147). In the original paper by Nishimura ez a/ on glial pathology in
PSP, in addition to tufted astrocytes, argyrophilic masses with
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flame- or thorn-like shape were described (124). TSA are GFAP
positive (56) and they have received more focus in the context of
aging-related changes (72). Since PSP pathology can be seen asso-
ciated with different clinical presentations (27), the distribution and
amount of astrocytic pathology might vary between these forms,
making the development of widely applicable staging system more
difficult.

Astrocytic tau pathology in corticobasal
degeneration

In 1994, a study by Wakabayashi ez a/ reported that flame-shaped
glial inclusions revealed by Bielschowsky silver staining also
showed IHC positivity for tau, but they remained undetectable with
the Bodian silver method while the Gallyas silver staining was not
used (165). Ultrastructurally, these inclusions were demonstrated to
contain straight tubules and the affected cells were interpreted to be
in oligodendroglia (165). Similar observations were reported by
others at the same time (83). The observation of tau positive pathol-
ogy resembling neuritic plaques, but without A amyloid cores in
CBD (105) was a first step toward the recognition that, apart from
oligodendrocytes, tau appears in astroglia in CBD, mainly in the
distal segments of astrocytic processes (32). Accordingly astrocytic
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Figure 3. Conceptual summary of the
development of astroglial tau pathologies.

plaques in CBD are defined as focal and densely tau-
immunoreactive stubby dilatations of distal processes of astrocytes
giving an A senile-plaque-like appearance without A3 amyloid
cores (72). Gallyas staining demonstrates astrocytic plaques clearly,
and ultrastructurally, these are characterized by randomly arranged
bundles of straight and twisted tubules with diameters of 15-20 nm
(172). It has been noted that the number of astrocytic plaques may
vary between cases; furthermore, description of so-called incidental
CBD cases suggested that indeed astrocytic tau pathology in the
cortex might be one of the first pathological steps in the onset of
CBD (95). This has been supported by observations in CBD cases
with prominent neuronal tau pathology where astrocytes harboring
tau immunoreactive pathology appear in areas without neuronal tau
pathology (79). Indeed, considerable CBD pathology can exist in
individuals without significant clinical symptoms suggesting that
astrocytic plaques are not the major tau pathologies that are respon-
sible for clinical symptomatology in CBD (104, 110). Komori et al
reported that astrocytic plaques and tufted astrocytes, the two mor-
phologically different types of astroglial inclusions found in CBD
and PSP brains, respectively, do not coexist (66). Notably, CBD-
like and PSP-like disorders are also caused by MAPT mutations
that are pathogenic for hereditary tauopathies initially referred as
frontotemporal dementia with parkinsonism linked to chromosome
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17 (FTDP-17). Interestingly, although protoplasmic astrocytes
seem to be abnormal and reactive in CBD as in PSP, abnormal tau
proteins accumulate in these astrocytes in PSP but not CBD (149).

Astrocytic tau pathology in argyrophilic grain
disease

AGD has been described as a disorder showing accumulation of
argyrophilic grains (14). In spite of the presence of argyrophilic oli-
godendroglial coiled bodies, astrocytic tau pathology does not
show striking argyrophilia or dense inclusions as in PSP. The tau
immunoreactive morphology has also been described as bush-like
astrocytes without glial fibrillary tangles (13). Furthermore, thin
astrocytic plaques, periventricular and subpial astrocytes as well as
small clusters of astrocytic processes have also been mentioned in
reports on some AGD cases (38). Tau immunoreactive astrocytes
vary between cases (38) and thought to become more abundant in
later stages of AGD (139). Moreover, the significant morphological
and anatomical overlap of these astrocytes with those seen in
elderly individuals without argyrophilic grains supports the concept
that these astrocytes are better interpreted as GFA representing gray
matter ARTAG (72, 75, 79). Finally, one comprehensive study on
AGD and PSP cases indicated that at least some of these GFA-like
morphologies (termed tufted astrocyte-like astrocytic lesions in that
study) can potentially evolve into Gallyas-positive tufted astrocytes
in AGD brains (58).

Astrocytic tau pathology in globular glial
tauopathies

The concept of GGT unified glial-predominant tauopathy disorders
either with globular inclusions mainly in oligodendroglia or in
astrocytes (1). Globular astroglial inclusions are defined as tau
immunoreactive distinct globules (up to the size of the astroglial
nucleus; 1-5 pm) and dots (1-2 pm) in the perikarya and proximal
parts of astrocytic processes, found in the gray matter (72). These
are somewhat reminiscent of tufted astrocytes, but they are non-
argyrophilic thereby contrasting not only with tufted astrocytes but
also with the globular oligodendroglial inclusions of GGT (1, 67).
GGT types are distinguished based on the anatomical involvement
and the predominance of astroglial or oligodendroglial inclusions
(1). In cases with predominantly white matter and oligodendroglial
involvement, astrocytic globular inclusions are seen mostly in the
frontal and temporal cortical areas, amygdala, striatum and medial
thalamus (74). A subset of GGT cases involving frontotemporal,
motor cortex and corticospinal tract show abundant astroglial inclu-
sions (40).

Astrocytic tau pathology in Pick’s disease

PiD is considered to show small amounts of astrocytic tau pathol-
ogy, termed ramified astrocytes, when compared with neuronal tau
pathology. However, there is considerable variability among
reports on this in the literature. This can be due to the fact that
before the introduction of isoform specific tau antibodies (3R and
4R) the definition of Pick’s disease was not uniform (26, 80).
Feany et al provided a precise description of the morphology of
ramified astrocytes in Pick’s disease, indicating that these astrocytic
inclusions “tended to occupy more of the cell body and to ramify
into the astrocytic cell processes,” and that they were “often
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localized to one side of the cell soma” (33). Ultrastructurally, the
tau aggregates in ramified astrocytes are formed by straight tubules
(65), and may show 3R immunoreactivity (36, 80), which is clearly
different from PSP and CBD, where the astrocytic tau pathology is
4R isoform immunoreactive. Although ramified astrocytes appear
in severely damaged cortical areas (59, 65), it has been suggested
that astroglial tau pathology that is distinct from ramified astrocytes
can appear in regions without neuronal inclusions (59, 79). For the
sake of completeness it must be mentioned that glial inclusions in
PiD with globular morphology occurring in the white matter are
partly in oligodendrocytes (169) (usually smaller than the cell
nucleus in contrast to the globular oligodendroglial inclusions of
GGT with larger globules) (67), however, astrocytes in the subcort-
ical white matter can also harbor globular tau inclusions (171).
Ultrastructurally, these show juxtanuclear aggregates of abnormal
filaments with straight tubules practically indistinguishable from
those seen in neuronal Pick bodies (171).

Astrocytic tau pathology in MAPT mutations

FTDP-17 or hereditary frontotemporal dementia associated with
mutations in the MAPT gene shows a wide variety of tau patholo-
gies (42). In addition to different tau positive neuronal inclusions,
astroglial and oligodendroglial tau positive inclusions are described
(43). Since some of these are reminiscent of the tau pathologies
seen in primary FTLD-tauopathies, papers on FTLDP-17 often
refer to these tau pathologies as MAPT mutation associated inclu-
sions with disease phenotypes that resemble sporadic PSP, CBD,
Pick’s disease or GGT Although oligodendroglial inclusions in
MAPT mutation cases are usually termed coiled bodies (69), metic-
ulous descriptions of astrocytic tau inclusions are lacking in many
papers while a lack of consensus terminology on astroglial tau path-
ologies also makes comparison of these publications difficult.
Ghetti et al noted that the cell types involved vary according to the
location of the MAPT gene mutation; usually mutations in exons 1,
10, 11, and 12 as well as introns following exons 9 and 10 show
glial (i.e., oligo- and astroglial) inclusions (43). For example rare
cortical tuft-shaped astrocytes have been reported in exon 1 RSH
mutation (49), numerous tufted astrocytes in the caudate, putamen,
and thalamus in exon 1 RSL mutation (132). The L266V mutation
is one of the rare mutations in exon 9 where astrocytic tau pathol-
ogy has been described. Kobayashi e a/ reported unique features
of these frequent tau positive astrocytic inclusions in the cerebral
cortex, some which were stained positively with the Bodian silver
method, but they were rarely stained with Gallyas—Braak method,
and other inclusions showing fibrillary morphologies were strongly
stained with Bodian and Gallyas—Braak methods (63). Hogg et al
noted coarse astrocytic tau immunoreactivity in the cortex in
another case with this mutation (52). Tufted astrocytes and tau-
immunoreactive inclusions have been reported in introns 9 and 10
MAPT mutations (43, 103). Exon 10 mutations are not infrequently
associated with astrocytic tau pathologies; however, the details of
the descriptions vary. In the N279K MAPT mutation cases mostly
oligodendroglial tau-inclusions are seen, and only rare astrocytic
tau positive inclusions have been noted but without showing a clear
similarity to tufted astrocytes or astrocytic plaques (25, 43, 134).
Glial tau pathology was mentioned but not specified whether being
astrocytic in L284L (29) and N296N (150) mutations, while promi-
nent granular astrocytic tau inclusions (but not like tufted
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astrocytes) have been mentioned in association with cortical neuro-
nal loss in a N296H MAPT mutation case (60). Furthermore, a
wide range of morphologies of astrocytic tau inclusions, referred to
as tufted forms, have been linked to the deln296 MAPT mutation
(37). The P301L, P301S, and P301T MAPT mutations are associ-
ated with a wide range of tau positive glial inclusion morphologies
described as tufted astrocytes and astrocytic plaques (43) while in
P301L globular astrocytic inclusions (as in GGT) and GFA (as in
ARTAG) have been emphasized (155). Unspecified intense tau
immunostaining in affected astrocytes has been mentioned in a
G303V MAPT mutation case (138) and also in S305N MAPT muta-
tion cases (54, 62). The S305S mutation shows a spectrum of dif-
ferent astrocytic tau immunoreactivities, termed glial tangles, tufted
astrocytes (152) and astrocytic plaques (47) by the authors. Unspe-
cified extensive astrocytic tau deposits have been reported in the
exon 11 L315V MAPT mutation (162). Prominent astroglial tau
immunoreactive inclusions have been reported to be associated
with the K317M MAPT mutation (174); a later study on the
K317N MAPT mutation, which described globular astroglial inclu-
sions similar to GGT, pointed out the resemblance of the astrocytic
and oligodendroglial tau inclusions in the K317M MAPT mutation
cases with that of GGT (154). In the exon 12 G335S MAPT muta-
tion cases, astrocytes containing granular and/or punctate tau-
immunoreactive deposits in cell bodies and the proximal portion of
processes (reminiscent of tufted astrocytes) or in the distal part only
(reminiscent of astrocytic plaques) have been described (151).
These resemble GFA of gray matter ARTAG supporting the con-
cept that some of these might be pre-mature forms of astrocytic tau
pathologies (79). Interestingly, further ARTAG types (subpial
TSA), together with cortical astrocytic plaques, have been observed
in a 49-year-old demented individual with MAPT gene duplication
(3, 91). This case indicates that an imbalance of tau homeostasis
contributes to the development of a clearly age-related pathology as
observed earlier with mutations that alter the 3R:4R tau isoform
ratio (53). Further descriptions of ARTAG type pathology in other
MAPT mutations are lacking. Finally, astrocytic tau immunoreac-
tive inclusions without specification of the morphology, have been
reported in the cerebral cortex and white matter in the Q336R
MAPT mutation (130), in the frontal white matter in E342V MAPT
mutation (96), and astrocytes interpreted as tufted astrocytes by the
authors in the K3691 MAPT mutation (123). Notably, the concomi-
tant presence of astrocytic plaques and tufted astrocytes, a phenom-
enon not recognized in primary FTLD-tauopathies (66), has also
been reported in MAPT mutation cases. In summary, much is
known about the spectrum of MAPT mutation-associated astroglial
tau pathologies but little is known how the astrocytic tau pathology
relates to primary FTLD-tauopathies, and there is a lack of harmon-
ized terminology in the reports on these pathologies.

Astrocytic tau pathology in aging: ARTAG

In the aging brain astrocytic tau pathology has been described in
the subpial and subependymal regions of the gray and white matter
and frequently in the depths of gyri, as well as in the basal forebrain
and brainstem, morphologically in the form of TSA (55-57). Simi-
larity to some astrocytes described in PSP (124) has also been
noted. Later Schultz er al reported a high prevalence of TSA in
aged human, particularly at the level of the amygdala; interestingly
similar astroglial tau pathology has also been observed in baboons
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(144, 146). The study by the MRC-CFAS group supported these
findings and mentioned additionally that less commonly TSA can
be observed also in the vicinity of neuronal cell bodies in gray mat-
ter areas such as amygdala and dentate gyrus (86). TSA have been
considered as non-specific but are relatively underreported in stud-
ies since neuron-related tau pathology, such as NFTs and AGD
seemed to be more relevant age-related tau pathologies (23, 38).
Moreover, the descriptions focused on the medial temporal lobe
and did not provide details on further tau astroglial tau pathologies
such as those in the gray matter. Importantly, Munoz et al
described “argyrophilic thormy astrocyte clusters (ATACs)” in the
frontal, temporal, and parietal cortices and in subcortical white mat-
ter in a cohort of patients with nonfluent variant of primary progres-
sive aphasia associated with AD pathology and discussed the
possibility that these might have clinical relevance (115). The ques-
tion whether gray matter astroglial tau pathologies have any rele-
vance for clinical symptoms was further highlighted in a study
reporting a peculiar constellation of tau pathology in cases wherein
diffuse granular immunopositivity of astrocytic processes and
patchy accumulation of thin threads were observed in a distinctive
distribution (frontal and temporal cortices, hippocampus, amygdala,
basal ganglia, locus coeruleus, and substantia nigra) (76). In a
follow-up of this study on a community based-cohort gray matter
tau astrogliopathy was grouped into four groups based on the ana-
tomical involvement and morphological appearance: Group I
(medial temporal lobe with few astrocytes with granular tau);
Group II (amygdala with granular, thorny and tufted-like astrogli-
opathy type); Group III (limbic regions-basal ganglia-substantia
nigra with granular and thorny astrogliopathy); and Group IV (hip-
pocampal-dentate gyrus-amygdala predominant with granular and
thorny astrogliopathy). These tau pathologies were either not (e.g.,
Group I) or were associated with various constellations of clinical
symptoms (75). Together with a paper on focal glial tau pathology
associated with progressive aphasia (166), these studies argued that
tau astrogliopathies in the gray matter might reflect neuronal dys-
function leading to clinical symptoms. In a series of studies Ferrer
and colleagues demonstrated that these tau astrogliopathies in the
white and gray matter show a distinct biochemical signature such
as inconsistent detectability using phospho-specific anti-tau anti-
body Ser262 or conformational tau modifications at amino acids
312 to 322 (MC1), or tau truncated at aspartic acid 421 (tau-C3)
(36, 98, 142). Further reports in elderly patients exemplified by the
description of isolated tufted astrocytes in the occipitotemporal
gyrus in a population-representative cohort (86), or prominent sub-
cortical white matter astrocytic tau pathology in brains from two
elderly patients in whom CBD was considered (140), emphasized
the need for the harmonization of terminology and evaluation strat-
egies. Therefore, the umbrella term ARTAG has been introduced to
encompass all of these aging-related astroglial tau pathologies, with
or without accompanying morphological features of other NDD,
including primary FTLD-tauopathies (72). Accordingly, ARTAG
should be considered when detecting either TSA or GFA (Figure
4A-F). TSA represents tau immunoreactivity in astrocytic peri-
karya with extension into the proximal parts of the astrocytic proc-
esses, as well as tau positive inclusions in the astrocytic endfeet at
the glia limitans around blood vessels and at the pial surface; GFA
represents fine granular immunoreactivity of branching processes
of gray matter astrocytes where the perinuclear soma is densely
immunoreactive in most of these (72). A four-step characterization
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Figure 4. Examples of astroglial
tau immunoreactivities in the
aging brain. A,B. Clusters of
granular/fuzzy astrocytes in the
gray matter (accumbens nucleus).
C. Thorny astrocytes in the
dentate gyrus. D. Granular/fuzzy
astrocytes in the substantia nigra.
E. Thorn-shaped astrocytes in the
temporal white matter. F. Subpial
thorn-shaped astrocytes.

algorithm called TReSS to signify Type, Regional involvement,
Severity, Subregional involvement has been proposed: (1) identifi-
cation of five types based on the location of either morphologies of
tau astrogliopathy: subpial, subependymal, perivascular, white mat-
ter, gray matter; (2) documentation of the regional involvement:
medial temporal lobe, lobar, subcortical, and brainstem; (3) docu-
mentation of the severity of tau astrogliopathy; and (4) description
of subregional involvement (72). A recent multisite study proposed
more specified description of the severity (82). Furthermore, the lat-
ter study suggested that the spectrum of coexisting pathological
astrocytic tau immunoreactivities might be wider than generally
assumed in primary FTLD-Tau disorders if more care is taken to
describe these lesions (82). ARTAG (except for the gray matter
type) shows a predilection for the basal brain regions. A study
focusing on the anterior basal forebrain showed that ARTAG is
most prevalent in the subpial location (39.13%) followed by a peri-
vascular distribution (30.43%) and the authors of this study empha-
sized that ARTAG might share common pathways with chronic
traumatic encephalopathy (CTE) (97). A comprehensive study on
ARTAG reported the systematic mapping of ARTAG types in dif-
ferent anatomical regions in more than six hundred cases and corre-
lated these with clinicopathological and genetic variables (79). This
study further highlighted the considerable overlap of ARTAG with
CTE and primary FTLD-tauopathy-related tau pathologies present-
ing a concept that some of the gray matter ARTAG may represent
early forms of primary FTLD-tauopathies (79). A notable observa-
tion was the strong association of AD-related variables with the
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presence of lobar white matter ARTAG. Furthermore, five constel-
lations were recognized: (i) Subpial * white matter * perivascular
ARTAG in basal brain areas and medial temporal lobe; (ii)
Subpial = white matter = perivascular ARTAG in the brainstem;
(iii) Subpial = perivascular + gray matter ARTAG in lobar areas;
(iv) White matter = perivascular ARTAG in lobar areas; (v) Gray
matter ARTAG in limbic = neocortical = subcortical = brainstem
areas with or without features of primary FTLD-tauopathies. These
constellations might reflect different etiologies or eventually differ-
ent entities (79). Finally, a remarkable mix of neuronal and astro-
glial tauopathy compatible with ARTAG has been described in the
mammillary bodies in AD patients (131) distinct from the sex-
dependent cytoskeletal changes consisting of NFTs, a network of
dystrophic neurites, and terminal-like vessel-associated processes
seen in the infundibular hypothalamic nucleus in elderly men (143,
145).

Further astrocytic tau pathologies

As previously mentioned, astrocytic tau pathology is an impor-
tant component of the morphological alterations reported in
CTE, a disorder associated with repetitive brain trauma and pro-
gressive neurological deterioration (106—-108). Indeed, there are
many overlaps with ARTAG, such as accumulation of subpial
astrocytes in basal brain regions, and also in dorsolateral lobar
areas, and additionally an overrepresentation of males in both
CTE and ARTAG, or association of ARTAG with ventricular
enlargement, an alteration seen in CTE as well (79, 97,
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106-108). Therefore, for the definition of CTE-associated
lesions the presence of neuronal tau pathology is important to
emphasize (106) while the presence of pure subpial of cortical
clusters of astrocytic tau immunoreactivities should not be at
once interpreted as CTE. Using strict criteria and standardized
approaches can help to distinguish the rare CTE-like pathology
from the frequent ARTAG-related tau pathology in the diagnos-
tic practice (125) or research studies (64).

Tufted astrocytes in PSP or other astrocytic tau pathologies usu-
ally are less prominent or spare the cornu ammonis subregions of
the hippocampus. In this context it is important to mention recent
reports on cases with or without PSP pathology and peculiar 4R
isoform tau immunoreactive spherical neuronal inclusions in the
hippocampus, which show prominent argyrophilic astrocytic tau
pathology in the hippocampus (73). Unexpectedly, a genetic prion
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Figure 5. Overlapping
immunoreactive patterns in PAG.
Astroglial granular immunoreactivity
(indicated by asterisk) can be seen
for example for a-synuclein, tau, and
PrP, moreover astroglial (see
enlarged image in the right indicated
by white arrowheads in the left
images) end-feets show immunore-
activity in a-synucleinopathies or
tauopathies.

disease associated with the V2031 mutation in the prion protein
gene (PRNP) also showed hippocampal astrocytic tau pathology
reminiscent of these but without the neuronal inclusions (78).
Finally, a recent study on a familial behavioral variant frontotempo-
ral in two sisters born from consanguineous parents described
prominent astrocytic tau pathology (35). The tau-positive astrocytes
were reminiscent of reactive astrocytes but in addition to the cyto-
plasm, perivascular foot processes around the majority of cortical
blood vessels were decorated with heavy deposits of hyper-
phosphorylated tau, massively involving cortical, hippocampal and
subcortical regions (35). In addition, cerebellar Bergmann glia were
also heavily stained with the AT8 antibody (35). These studies indi-
cate also that we are far from understanding the variability of tau
accumulations in different populations of astrocytes in different
anatomical regions.
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Conceptual summary of astrocytic tau
pathology

Tau mRNA is found in neurons in the human brain (44) suggesting
that astrocytic tau immunoreactivity could be reflecting purely
uptake of tau from neurons. However, astrocytic tau pathology is
seen in regions without other types of tau pathology (79, 95).
Observations of preclinical and incidental forms of primary FTLD-
tauopathies (31, 75, 95, 104, 110, 173) can help to elucidate the
pathogenic role of astrocytes. Recent studies suggest that the first
step of astrocytic pathology might be the fine granular accumula-
tion in astrocytic processes; these tau deposits are then transported
to distal or proximal segment of the astrocytic cytoskeleton and
eventually aggregate, become argyrophilic and/or ubiquitinated
(58, 79). Therefore, pure detection of single astrocytes with fine
granular (dot-like) phospho-tau immunoreactivity in the human
brain might be just a less likely and potentially transient expression
of a phospho-tau epitope as a reaction to a yet to be identified path-
ogenic event, however, it can represent an early preclinical form of
primary FTLD-tauopathy or ARTAG (Figure 3) (79). In particular,
that the regional appearance of these single astrocytes usually over-
lap with the anatomical regions involved in primary FTLD tauopa-
thies and ARTAG, moreover, gray matter ARTAG also overlaps
with the involvement patterns of primary FTLD-tauopathies and
potentially could represent early subtypes of those (79).

CONCLUDING REMARKS

Immunohistochemical and molecular biological methods high-
lighted the wide spectrum and involvement of astrocytes in the dis-
ease protein pathology characteristic of NDD. Moreover, there are
further protein deposits associated with astrocytes, such as those
seen in the hyaline protoplasmic astrocytopathy of neocortex usu-
ally detected in the clinical setting of epilepsy and/or psychomotor
retardation in younger individuals (50). Apart from clearly distinct
PAG morphologies and staining patterns such as argyrophilia, there
are peculiar similarities to be noted. For example, subpial accumu-
lation of PAG is seen in MSA (a-syn), PSP, CBD, ARTAG, and
CTE (tau) and AD (AP). Subependymal PAG in seen in MSA
(a-syn) and ARTAG (tau). In the gray matter GFA (tau) or mor-
phologies reminiscent of GFA are seen in PD/DLB (a-syn) and
rarely in prion disease.

What can be the role and consequence of astrocytic protein
pathology? The fine granular (non-argyrophilic) morphology of
protein immunoreactivity in astrocytes seen in prion diseases (prion
protein), Lewy body disorders (a-syn) and tauopathies (tau) raises
the hypothesis that common pathogenic steps might underlie these
astroglial pathologies (Figures 2 and 5), such as phagocytosis of
pathologically altered proteins. Indeed, astrocytes have been found
to highly express an array of phagocytic receptors exemplified by
their contribution to phagocytizing synapses (21) or axonal mito-
chondria (24) in the brain. Experimental studies in tau transgenic
mouse model of astrocytic tau pathologies suggest that this pathol-
ogy contributes to glial degeneration (51); furthermore as functional
consequence of astrocytic tau pathology neuronal degeneration can
be detected in the absence of neuronal tau inclusions (39). More-
over, astrocytes play an important role in the clearance of toxic
a-syn species from the extracellular space (94) and uptake and
spreading of a-syn from astrocytes to neurons can lead to neuronal
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death (20). Glial cells are discussed as mediators of AR removal
from the brain, and many of the proteins involved in the enzymatic
degradation of AR are produced by glial cells (135) so they should
be able to endocytose monomeric and oligomeric A and degrade
them (89). Thus, astroglial NDD proteinopathies might reflect their
contribution to disease spreading or clearance of disease-associate
proteins, and, depending on the disease protein (i.e., tau), it might
lead to astroglial dysfunction and eventually contribute to the
degenerations of neurons.

In conclusion, the studies presented here and in other review
articles (34, 163) show that astrocytes and oligodendroglial cells
(136, 137) may have an underappreciated spectrum of roles to play
in mechanisms NDD. Thus, the time may now have arrived for
astrocytes and oligodendroglia to receive more attention and
become the focus of studies of NDD mechanisms as well for inves-
tigating potential NDD therapies.
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