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Abstract: Aging-related tau astrogliopathy (ARTAG) is an umbrella term that encompasses a
spectrum of morphological abnormalities seen in astrocytes of the aging brain using immunostaining
for pathological forms of the microtubule-associated protein tau. Morphologies of ARTAG include
thorn-shaped astrocytes (TSA), and additionally granular/fuzzy astrocytes (GFA) characterized by
fine granular tau immunoreactivity extending into the astrocytic processes. Thorn-shaped astrocytes
can be present in the same brain in subpial, subependymal, perivascular, and white and gray
matter locations together with GFAs, which are seen in the gray matter. Primary tauopathies show
ARTAG-related morphologies as well, moreover, GFA has been proposed to present a conceptual link
between brain ageing and primary tauopathies. Sequential distribution patterns have been recognized
for subpial, white and gray matter ARTAG. This either suggests the involvement of astrocytes in the
propagation of tau pathology or reflects the consequence of a long-term pathogenic process such as
barrier dysfunction, local mechanical impact, or early response to neuronal degeneration. The concept
of ARTAG facilitated communication among neuropathologists and researchers, informed biomarker
researchers with focus on tau-related indicators and motivated further exploration of the significance
of astrocytic lesions in various neurodegenerative conditions.
Keywords: aging-related tau astrogliopathy (ARTAG); aging-related tau astrogliopathy; astroglia;
barrier; neurodegenerative disease; protein-astrogliopathy; protein astrogliopathy (PAG); tau

1. Introduction: What Is ARTAG?
Aging-related tau astrogliopathy (ARTAG) is an umbrella term that encompasses a spectrum
of morphological abnormalities seen in astrocytes using immunostaining for pathological forms of
the microtubule-associated protein tau, mainly in the aging brain [1]. This term was introduced to
harmonize the nomenclature and evaluation strategies for the different morphological forms of tau
immunoreactive astrocytes previously described by several authors. ARTAG includes morphologies
described originally as thorn-shaped astrocytes (TSA) as well as fine granular tau immunoreactivity
extending into the astrocytic processes in the gray matter, now called granular/fuzzy astrocytes
(GFA) [1].
Ikeda and colleagues were the first to describe TSAs in the subpial or subependymal regions
of the gray and white matter, and frequently in the depths of the gyri, as well as in the basal
forebrain and brainstem, in aged individuals [2–4]. This was followed by a study from Schultz
et al. reporting a high prevalence of TSAs in the aged human medial temporal lobe, particularly at the
level of the amygdala [5]. Interestingly, TSA-like morphologies have been described in aged gorillas,
and particularly in baboons, but not in other primates [6–9]. This is possibly due to differences in
the tau sequence or the lack of sufficient neuropathological studies focusing on tau pathologies in
animals [10]. Diffuse granular tau immunoreactivity in astrocytic processes has been described in
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the context of a study on a peculiar constellation of tau pathology in aged demented individuals [11].
However, the term GFA was introduced only in the consensus paper on ARTAG [1].
In TSAs, tau immunoreactivity is localized in the astrocytic perikarya with extension into the
proximal parts of the astrocytic processes, with inclusions also in the astrocytic end feet at the glia
limitans around blood vessels and at the pial surface [1]. The processes are thick and short and
thus reminiscent of thorns. In contrast, GFAs exhibit fine granular immunoreactivity of branching
processes with a few dilations, and the perinuclear soma is densely immunoreactive in most of these
astrocytes [1]. These two types of tau immunoreactive astrocytes can both be present in the same brain.
Thorn-shaped astrocytes are seen mostly in subpial, subependymal, or perivascular areas, as well as in
the white, and less so, in the gray matter. Granular/fuzzy astrocytes are observed in the gray matter.
In both the white and gray matter, TSAs and GFAs may build clusters.
For the evaluation of ARTAG a simple strategy has been proposed [1]:
1.
2.
3.
4.

Identify the morphologic and distribution types of ARTAG based on parenchymal localization of
TSA and GFA: i.e., subpial, subependymal, perivascular, white matter, and gray matter.
Identify involvement of gross anatomical regions such as the medial temporal lobe, further lobes
of the brain, subcortical structures, and the brainstem.
Document the severity of ARTAG pathology; in particular, whether this is seen in occasional or
in numerous astrocytes and whether clusters or widespread distribution is noted.
Finally, particularly for scientific discovery studies, detailed anatomical mapping
is recommended.

In a consecutive study, digital images were evaluated by a group of researchers to evaluate
whether these strategies are reproducible [12]. This study revealed the challenging issues of always
being able to readily differentiate and clearly classify tau-positive astrocytic lesions. Still, this motivates
further exploration of the significance of astrocytic lesions in neurodegenerative disorders and further
consensus meetings to reach high agreement. Otherwise, the comparability of research studies will
be questionable.
2. ARTAG and Primary Tauopathies
Morphologies of ARTAG may be seen in so-called primary tauopathies as well. Indeed TSA as
described by Ikeda et al. [2–4] were similar in morphology to the tau-positive astrocytes described
by Nishimura et al. in progressive supranuclear palsy (PSP) [13]. The concept of GFAs has only
recently been added to the spectrum of primary tauopathy-related astroglial tau pathologies [14].
Primary tauopathies are biochemically, genetically, clinically and neuropathologically heterogeneous
neurodegenerative disorders characterized by the abnormal deposition of tau protein in different cell
types of the central nervous system, including neurons and neuroglia. Tauopathies are classified
based on the distribution and spectrum of cell types involved and also on a biochemical level.
In spite of showing a wide spectrum of biochemical modifications, currently the most widely accepted
classification focuses on the predominance of four-repeat (4R) or three-repeat (3R) isoforms of the tau
protein, or the presence of both [15].
Importantly, TSAs and GFA-like astrocyte morphologies are common, but not the distinguishing
astrocytic morphologies seen in primary tauopathies. The most characteristic astrocytic tau
pathologies in primary tauopathies comprise tufted astrocytes in PSP, astrocytic plaques in corticobasal
degeneration (CBD), globular glial inclusions in globular glial tauopathies (GGT), and ramified
astrocytes in Pick’s disease (PiD) [15]. 4R-tauopathies comprise PSP, CBD and GGT, while PiD is a
3R-predominant tauopathy [15]. A further disease affecting the limbic system showing characteristic
grains in the neuronal dendrites, hence called argyrophilic grain disease (AGD) also exhibits
tau immunoreactive astrocytes in the medial temporal lobe often termed bushy astrocytes in the
literature [16,17]. However, these are now also called GFAs due to their similarity to gray matter
ARTAG [1]. Finally, the mixed 3R + 4R disease primary tauopathy (PART), which shows neurofibrillary
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tangles as in Alzheimer‘s disease (AD), but without significant amyloid-β plaques, does not show the
specific tau pathology of astrocytes, but can be associated with ARTAG [14,18]. FTDP-17, or hereditary
frontotemporal dementia associated with mutations in the MAPT gene, shows a wide variety of tau
pathologies and various constellations of tau isoforms [19]. Although astrocytic tau pathology has been
readily recognized in several hereditary conditions [9,20], the descriptions vary considerably making
comparisons difficult. Tau pathologies resembling ARTAG are also recognized [20]. Interestingly,
subpial ARTAG was prominently seen in a recently reported 49-year old demented individual with
MAPT gene duplication [21,22], suggesting that an imbalance of tau homeostasis may contribute to
the early development of an otherwise age-related pathology.
Since GFA-like morphologies are seen in primary tauopathies, we introduced the concept that,
analogously to the pretangles, which might be a preceding form of neurofibrillary tangles, the first
step of astrocytic pathology might be the fine granular accumulation in astrocytic processes [14,20].
These tau deposits are then potentially redistributed to distal or proximal segments of the astrocytic
cytoskeleton and eventually aggregate and become detectable using silver-stainings or anti-ubiquitin
antibodies [14,23]. This concept allows the speculation that pure detection of single astrocytes with fine
granular phospho-tau immunoreactivity in the human brain might represent an early preclinical form
of primary tauopathy or ARTAG, or eventually the first moment of a response to a neurodegenerative
event [14,20].
Ferrer et al. [24,25] showed that the biochemical signature of astroglial tau pathology in the elderly
in both white and gray matter (i.e., representing ARTAG) differs in some aspects from that of other
astrocytic tau pathologies in primary tauopathies. For example, astroglial tau pathologies in the white
matter and gray matter in aging brains were not consistently detectable using tau truncated at aspartic
acid 421 (tau-C3), or conformational tau modifications at amino acids 312 to 322 (antibody MC1), or
phospho-specific anti-tau antibody Ser262 [24,25].
3. ARTAG and Various Disorders Including Chronic Traumatic Encephalopathy
A peculiar aspect of ARTAG is its relation to chronic traumatic encephalopathy (CTE). Astrocytic
tau pathology that resembles TSAs (although usually termed astrocytic tangles), is an important
component of the morphological alterations reported in CTE, a disorder associated with mild repetitive
brain trauma and progressive neurological deterioration [26,27]. Examples of overlapping aspects
of CTE and ARTAG include accumulation of subpial, perivascular and gray matter astrocytes in
basal brain regions, but also in dorsolateral lobar areas, overrepresentation of males, or association
with ventricular enlargement [14,26,28–30]. Importantly, the definition of CTE-associated lesions
emphasizes the presence of neuronal tau pathology [26]. Hence, the presence of pure subpial or cortical
clusters of astrocytic tau immunoreactivities such as seen in ARTAG should not be at once interpreted
as CTE. A study on potential sequential distribution of ARTAG (see below) [31], however, raises an
interesting point. Can it be that, at least in some cases, these represent the earliest stage, preceding
neuronal tau accumulation, of CTE type pathology? Further studies on CTE cases with early stage tau
pathology [30] might be able to address this point.
A wide range of disorders can associate with ARTAG, which could suggest that it is a non-specific
condition. Indeed, gray matter ARTAG has been reported in prion diseases, Lewy body disorders,
psychiatric conditions (i.e., here mostly restricted to the amygdala), multiple system atrophy,
and amyotrophic lateral sclerosis (i.e., here also in the spinal cord) [14,28,32]. However, it might
also reflect a response to early neuronal degeneration irrespective of the predominating proteinopathy.
Since it is not seen in all cases with some form of neuronal degeneration, a yet unidentified driving
force or additional factor need to be considered.
4. Sequential Distribution of ARTAG
In the human brain, hierarchical or stereotypical involvement of anatomical regions (i.e., stages or
phases) have been described for several neurodegeneration-related protein pathologies [33]. These
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Pattern 2 (Figure 1): Subpial ARTAG is initiated in lobar regions (stage 1a) or in the brainstem
(stage 1b) followed by the involvement of both (stage 2) preceding basal brain regions (stage 3).
Pattern 3 (Figure 1): This is seen only in CBD, since the morphology of subpial tau accumulation
is different. One form, characterized by the immunoreactivity of astrocytic end-feets but not the
cell body, is seen regularly in CBD. However, typical TSA morphology can be recognized as well in
some CBD cases. Thus, in CBD subpial tau immunoreactivity of astrocytic feet in lobar areas is the
predominant pathology independently of subpial ARTAG in basal brain regions (together representing
stage 1) and both are followed by the involvement of the brainstem, representing stage 2. We termed
this a “masked” bidirectional sequence [31]. This means that pattern 1 as described above, seen in
non-CBD cases with the typical subpial TSA morphologies is masked by the predominant end-feet tau
immunoreactivity appearing in the lobar subpial location in CBD.
4.2. White Matter ARTAG (Thorn-Shaped Astrocytes Morphology)
Pattern 1 (Figure 1): This is similar to pattern 1 of subpial ARTAG; thus, basal brain regions
(stage 1) are followed by the involvement of lobar regions (stage 2a), or brainstem (stage 2b), and then
all regions are involved (stage 3).
Pattern 2 (Figure 1): Lobar white matter ARTAG seems to be independent from involvement of
the basal brain region. In this case lobar involvement (stage 1) is followed by the involvement of the
basal brain regions (stage 2a) or occasionally the brainstem (stage 2b) and then all regions are involved
(stage 3).
4.3. Gray Matter ARTAG (Granular/Fuzzy Astrocytes Morphology)
Pattern 1, Figure 2 (striatum first): The striatal pathway (stage 1) proceeds either towards the
amygdala (stage 2a), cortex (stage 2b), or rarely to the brainstem (stage 2c), followed by stage 3a
(striatum + amygdala + cortex), or stage 3b (striatum + amygdala + brainstem), and eventually
involves all regions (stage 4). The constellation of striatum + cortex + brainstem has not been observed,
hence there is no stage 3c.
Pattern 2, Figure 2 (amygdala first): The amygdala (stage 1) precedes the involvement of the striatum
(stage 2a), the cortex (stage 2b) or the brainstem (stage 2c). This is followed by three combinations of
stage 3 (a: amygdala + striatum + cortex; b: amygdala + striatum + brainstem; c: amygdala +cortex +
brainstem) and is eventually followed by the involvement of all regions (stage 4).
A sequential pattern of astrocytic tau pathology can be better recognized for CBD and PSP [31].
This included the combined evaluation of both GFAs and astrocytic plaques CBD, and GFAs and
tufted astrocytes (PSP). In CBD a four-stage sequence was proposed: frontal (including premotor) and
parietal cortex (stage 1) is followed by temporal and occipital cortex (stage 2), with parallel movement
into subcortical areas, including either, or both, the striatum and the amygdala (stage 3), followed by
the brainstem (stage 4) including the substantia nigra followed by the pons and medulla oblongata.
In PSP striatum (stage 1) to cortical (frontal-parietal to temporal to occipital) areas (stage 2a and b,
respectively) to the amygdala (stage 3) and to the brainstem (stage 4), including the substantia nigra
followed by the pons and medulla oblongata, sequence was recognized. Interestingly, the striatal
pattern as summarized above for gray matter ARTAG is reminiscent of the combined pattern of tufted
astrocytes and GFAs seen in PSP. Therefore, theoretically some cases with gray matter ARTAG in these
regions could represent a preclinical form of PSP. Some of these cases might even not proceed to the
full-blown neuropathological phenotype either due to a yet unidentified host response that does not
allow this, or due to the presence of another predominating neurodegenerative condition.
That study addressed also whether in the same region any type of ARTAG precedes another
type or neuronal tau pathology [31]. It has been suggested that in the amygdala, subpial, white
matter, and perivascular areas, ARTAG appear together and precede the appearance of subependymal
ARTAG. On the other hand, gray matter ARTAG is independent from these. Interestingly, based
on the conditional probability values, gray matter ARTAG might precede the presence of dendritic
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5. Considerations on Pathogenesis
5. Considerations on Pathogenesis
Historical studies have identified neuroglia as highly important for barrier function [35].
Historical studies have identified neuroglia as highly important for barrier function [35].
Importantly, specific types of ARTAG tend to develop at interface regions. Interestingly, tufted
Importantly, specific types of ARTAG tend to develop at interface regions. Interestingly, tufted
astrocytes in PSP and astrocytic plaques in CBD are also often located near the blood vessels [36];
astrocytes in PSP and astrocytic plaques in CBD are also often located near the blood vessels [36];
moreover, in a familial disorder with astrocyte-predominant tauopathy, perivascular accumulations
are noted as well [37]. Furthermore, tau-containing astrocytes do not always match the distribution
of tau-containing neurons in tauopathies [9].
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moreover, in a familial disorder with astrocyte-predominant tauopathy, perivascular accumulations
are noted as well [37]. Furthermore, tau-containing astrocytes do not always match the distribution of
tau-containing neurons in tauopathies [9].
A recent study evaluated the astrocytic markers connexin-43 (Cx43) and aquaporin-4 (AQP4)
in relation to ARTAG [38]. A dramatic increase of Cx43 density of immunoreactivity was seen in
ARTAG cases and types correlating strongly with tau positive astrocytes, irrespective of the presence
of neuronal tau pathology or reactive gliosis measured by glial fibrillar acidic protein (GFAP) density.
This could suggest a response to blood-brain barrier dysfunction. However, since this was seen also
in the gray matter, it might be that Cx43 expression may promote neuronal survival, for example,
by sensing and reducing elevated levels of extracellular glutamate. Therefore, it can be theorized that
gray matter ARTAG reflects the efforts of astroglia perceiving early neurodegeneration and leading
to tau accumulation in astrocytes as a response of an overwhelming pathogenic process. On the
other hand, ARTAG can reflect effective take-up of locally produced and released neuronal tau, thus
preventing its accumulation in neurons. Indeed, astrocytes have been found to highly express an array
of phagocytic receptors and can phagocytize synapses [39] or axonal mitochondria [40] in the brain.
Aquaporin-4 density of immunoreactivity was increased only in the white and gray matter,
and was associated with increased ARTAG density only in white matter and perivascular areas [38].
Aquaporin-4 is a member of the water-channel proteins expressed in the foot processes of glial
cells surrounding capillaries, and it is associated with water transfer into and out of the brain
parenchyma [41]. Thus, the presence of ARTAG associated with increased AQP4 density in the white
matter further supports the notion that pathogenic events are associated with the blood-brain barrier.
And what can we learn about pathogenesis from the sequential distribution patterns? In two
studies we reported that GFA-like morphologies appear in cortical areas without local neuronal tau
pathology and without obvious clinical symptoms related to this region in primary tauopathies [14,31].
Indeed, this may reach up to 30% of PSP and PiD cases in the occipital lobe [31], which is usually
less affected by neuronal tau pathology. The concept that astroglial pathology precedes neuronal
tau pathology has also been discussed in presymptomatic cases showing CBD–type pathology [34].
Thus, these tau positive astrocytes might phagocytize pathological tau derived from the endings of
projecting neurons, or this may simply represent local astroglial upregulation of tau as a response to a
yet unidentified event. We can speculate that GFA astrocytes have the role of scouts in regions not
yet affected by neuronal tau pathology. These concepts seem to be supported by animal inoculation
studies as well. By injecting pathological tau extracted from post-mortem brains of AD, PSP, and CBD
patients into different brain regions of non-transgenic mice, differences in tau strain potency between
disorders have been identified [42]. This study found a significant inverse correlation between
neuronal and astrocytic tau pathology, supporting the notion of transmission of pathological tau
seeding from neurons to neighboring astrocytes. As an alternative mechanism, they proposed that
astrocytic tau pathology might spread from one astrocyte to another, possibly through astrocytic gap
junction networks [42]. A recent study using tau-enriched fractions of brain homogenates from pure
ARTAG (with no associated tauopathy) inoculated into wild-type mice generated intracytoplasmic
hyper-phosphorylated tau inclusions in astrocytes, oligodendrocytes and neurons [43]. It has been
proposed that ARTAG-related tau might have a cardinal role in seeding tau to neurons and glial
cells [43]. Further aspects are highlighted by observations in a tau transgenic mouse model of astrocytic
tau pathologies, suggesting its contribution to glial degeneration [44]. As a functional consequence of
astrocytic tau pathology, neuronal degeneration can occur in the absence of neuronal tau inclusions [45].
Does the sequential pattern always mean cell-cell-spreading of tau pathology? It might be feasible
for gray matter ARTAG, although this needs to be clarified. For subpial, subependymal, white matter,
and perivascular ARTAG, however, sequential involvement of regions might reflect consequences of a
permanent (or repeated) pathogenic process. For example, subpial ARTAG initiated in basal regions
proceeding towards the convexity of the brain (lobar areas), or dorsolateral parts of the brainstem,
might indicate a pathogenesis related to the circulation of the cerebrospinal fluid [31]. In contrast,
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the existence of a second pattern of subpial ARTAG initiated in the dorsolateral lobar areas and
dorsolateral parts of the brainstem, suggests a local mechanical inducing factor such as the role of mild
traumatic brain injury in some cases [31].
6. What Is the Clinical Relevance of ARTAG?
To understand this, it is crucial to recognize the different ARTAG types. The possibility that
TSA may have clinical significance was first discussed by Munoz and colleagues [46]. In a cohort of
patients with a non-fluent variant of primary progressive aphasia associated with AD pathology, they
detected “argyrophilic thorny astrocyte clusters (ATACs)” and observed them in the frontal, temporal,
and parietal cortices and in subcortical white matter in [46]. Further reports also linked TSAs to
symptomatology; however, not all found an association between ATACs and focal syndromes [47,48].
Recent studies however, have shown that white matter ARTAG in lobar regions is frequently associated
with AD-related pathology [14]. This suggests that a subset of AD cases have additional pathogenic
components; for example, hypoperfusion in the white matter, which can eventually be associated with
focal symptoms. These concepts merit further confirmation.
A peculiar constellation of tau pathology was reported in elderly patients with dementia
with or without parkinsonism [11]. Diffuse granular tau immunoreactivity in astrocytic processes
(retrospectively these could be called GFAs) was described as the most characteristic feature [11].
The study emphasized additional neuronal pathologies, including threads and diffuse neuronal
cytoplasmic tau immunoreactivity (pretangle-like). A subsequent study found these pathologies
and suggested four different patterns based on the anatomical distribution of the tau astrogliopathy
and its combination with neuronal tau pathology [49]: (1) medial temporal lobe type; (2) amygdala
type; (3) limbic-basal ganglia-nigral type with neuronal tauopathy; and (4) hippocampus-dentate
gyrus-amygdala type with neuronal tauopathy. It has been suspected that these might represent
stages of the same process whereas other might be distinct conditions. Accumulation of TSAs in the
dentate gyrus of the hippocampus were recognized by others as well [49,50]. Mathematical modeling
of hippocampal tau immunolabeling patterns suggested that some forms of tau astrogliopathy in the
elderly involve hippocampal subregions in a different pattern from that of primary tauopathies [51].
A recent study highlighted an interesting aspect of ARTAG. A study on individuals 90 years
or older found an association with cortical but not limbic or brainstem ARTAG, independent of AD
pathology, with cognitive decline [52]. Thus, the non-AD dementia group showed more hippocampal
sclerosis, cortical ARTAG, TDP-43 and Lewy body pathology, while the cognitive resilient group had
less of these [52]. Moreover, the authors found that cortical ARTAG independent of both limbic and
brainstem ARTAGs is very rare (4%, 7/185). They speculated on an outward spread of ARTAG from
limbic to the brainstem areas and then to the neocortical areas, and that neuronal tau pathology and
astrocytic tau pathology are related in the oldest-old [52].
In summary, ARTAG most likely reflects the various impacts that individuals suffer during
life, be it barrier dysfunction, mechanical impact, perfusion disturbance or a yet unidentified
neurodegenerative event including propagation of pathological tau. Depending on the type and
location of ARTAG it might be a sign of a reduced threshold that might lead to, or be associated
with, decompensation of cognitive functions. And, especially when combined with other pathologies,
perhaps with different pathogenesis, an additive effect might be seen, and individuals reach this
threshold for cognitive decompensation more easily.
7. Perspectives
The accumulation of neurodegeneration-related proteins in astrocytes is not unique for
tauopathies. Therefore, the term protein astrogliopathy (PAG) has been introduced to encompass
different protein accumulations in astroglia in distinct neurodegenerative conditions. This emphasizes
the yet unidentified role of astrocytes in the protein pathology of neurodegenerative diseases. Indeed,
the variability of astrocytes associated with specific roles is being recognized [53]. Markers are
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developed [9,54–56] that still need to be linked to the involvement of specific glial cell populations
affected by protein pathology. Eventually, these markers can be translated into bodily fluid biomarkers
or probes for neuroimaging. These will help to understand the dynamics of astrocytic responses in
various neurodegenerative conditions. The role of astrocytes in the processing and propagation, and the
exact cytopathological mechanism of neurodegeneration-related proteins, are still not understood
across the full spectrum. All these aspects position astrocytes in the center of current research on
neurodegenerative conditions. Harmonizing the nomenclature of astrocytic tau pathologies leading to
the definition of ARTAG enhanced these studies and further motivated researchers.
Funding: This research received no external funding.
Conflicts of Interest: The author declares no conflict of interest.
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