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Abstract

Objectives

Alzheimer disease (AD) shows a broad array of clinical presentations, but the mechanisms
underlying these phenotypic variants remain elusive. Aging-related astrogliopathy (ARTAG) is
a relatively recent term encompassing a broad array of tau deposition in astroglia outside the
range of traditional tauopathies. White matter thorn-shaped astrocyte (WM-TSA) clusters,
a specific ARTAG subtype, has been associated with atypical language presentation of AD in
a small study lacking replication. To interrogate the impact of WM-TSA in modifying clinical
phenotype in AD, we investigated a clinicopathologic sample of 83 persons with pure cortical
AD pathology and heterogeneous clinical presentations.

Methods
We mapped WM-TSA presence and density throughout cortical areas and interrogated
whether WM-TSA correlated with atypical AD presentation or worse performance in neuro-

psychological testing.

Results

WM-TSA was present in nearly half of the cases and equally distributed in typical and atypical
AD presentations. Worsening language and visuospatial functions were correlated with higher
WM-TSA density in language-related and visuospatial-related regions, respectively. These
findings were unrelated to regional neurofibrillary tangle burden. Next, unsupervised clustering
divided the participants into 2 groups: a high~-WM-TSA (n = 9) and low-WM-TSA (n = 74)
pathology signature. The high-WM-TSA group scored significantly worse in language but not
in other cognitive domains.

Conclusions

The negative impact of WM-TSA pathology to language and possibly visuospatial networks
suggests that WM-TSA is not as benign as other ARTAG types and may be explored as
a framework to understand the mechanisms and impact of astrocytic tau deposition in AD in
humans.
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Glossary

AD = Alzheimer disease; ARTAG = aging-related tau astrogliopathy; ATAC = argyrophilic thorn-shaped astrocyte clusters;
CDR = Clinical Dementia Rating; FTLD = frontotemporal lobar degeneration; IVPPA = logopenic variant primary progressive
aphasia; MAC = Memory and Aging Center; MCI = mild cognitive impairment; NFT = neurofibrillary tangles; PPA = primary
progressive aphasia; SE = standard error; TDP-43 = TAR DNA binding protein-43; TSA = thorn-shaped astrocytes; UCSF =
University of California, San Francisco; WM-TSA = white matter thorn-shaped astrocytes.

Alzheimer disease (AD) features a stereotypical accumulation
of neuritic plaques and neurofibrillary tangles (NFT)/
neuropil threads. Despite this apparently homogeneous
neuropathologic picture, AD manifests with different clinical
presentations and rates of progression." Beyond the classic
amnestic syndrome, AD can manifest with an atypical clinical
presentation, including behavioral variant frontotemporal
dementia, also known as frontal variant or behavioral/
dysexecutive variant of AD,” logopenic variant primary pro-
gressive aphasia (IVPPA),’ corticobasal syndrome* and pos-
terior cortical atrophy.® Genetic and environmental factors
have been implicated as underlying contributors to this clin-
ical heterogeneity, but comorbid pathology may also play
arole in the clinical phenotype. Co-occurrence of TAR DNA
binding protein-43 (TDP-43) in the hippocampus with AD
pathology, for instance, leads to worse memory impairment6
and faster rates of hippocampal atrophy.”

In 2007, Munoz et al.® described a type of astroglial tau in-
clusion featuring eccentric, tau-positive perinuclear deposits,
found predominantly in clusters at the gray-white matter
junction, called argyrophilic thorn-shaped astrocyte clusters
(ATACs). ATAC in many brain areas was the only identifiable
difference between 8 cases of AD presenting clinically with
a prominent aphasic syndrome (with or without an amnestic
component) and 6 cases of AD manifesting as an amnestic
syndrome. However, an independent study examining ATACs
in 10 cases of AD presenting with a primary progressive aphasia
(PPA) syndrome failed to confirm such an association.” Thus,
the question of whether ATAC is a modifier of AD clinical
presentation or a cause of prominent language deficits remains
unanswered.

Years after ATACs were described, an international group of
neuropathologists published strategies to harmonize evalua-
tion of so-called aging-related tau astrogliopathy (ARTAG),
an umbrella term used to describe tau pathology in astrocytes
that accumulates with aging.” Because ATAC is equivalent to
thorn-shaped astrocytes (TSA) in the white matter, in this
study, we refer to ATAC as white matter TSA (WM-TSA).

To determine whether WM-TSA contributes to the clinical
heterogeneity in AD, we investigated a large, well-characterized
clinicopathologic series of individuals with autopsy-proven AD
pathology and heterogeneous clinical presentations. We
quantified WM-TSA burden in key language-related and other
additional cortical regions and compared the results with the
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clinical phenotype and neuropsychological performance in
language and other cognitive domains. First, we tested the
hypothesis that cortical accumulation of WM-TSA, including in
language-related areas, is associated with an atypical clinical
diagnosis such as IvPPA. Next, we examined whether the cor-
tical accumulation of WM-TSA correlates with worse neuro-
psychological scores on language and other cognitive domains.
Finally, we assessed unbiased clustering of the presence and
density of WM-TSA pathology in our cohort and compared
how this grouping is related to cognitive function.

Methods

Participants

In this cross-sectional study, participants were identified from
the clinicopathologic cohort of the Neurodegenerative Dis-
ease Brain Bank, which is sourced from the cohorts of the
Memory and Aging Center (MAC) at the University of Cal-
ifornia, San Francisco (UCSF). Individuals in this study un-
derwent an in-depth clinical assessment at least once. This
assessment included neurologic history and examination and
comprehensive neuropsychological and functional testing,
including the Clinical Dementia Rating (CDR). Neuropath-
ologic assessment included an extensive dementia-oriented
investigation covering dementia-related regions of interest on
the left hemisphere unless, on gross pathology, the right was
noted to be more atrophic. Neuropathologic diagnosis fol-
lowed currently accepted guidelines."®"* Subtyping for
frontotemporal lobar degeneration (FTLD)-TDP-43 and
FTLD-tau followed the current harmonized nomenclature.'

From 2008 to 2016, 145 participants who underwent an au-
topsy at the Neurodegenerative Disease Brain Bank received
a primary diagnosis of AD pathologic changes. From those, we
excluded cases with comorbid FTLD (FUS, tau, or TDP-43),
chronic traumatic encephalopathy, a-synuclein pathology
staged Braak >3, hippocampal sclerosis, or contributing ce-
rebrovascular lesions, analyzing a final number of 83 cases.
The frequency of cerebrovascular changes was low in general
in our cohort, similar to low rates of cerebrovascular changes
in this age group found in other series."*

Standard protocol approvals, registrations,
and patient consents

The study was approved by the UCSF Institutional Review
Board, and all participants or their legal representatives signed
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awritten informed consent that was obtained according to the
Declaration of Helsinki and its further amendments.

Identifying and quantifying WM-TSA

A neuropathologist (A.L.N.) reviewed all cases, blinded to
the clinical and neuropathologic diagnosis, to determine the
presence and density of WM-TSA in 8-um-thick histologic
sections immunostained for phospho-tau (p-Ser202 tau, CP-
13, 1:500, gift of Peter Davies, NY). Eight cortical regions
were sampled: opercular inferior frontal gyrus, superior
temporal gyrus at the level of the lateral geniculate body,
inferior temporal gyrus at the level of the amygdala and
angular gyrus (all associated with language), and middle
frontal gyrus at the level of the genu of the corpus callosum,
anterior cingulate cortex, anterior insula, and entorhinal
cortex. Although we initially analyzed other forms of
ARTAG, only WM-TSA was the focus of this study because
we (data not shown) and others did not find clinicopatho-
logic correlations with other ARTAG subtypes. WM-TSA
was defined as the presence of TSA (prominent eccentric
somatic tau deposition) located in the gray-white junction
(figure 1). We annotated whether WM-TSA was present in
each area of interest and, if so, the highest density in a x20
microscopic field.

Quantifying NFT

To interrogate a correlation between WM-TSA and NFT
burden, we quantified the NFT densities in the middle frontal,
superior temporal, and angular gyri in histologic sections stained

with thioflavin-S." Briefly, three 0.25-mm” areas were sampled
at random from each region, and quantitative NFT counts were
averaged across these 3 areas to produce a density score. NFT's
were quantified in all cases.

Clinical characterization

At MAC/UCSF, the clinical working diagnosis, including the
diagnosis of IvPPA, is based on clinical, neuropsychological,
and language test results that are reviewed by a multidisci-
plinary consensus of an expert neurologist, neuropsycholo-
gist, and speech and language pathologist. The clinical
syndrome was determined by chart review of the first clinical
encounter and based on published criteria for dementia of
amnestic type,16 posterior cortical atrophy syndrome,17
IvPPA,'® corticobasal degeneration syndrorne,19 behavioral
variant frontotemporal dementia,”® Lewy body dementia,"’
and mild cognitive impairment (MCI).>! The charts were
reviewed by a behavioral neurologist (E.d.P.F.R. and/or
Z.M.) who were blinded to the WM-TSA status or the severity
of AD pathology. If there was a discrepancy in the chart, the
final diagnosis was determined after a consensus. All partic-
ipants were diagnosed with 1 of these syndromes, except for 1
individual who presented with rapid cognitive decline, par-
kinsonism, and ataxia and was classified as dementia without
other specification.

For clarity, we use the term AD strictly to refer to the neuro-
pathologic entity, whereas we use the term amnestic-type de-
mentia to refer to the classic AD-associated clinical phenotype.

Figure 1 Argyrophilic thorn-shaped astrocytes clusters or WM-TSA typically found in the white-gray matter junction

Representative images of white matter
thorn-shaped astrocytes (WM-TSA)
type of aging-related tau astrogliopathy
in the middle frontal gyrus visualized
with phosphorylated tau immunos-
taining (CP-13).
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We also obtained information on the following variables from
the MAC/UCSEF Clinical Database: age at onset, age at death,
disease duration, sex, and years of education. APOE allele
genotyping was done with a TagMan Allelic Discrimination
Assay on an ABI7900HT Fast Real-Time PCR system (Ap-
plied Biosystems, Foster City, CA).

Determining neuropsychological scores
Composite z scores for the cognitive domains were obtained
from the neuropsychological evaluation closest to death. The
language z scores were calculated from normative data from
a cohort of cognitively healthy older adults,** and the final
composite score was the sum of the z scores for the Boston
Naming Test, Animal Fluency Test in 1 minute, and the
Peabody Picture Vocabulary Test.”?

We also calculated z scores for the following nonlanguage
domains: a memory composite z score, defined as the sum
of the z scores from the California Verbal Learning Test—
Delayed Recall, sum of the learning trials, and recognition
accounting for false positives, and the z score of the modi-
fied Rey Figure Delayed Recall; an executive composite z
score, defined as the sum of the z scores for design fluency,
letter fluency, Stroop test (correct naming), digital back-
wards, and Trail Making B (number of correct lines in 1
minute); and a visuospatial composite z score, defined as
the sum of the z scores on the modified Rey Figure, Number
Location for the Visual Object and Space Perception bat-
tery, and the block design of the Wechsler Adult Intelligence
Scale-III.

Statistical analysis

First, we investigated whether WM-TSA presence correlated
with an atypical AD presentation using x> tests. Then, to
determine whether regional WM-TSA density correlates with
impairment of associated cognitive domains, we compared
the cognitive domain composite z scores closest to death
(outcome) with regional WM-TSA densities (predictors).
Because deficits in specific cognitive domain scores might also
be a result of increased overall cognitive impairment rather
than a target effect of WM-TSA, we also examined the re-
lationship of WM-TSA densities (predictor) to the CDR Sum
of Boxes (outcome), a measure of overall clinical severity,”*
obtained at the last visit before death. Participants classified as
having MCI/controls in this study maintained a CDR score of
<0.5, even in a postmortem interview with a caregiver.

Multiple linear regression models were assessed to analyze the
relationships between WM-TSA densities and cognitive do-
main composite z score and between WM-TSA densities and
CDR Sum of Boxes score. All the models were adjusted for
age at death and sex, as well as for Braak staging of NFT** and
the time lag between cognitive testing and death. The fitness
of the linear regression models was assessed by analyzing the
residuals, and we did not observe any clear pattern, although
there was an imbalance in the x-axis because of the number of
zero values.
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To validate our previously described a priori approach in which
we correlated regional WM-TSA with cognitive domain com-
posite z scores, we additionally applied unbiased clustering
analysis to classify the cases on the basis of the anatomic dis-
tribution and WM-TSA density throughout all brain regions
examined using the K-means algorithm. We validated the ro-
bustness of the k-means clustering against other clustering
methodologies based on 3 criteria: connectivity, silhouette
width, and the Dunn index. The validation was performed in R
(R Foundation for Statistical Computing, Vienna, Austria)
using the Cluster Validation Package cValid*® To select the
optimal number of k-means clusters, we used the elbow
method for a plot of within-groups sum of squares and the
number of clusters. Similarity of k-means and the Ward method
of hierarchical clustering was assessed to appraise the robust-
ness of the partitioning. The 2 resulting k-means clusters were
a high-WM-TSA (n = 9) cluster, corresponding to an overall
high density of WM-TSA throughout brain regions, and
alow-WM-TSA (n = 74) cluster, with an overall low density of
WM-TSA in few brain regions. These 2 groups were contrasted
in terms of demographics and neuropsychological composite
scores using a Mann-Whitney U test. A x” test was used to
compare the proportion of men and APOE €4 allele carriers
across the groups. In addition, we performed 3 sensitivity
analyses to validate and test the robustness of the k-means
clustering groups by examining the classification of the WM-
TSA groups used in our cluster analysis.

Finally, we assessed whether there was an association between
WM-TSA densities and burden of AD pathology represented
by NFT density by calculating the Pearson coefficients of
correlation in middle frontal, superior temporal, and angular
gyri. Then, we retested the multiple linear regression models
described above, including the NFT densities in the model to
assess whether the correlation between the density of WM-
TSA and language performance was independent of the NFT
density.

All analyses were performed in R Statistical Software (version
3.3.3), and values of p < 0.01 were considered significant to
account for multiple testing and to mitigate the risk of false
positives.

Data availability
All the data are available on reasonable request.

Results

Of the 83 participants, 62.6% (n = 52) were male. Their mean
educational attainment was 15.7 (3.4) years; the mean age at
death was 72.4 (10.9) years; the mean age at symptom onset
was 61.9 (10.8) years; and the mean disease duration was 9.8
(34) years. Overall, the mean lag time between the latest
cognitive assessment and death was 3.8 (2.2) years. At least 1
APOE ¢4 allele was present in 44.7% (n = 37) of cases. The
median Braak stage for neurofibrillary pathology was 6 (table 1).
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Table 1 Demographic and clinical characteristics per clinical syndrome

CDR
Sum of
Ageat Ageat  APOE 4 Braak WM-  Boxes
Clinical onset, death, allele stage, TSA, score,?
syndrome Male, mean mean carriers, median n median
(n) n (%) (SD),y (SD),y n(%) (IQR) (%) (IQR) Language® Executive® Visuospatial® Memory®?
Amnestic 35 62.8 72.9 25 6 (0) 26 9.0 -3.7 -2.9 -5.4 -3.9
AD (46) (76) (10.7) (11.3) (55) (56) (7.0) (1.9 (1.3) (3.5 (1.4)
IVPPAC (7) 3 55.6 65.8 2 6 (0) 3 14.0 -6.8 -3.8 7.4 -4.4
(43) (5.6) (6.2) (33) (43) (2.5) (2.4) (0.3) (3.6) (1.5)
PCA (6) 1 54.8 64.6 0(0) 6(0) 3 13.0 -4.7 -3.7 -9.7 -4.7
(16) (4.5) (6.5) (50) (8.5) (1.9) (1.3) 2.1 (1.9)
CBS (7) 3 60.0 69.3 2 6 (0.5) 3 5.5 -6.0 -3.3 -6.6 -39
(43) (8.7) 9.3) (28) (43) (5.5) (3.5 0.7) (5.0 (1.7)
bvFTD (5) 4 51.2 66.2 2 6(0) 1 8.5 -5.5 -3.5 -4.9 -3.6
(80) 4.3) (4.8) (40) (20) 6.7) (2.2) (1.3 (3.3 (2.2)
LBD (1) 0(0) 85 87 — 2 0(0) 0 — -1.5 0.7 —
Dementia 1 58 66 1 6 0(0) 15 -3.3 -4.0 -1.7 -4.0
WOS (1) (100) (100)
MCI (7) 2 75.1 82.7 2 3(1.5) 2 1.0 -1.6 -1.4 -1.7 -1.7
(28) (6.2) (4.8) (28) (28) (1.7) (1.0 (1.5) (3.1 (1.8)
Cognitively 3 — 85.3 2 4(1.5) 1 0(0) -1.5 -0.4 -0.2 -2.2
healthy (3) (100) (15.3) (67) (33) 0.1) (0.8) (0.0
Total 62.6% 61.9 72.4 45% 6 (0) 47% 7 -4.1 -29 -5.5 -39
(10.8) (10.9) (8.8) (2.5) (1.4) (3.9 (1.6)

Abbreviations: AD = Alzheimer disease; bvFTD = behavioral variant frontotemporal dementia; CBS = corticobasal syndrome; IQR = interquartile range; LBD =
Lewy body dementia; IVPPA = logopenic variant primary progressive aphasia; MCI = mild cognitive impairment; PCA = posterior cortical atrophy; WM-TSA =

white matter thorn-shaped astrocytes; WOS = without other specification.
2 CDR Sum of Boxes score obtained at the last research visit.
® Composite z scores obtained at the last research visit.

“Note that the diagnosis of IvPPA was made at the time of first clinical presentation, whereas table 1 shows results from the last neuropsychological
evaluation before death, when most patients had progressed to show significant deficits in multiple domains.

Almost half of the participants (47%, n = 39) had WM-TSA in
at least 1 of the brain regions examined. A majority of the
participants (81.9%, n = 68) were right-handed, and in most
cases, the left hemisphere was sampled.

Approximately half of the participants (53.5%, n = 46) were
diagnosed with a classic amnestic syndrome, while 26.3% (n =
27) met criteria for an atypical clinical presentation, including 7
participants (8.4% of total) with a clinical diagnosis of IVPPA
(table 1). Furthermore, 7 individuals met diagnostic criteria for
MCI, and 3 were cognitively normal at death (table 1). Note-
worthy, the clinical diagnosis was established at the time of first
clinical encounter, whereas table 1 shows results from the last
neuropsychological evaluation before death, a time when most
participants already had significant deficits in multiple domains.

WM-TSA was similarly prevalent in cases with a classic
amnestic syndrome, an IvPPA, or any other atypical clinical
presentation.

Considering only the 73 participants who had dementia at
death (CDR score postmortem > 1), we failed to find sig-
nificant differences in the presence of WM-TSA comparing

Neurology.org/N

participants with typical and atypical presentations. WM-TSA
was present in at least 1 region in 56% (n = 26) of the 46
participants manifesting a classic amnestic AD and in 37% (n
= 10) of the 26 participants manifesting an atypical dementia
syndrome (p = 0.141). When the 7 atypical cases manifesting
a IvPPA were isolated, only 43% (n = 3) had WM-TSA in at
least 1 region examined.

Higher density of WM-TSA correlated with
deficits in language function and

visuospatial ability

Assessing multiple linear regression models, we observed
a significant correlation between higher density of WM-TSA
in language-related areas and deficits in language function
(table 2). The density of WM-TSA in inferior frontal gyrus
was significantly correlated with worse language scores (df =
68, p = —0.04, standard error [SE] =0.01, p = 0.002), as well as
the density of WM-TSA in superior temporal gyrus (df = 65,
=-0.03, SE = 0.00, p = 0.008) and angular gyrus (df = 68, f =
-0.02, SE = 0.01, p = 0.008). Next, we tested whether there
was a specific association between each language test that
composed the language composite z score, including z scores
for PPVT, the Boston Naming Test, and Animal Fluency Test
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and the density of WM-TSA in the language-related brain
regions. We found a significant association only between the
Boston Naming Test and the density of WM-TSA in the
superior temporal gyrus (table 2).

In addition, we observed a significant correlation between
higher density of WM-TSA in angular gyrus, a brain area
associated with visuospatial function and worse visuospatial
scores (df = 68, p = -0.04, SE = 0.01, p = 0.003) (table 3).
Next, we tested whether there was a specific association be-
tween 3 visuospatial tests, including z scores for the modified
Rey Figure and Number Location for the Visual Object and
Space Perception battery, and the density of WM-TSA in
angular gyrus and found a significant association with the
modified Rey Figure test. Finally, we failed to identify any
significant correlations between higher density of WM-TSA in
any region and deficits in executive function or memory.

To examine whether the association between higher density
of WM-TSA and language and visuospatial dysfunction was
simply a reflection of a worsening global cognition in cases
with higher burden of WM-TSA, we analyzed the associations
between the density of WM-TSA in each of the relevant
regions and the CDR Sum of Boxes scores and failed to find
a significant relationship (tables 2 and 3), suggesting that the
correlation between WM-TSA density and worse language
and visuospatial scores was independent of the clinical se-
verity. For all of these results, a sensitivity analysis was done in
a subgroup of participants with dementia (i.e., excluding the
ones with MCI and the cognitively healthy controls, n = 73),
which disclosed similar results for the association between
inferior frontal gyrus and language scores and angular gyrus
for visuospatial scores. The relationships between superior
temporal and angular gyri and language scores were very close
to statistical significance (table 4).

Unbiased clustering of pathology confirms an
association of increased density of WM-TSA
and language dysfunction

Next, we sought to look at the data using an unbiased approach
and to validate our a priori findings. The K-means clustering
algorithm was used to classify our cases by density and ana-
tomic distribution of WM-TSA pathology in all brain regions
analyzed. Two robust groups were identified: a high-WM-TSA
(n = 9) group with increased densities throughout the cortex
and a low-WM-TSA (n = 74) group with low to no WM-TSA
pathology throughout the cortex.

The high-WM-TSA group had a significantly older age at de-
mentia onset (f = 8.6, p = 0.021) and age at death (t=8.7,p =
0.012), as well as a higher proportion of men (t = 42, p = 0.037)
(table S). Similar to our correlation results, the high~-WM-TSA
group exhibited significantly reduced language function (t =
-2.6, p = 0.018). We failed to find a similar significant corre-
lation for other domains, including memory (t = —04, p =
0.946), executive (t = —0.0, p = 0.816) and visuospatial (= —0.2,
p = 0.898) domains (table S and figure 2). We ran a sensitivity
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p Value
0.115

CDR Sum of Boxes?
B Value E
0.42 0.03 0.02

RZ

p Value
0.963

SE
0.03

Block design of the Wechsler Adult
B Value
-0.00

Intelligence Scale-111
.04

R2
0

p Value
0.915

SE
0.02

Number Location for Visual Object
B Value
0.00

and Space Perception battery
pValue R?
0.040 0.17

B Value E
-0.07 0.03

Modified
Rey Figure
RZ

0.26

p Value

0.070

E
0.02

B Value
-0.04

Visuospatial
composite z score?

R?
0.31

Table 3 Density of WM-TSA in visuospatial-related regions predicts worse visuospatial scores

Density of WM-TSA (region)

Inferior frontal gyrus

Neurology.org/N

Copyright ©

-0.03 0.01 0.023 0.23 -0.03 0.02 0.154 0.18  -0.01 0.01 0.326 0.26  -0.00 0.00 0.123 0.41 0.02 0.02 0.136

0.32

Superior temporal gyrus

-0.02 0.02 0.109 0.26  -0.05 0.02 0.036 0.18  -0.01 0.01 0.507 0.07 -0.02 0.02  0.453 0.40 0.00 0.02 0.567

0.30

Inferior temporal gyrus

0.17  -0.00 0.01 0.694 0.25 -0.00 0.00 0.147 0.41 0.02 0.02 0.363

0.001

-0.04 0.01 0.003 033 -0.08 0.02

0.36

Angular gyrus

-0.02 0.01 0.119 0.25 -0.04 0.02 0.106 0.17  -0.01 0.01 0.610 0.04 -0.00 0.02 0.99 0.40 0.00 0.02 0.580

0.30

Medial frontal gyrus

-0.03 0.02 0.111 0.26 -0.06 0.03 0.056 0.177  -0.00 0.01 0.865 0.05 -0.01 0.02 0.767 0.41 0.01 0.02 0.460

0.30

Anterior cingulate cortex

0.399

0.02

0.02

0.41

0.04 0.00 0.15  0.991

0.715

-0.01 0.02

0.17

0.04 0.568

-0.02

0.22

0.203

-0.03 0.02

0.29

Anterior insula

-0.00 0.01 0.753 0.09 0.03 0.03  0.340 0.40 -0.01 0.02 0.776

0.17

0.219

-0.02 0.02 0.239 0.23 -0.04 0.03

0.29

Entorhinal cortex

white matter thorn-shaped astrocytes.

Clinical Dementia Rating scale; SE = standard error; WM-TSA

Abbreviations: CDR

Total n

83 participants. Covariates: age at death, sex, Braak stage, and time between testing and death.

2 Obtained at the last research visit.

analyses comparing cases lacking WM-TSA with the remaining
cases of the low—WM-TSA group combined with the high—
WM-TSA group, cases lacking WM-TSA with the remaining of
the low—WM-TSA group, and cases of low—WM-TSA group
having some WM-TSA with the high~-WM-TSA group and
using the sample of 73 individuals with dementia at death and
found similar results (table 5).

WM-TSA contributed to worsening language
and visuospatial functions independently of
NFT burden

We also looked at whether there was an association between
the density of WM-TSA and the burden of AD pathology
represented by NFT density. The overlapping areas for NFT
and the density of WM-TSA counts were middle frontal, su-
perior temporal, and angular gyri. The Pearson coefficients of
correlation between NFT and the density of WM-TSA were
weak: 0.03 in the middle frontal gyrus, 0.11 in the superior
temporal gyrus, and 0.12 in the angular gyrus. Similarly, there
were no significant differences in NFT density between the
participants who had WM-TSA in at least 1 brain region and
the participants who did not have WM-TSA (data not
shown). After NFT density was included in the linear re-
gression models described above, the correlation between the
density of WM-TSA and language composite z scores
remained significant in the superior temporal and angular
gyrus (df =59, p = —0.02, SE=0.01, p = 0.034 and df = 61, p =
-0.02, SE = 0.00, p = 0.044, respectively). In addition, the
correlation between the density of WM-TSA and visuospatial
composite z scores remained significant in the angular gyrus
(df = 60, B = -0.04, SE = 0.01, p = 0.009). These results
suggest that, at least in the regions tested, WM-TSA con-
tributes to worsening language and visuospatial function likely
independently from regional NFT burden.

Discussion

Here, we investigated the clinical impact of TSA inclusion in
the subcortical white matter in a well-characterized clinico-
pathologic series of 83 participants with AD pathology and
heterogeneous clinical presentations. We found that higher
WM-TSA densities in language-related and visuospatial-
related brain regions, but not in other brain regions, corre-
late with worse language and visuospatial performance,
respectively, measured by standardized neuropsychological
testing, independently of global cognition deficits. Although
we failed to find a direct association between the presence of
WM-TSA and an atypical language presentation as reported
by Munoz et al,® the strong correlation between WM-TSA
densities in language-related brain regions and language
supports their observations.

Clinicopathologic studies and, more recently, neuroimaging
studies were critical in attributing brain regions to specific
cognitive functions. Lesions in the classic Broca and Wernicke
areas, corresponding to left inferior frontal gyrus, opercular
area, and left temporoparietal junction, were associated with
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Table 4 Correlation between the density of WM-TSA and language and visuospatial scores in the subgroup with
dementia (n = 73), excluding those with MCI and controls

Language composite z score?

Visuospatial composite z score?

CDR Sum of Boxes?

Density of WM-TSA (region)  R? BVvalue SE p Value R? BValue SE pValue R? BVvalue SE p Value
Inferior frontal gyrus 0.08 -0.04 0.01 0.004 0.23 -0.04 0.02 0.066 0.28 0.01 0.01 0.372
Superior temporal gyrus 0.05 -0.02 0.01 0.012 0.23 -0.03 0.01 0.023 0.29 0.02 0.01 0.107
Inferior temporal gyrus 0.01 -0.02 0.01 0.039 0.22 -0.03 0.02 0.094 0.27 0.01 0.01 0.470
Angular gyrus 0.05 -0.02 0.01 0.012 0.30 -0.04 0.01 0.003 0.28 0.01 0.01 0.280
Medial frontal gyrus 0.01 -0.02 0.01 0.047 0.22 -0.02 0.01 0.115 0.27 0.01 0.01 0.486
Anterior cingulate 0.02 -0.03 0.01 0.027 0.22 -0.03 0.02 0.102 0.28 0.02 0.02 0.400
Anterior insula 0.00 -0.02 0.02 0.225 0.20 -0.03 0.02 0.265 0.27 0.00 0.03 0.868
Entorhinal cortex 0.02 -0.03 0.01 0.031 0.22 -0.03 0.02 0.129 0.27 0.00 0.02 0.937

Abbreviations: CDR = Clinical Dementia Rating scale; MCl = mild cognitive impairment; TSA = white matter thorn-shaped astrocytes.
Covariates: age at death, sex, Braak stage, and time between testing and death.

2 Obtained at the last research visit.

deficits in motor speech and language comprehension, re-
spectively.”” Further studies using functional neuroimaging
expanded the language network areas to include dorsolateral
prefrontal cortex and inferior temporal gyrus.*® Investigation of
neurodegenerative PPAs further clarified the role of specific
brain regions in different aspects of language function.”® Lan-
guage deficits in AD, for instance, correlate with atrophy and
hypometabolism in the posterior parts of the superior and
middle temporal gyrus and inferior parietal lobule and manifest

primarily as impaired sentence repetition and impaired single
word retrieval in spontaneous speech.29’30 Those deficits, when
predominant in the early stages of a dementia syndrome and
the absence of significant episodic memory impairment, char-
acterize IvPPA, in which AD is the most common underlying
pathology.'®*"** Visuospatial dysfunction is an early event in
AD.* Visuospatial ability has been associated primarily with
the right hemisphere with participation of the parietal, tem-
poral, occipital regions, as well as the hippocampus. The right

Table 5 Characteristics of the high- and low-WM-TSA groups

All sample (n = 83)

Subgroup with dementia (n = 73)

High-WM-TSA Low-WM-TSA High-WM-TSA Low- WM-TSA
Characteristics (n=9) (n=74) p Value (n=9) (n=64) p Value
Male, n (%) 9(100) 43 (58) 0.037 9 (100) 38 (59) 0.044
Age at onset, y 69.5 (8.6) 60.9 (10.7) 0.021 69.6 (8.6) 59.3 (9.9) 0.005
Age at death, y 80.1 (6.8) 71.4(11.0) 0.012 80.1 (6.8) 69.6 (10.2) 0.004
Disease duration, y 10.5 (3.6) 9.3 (4.0) 0.517 10.6 (3.6) 10.0 (3.4) 0.689
Education, y 13.3(5.9) 15.9 (3.1) 0.441 13.3(5.9) 15.9 (3.2) 0.098
APOE ¢4 allele carriers, n (%) 3(33) 34 (46) 0.707 3(33) 27 (47) 0.670
Braak stage 6(0) 6(0) 0.740 6(0) 6(0) 0.811
CDR Sum of Boxes score 11.5(8.1) 7.0 (9.0) 0.234 7.6 (4.5) 8.1 (5.6) 0.796
Executive composite score -2.9(1.2) -2.9(1.4) 0.817 -2.9(1.2) -3.2(1.2) 0.744
Language composite score -6.6 (1.9) -3.9(2.4) 0.018 -6.6 (1.9) -4.3(2.4) 0.042
Spatial composite score -5.6 (3.3) -5.4 (4.0) 0.898 -5.6 (3.3) -5.9(3.9) 0.853
Memory composite score -4.2 (0.5) -3.8(1.7) 0.946 -4.2 (0.5) -4.0 (1.6) 0.807
Abbreviation: CDR = Clinical Dementia Rating; WM-TSA = white matter thorn-shaped astrocytes.
Values are mean (SD). Braak stage is given in median (interquartile interval).
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Figure 2 Performance on language, but not other cognitive
tests, was worse in the high- WM-TSA group
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Comparison of the composite z score for each cognitive domain per high-
and low-white matter thorn-shaped astrocytes (WM-TSA) groups. The only
significant difference found was in the language domain (*p = 0.018). Green
shows the low-WM-TSA group; purple shows the high-WM-TSA group.

angular gyrus and, to a lesser extent, the left angular gyrus play

. . . L3435
a critical role in spatial cognition.”

Why some individuals with pure AD pathology manifest an
atypical syndrome remains unanswered. Individuals presenting
with PPA caused by AD pathology, for instance, tend to have
a younger age at onset and to show an asymmetric distribution
of NFT,* a higher ratio of neocortical to entorhinal tangles,37
and a smaller influence of the APOE 4 allele as a risk factor.>®
Regarding anatomic distribution of pathology, recent clinico-
pathologic studies found that a higher semiquantitative burden
of neuronal tau pathology in the superior and middle temporal
gyrus and middle frontal gyrus in AD manifesting as a PPA
syndrome,””*" suggesting a distinct pattern of NFT distribu-
tion in atypical AD manifestation, may reflect a cortical pro-
posed subtype of NFT deposition.*' Other autopsies studies
unveiled comorbid conditions in cases of IVPPA with Lewy
body pathology or FTLD.*” However, these cases are in-
frequent. To date, a common neuropathologic or genetic de-
nominator unequivocally distinguishing AD presenting as PPA,
including the logopenic variant, from an amnestic presentation
remains elusive.

A converging body of evidence points to a role of astrocytic
pathology in modifying the course of AD. Among astrocytic
changes associated with aging, tau accumulation is common.
However, this feature has been mostly neglected in neuro-
degenerative evaluations of the brain until recently when an
international group of pathologists proposed a harmonizing
strategy for classifying tau inclusions in astroglia collectively
called ARTAG.” A small but growing number of clinico-
pathologic studies have been exploring in-depth associations

Neurology.org/N

between ARTAG and cognitive deficits. In individuals >90
year of age, cortical ARTAG, but not limbic ARTAG, corre-
lated with cognitive impairment.*> Another study found that
ARTAG in the white matter correlated with worse verbal
memory only in people in whom AD was the primary pa-
thology.44 None of these recent studies considered WM-TSA
as an independent variable because, in the ARTAG classifi-
cation, all TSA were grouped regardless of their location.
Thus, the very few studies investigating the role of WM-TSA
as an independent driver of cognitive decline remain limited
to the 1 study of Munoz et al,® 2 others from the Mesulam®
and Bigio groups,*® and 1 from Lopez-Gonzalez et al.*®
Munoz et al.® suggested an association between WM-TSA and
language presentations of AD because this pathology in lan-
guage areas distinguished their language presentation from
amnestic presentation cases. However, they also identified
WM-TSA in other brain areas, mainly in frontotemporal
regions, without a clear clinical impact. On the other hand,
both studies from the Mesulam group failed to reproduce this
association, although they found WM-TSA in cases of AD
with severe language impairment.>* Lopez-Gonzalez and
colleagues*® also failed to demonstrate an association in
a pathologic series of 17 patients with WM-TSA in the medial
temporal lobes that co-occurred with AD pathology. None of
those cases were diagnosed with PPA in life, and 12 of them
(Braak stage I1I-1V) died without any cognitive impairment.
In our study with a larger sample size, we also failed to find
a correlation between WM-TSA and an atypical AD pre-
sentation. We are unaware of studies investigating the role of
WM-TSA in visuospatial function.

However, leveraging the in-depth clinical characterization of
our cohort, we were able to identify a robust correlation be-
tween the accumulation of WM-TSA and language and pos-
sibly visuospatial dysfunction. Whether WM-TSA causes direct
neurotoxicity or is a marker of an underlying process that
increases neurotoxicity remains an unanswered question for
future studies. In fact, the mechanisms underlying the possible
neurotoxicity of WM-TSA are unknown, but experimental
work suggests that accumulation of tau in astrocytes increases
neuronal vulnerability to death and dysfunction.*” Astrocytes
are essential in maintaining the integrity of the blood-brain
barrier and synaptic function, among other functions. In-
creasing evidence points to a role of tau astrogliopathy in in-
creasing neuronal vulnerability through inflammatory™® and
blood-brain barrier dysfunction mechanisms.*” In Drosophila
tauopathy models, the coexpression of tau in neurons, astro-
cytes, and other glial cells acts synergistically to cause cell
death.*® We speculate that cell specificity may play a role be-
cause WM-TSA is thought to be specific to fibrous astrocytes
located in the white matter and to interfere with brain con-
nections important for language functioning.

Curiously, this association was not observed for other cognitive
domains tested. Why the language and visuospatial networks
are particularly vulnerable to WM-TSA is also unknown. We
had a broader representation of language-related than other
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domain areas, and the neuropathologic examination was re-
stricted mostly to the left hemisphere, which could confound
the results. In fact, in our unbiased clustering analysis, despite
an association with language functioning, we failed to find an
association between higher accumulation of WM-TSA in the
high-WM-TSA group and other domains, including visuo-
spatial, suggesting that the impact of WM-TSA deposition is
dose dependent and regional or possibly that language-related
regions are particularly vulnerable to the effects of WM-TSA
deposition. Further studies with better representation of the
right hemisphere are needed to elucidate this question. Re-
gardless, our results suggest that WM-TSA may represent
a unique and less benign entity, distinct from other ARTAG
subtypes, and isolating WM-TSA from other types of TSA
deposits in future investigations may be necessary to pinpoint
its role.

This study has strengths and limitations. Limitations of our
study include a relatively low number of cases with an atypical
presentation, including IvPPA containing WM-TSA. However,
these diagnoses are rare, and our collection is relatively large for
atypical AD cases, and the exclusion of cases with non-AD
neuropathologic changes minimizes confounders. In addition,
only 1 hemisphere (mostly left) was examined, preventing
comparison of the densities of WM-TSA across the hemi-
spheres and a better understanding of the impact of WM-TSA
in cognitive function other than language. Finally, this is a series
enriched for atypical AD presentations, which are rare; thus, the
demographic features differ from community-based series on
AD. Furthermore, the time gap between the last language
evaluation and death was relatively long in some cases, mostly
because it is impractical to measure neuropsychological func-
tion once the symptoms reach a certain level of severity. Our
study design is not sensitive to inform at which stage WM-TSA
started to develop and how it progressed. Thus, we cannot be
certain whether WM-TSA was present at the time of the
neuropsychological testing. Unfortunately, to date, methodo-
logic limitations preclude the identification of any form of
ARTAG in living patients.

Our findings corroborate the hypothesis that WM-TSA may
contribute to clinical deficits in individuals with AD, especially
regarding language dysfunction and possibly visuospatial
function. WM-TSA should be added to the list of neuro-
pathologic lesions routinely examined in postmortem brain
assessments related to aging and dementia, in addition to the
known limbic TDP-43 inclusions and comorbid a-synu-
cleinopathy pathology. Our results justify future research ex-
ploring the mechanisms underlying WM-TSA accumulation
and improving our understanding of the WM-TSA-specific
contribution to cognitive impairment.
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