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Abstract

Chronic traumatic encephalopathy (CTE), a neurodegenerative tauopathy, is associated with behavioral, mood and cogni-
tive impairment, including dementia. Tauopathies are neurodegenerative diseases whose neuropathological phenotypes
are characterized by distinct histopathologic features of tau pathology, which progressively deposit throughout the brain.
In certain tauopathies, especially Alzheimer’s disease (AD), tau deposition appears to follow brain network connections.
Experimental evidence suggests that the progression of tau pathology in humans, mouse and cell models could be explained
by tau seeds that adopt distinct conformations and serve as templates for their own amplification to mediate transcellular
propagation of pathology. Tau seeds are efficiently detected by the induction of aggregation in cell-based “biosensors” that
express tau repeat domain (RD) with a disease-associated mutation (P301S) fused to complementary fluorescent protein
tags (cyan and yellow fluorescent protein). Biosensors enable quantification of tau seeding in fixed and fresh-frozen brain
tissue. Phospho-tau deposition in CTE follows progressive stages (I-IV), but the relationship of seeding to this deposition is
unclear. We have used an established biosensor assay to independently quantify tau seeding as compared to AT8 phospho-
tau histopathology in thin sections of fixed tissues of 11 brain regions from 27 patients with CTE, 5 with other tauopathies,
and 5 negative controls. In contrast to prior studies of AD, we detected tau seeding late in the course of CTE (predominantly
stages III and IV). It was less anatomically prevalent than AT8-positive inclusions, which were relatively widespread. We
especially observed seeding in the limbic system (amygdala, thalamus, basal ganglia), which may explain the dominant
cognitive and behavior impairments that characterize CTE.

Introduction

< Marc I. Diamond
marc.diamond @utsouthwestern.edu

Chronic brain trauma has long been recognized as a cause of
dementia. In 1928, Harris Martland characterized “punch-
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drunk” syndrome in boxers by confusion, impaired balance,
and slowed movements that typically progressed to overt
Parkinsonism with dementia [20]. Now termed chronic trau-
matic encephalopathy (CTE), this progressive syndrome
has been linked to repetitive head trauma from a variety of
sources, including contact sports [22, 23, 33], head-banging
[12] and military activities [13].

CTE is defined neuropathologically by intraneuronal
accumulation of the microtubule-associated protein tau,
which is detected by anti-phospho-tau antibodies such as
AT8 [21]. A NINDS-NIBIB consensus meeting of expert
neuropathologists determined the specific tau histopathol-
ogy observed in CTE is unique and distinctive from all other
tauopathies [4, 21]. The cortical phospho-tau pathology of
CTE is heterogeneous and consists of neurofibrillary tan-
gles (NFTs), pretangles, dotlike and threadlike neurites, and
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astrocytic inclusions [3, 6, 21]. Perivascular CTE lesions
are immunopositive for 3R and 4R tau. In early stages of
disease (CTE I/II) 4R tau predominates, and phospho-tau
is found primarily in neurons. Beginning at age 60 and ris-
ing in each subsequent decade, phospho-tau (4R) astrocytes
progressively increase in CTE lesions [6]. Astrocytes in CTE
contain exclusively 4R tau, and are found at CTE stages 111
and I'V. Neurons in CTE accumulate 3R and 4R tau, although
young brain donors with mild CTE (I/II) accumulate only
4R neuronal tau pathology. The proportion of 3R neuronal
tau pathology increases with age [6].

Pathogenic progression of CTE pathology is catego-
rized by four discrete stages. In Stage I, phospho-tau foci
occur around small vessels within the sulci of the frontal
and temporal cortices; there are usually phospho-tau neu-
rofibrillary tangles (NFTs) in the locus coeruleus (LC) [1,
24]. In Stage II, 3 or more perivascular foci occur in the
cortex, and phospho-tau NFT appear in entorhinal cortex,
amygdala, substantia nigra (SN) and LC [24]. In Stage III,
phospho-tau pathology is widespread with the NFT in the
frontal and temporal lobes, entorhinal cortex, amygdala,
CA1, CA2 and CA4 hippocampus, thalamus, SN and LC
[1]. In Stage IV, tau pathology is widespread in the cerebral
cortex (with the exception of the primary visual cortex) and
the medial temporal lobe, diencephalon, brainstem and cer-
ebellar dentate nucleus [24, 28]. This pattern of progressive
regional phospho-tau pathology in CTE has been confirmed
by semi-quantitative and quantitative assessment and cluster
analysis of the semi-quantitative rating scales in 366 cases
of CTE [1].

The molecular mechanisms that underlie CTE are
unknown. Accumulation of phospho-tau places CTE within
the larger family of neurodegenerative tauopathies, which
includes Alzheimer’s disease, progressive supranuclear
palsy, and frontotemporal lobar degeneration, among many
others [19]. Tauopathies feature degeneration of neural net-
works [5, 36]. Extensive experimental evidence suggests
that transcellular propagation of tau assemblies, defined as
tau “seeding,” underlies their inexorable progression [35].
Previous morphometric analysis of CTE tau pathology sug-
gests the heterogeneity seen across CTE patients may be
due to different sites of initial brain trauma and subsequent
spread of tau aggregates along distinct anatomic pathways
[3]. In human AD tissue and experimental AD mouse mod-
els, tau seeding appears in the brain before histopathology
reveals phospho-tau accumulation [11, 14, 18]. Tau assem-
blies derived from CTE brain lysates serve as templates
for recruitment of naive tau monomer, and thus propagate
distinct assembly conformations, or “strains”, in cell and
mouse models [16, 37]. CTE-derived tau assemblies have
a distinct conformation compared to AD (NFTs) [9], and a
CTE-derived tau strain induces distinct patterns of tau his-
topathology that propagate in culture and a mouse tauopathy
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model [16], akin to what is observed in prion diseases. In
summary, propagation of tau seeds of specific conformation
may underlie the progression pattern of CTE pathology.

To monitor tau seeding in human tissue samples, we pre-
viously developed a quantitative, sensitive and specific cel-
lular bioassay that works for fresh-frozen [14] or fixed tissue
samples [18]. This is based on the use of cell lines that stably
express the tau repeat domain (RD) with the disease-asso-
ciated P301S mutation fused to cyan and yellow fluorescent
protein. Tau aggregation produces fluorescence resonance
energy transfer (FRET) that is reliably quantified across a
wide dynamic range by flow cytometry. Incorporation of the
P301S mutation enhances the sensitivity of this cell line to
femtomolar concentrations (monomer equivalent) of recom-
binant tau fibrils [14]. This assay was previously used to
characterize tau seeding in fixed human AD and progressive
age-related tauopathy (PART) tissue [18]. In this study, we
have determined how post-mortem phospho-tau histopatho-
logical assessment of CTE diagnosis correlates with seeding
across multiple brain regions and stages.

Methods
IRB review and informed consent

Next of kin provided written consent for participation and
brain donation of each subject in this study. Institutional
Review Board approval for brain donation was obtained
through the Boston University School of Medicine and Edith
Nourse Rogers Memorial VA Medical Center, Bedford, MA.
IRB approval for postmortem clinical record review, inter-
views with family members, and neuropathological evalu-
ation was obtained through Boston University School of
Medicine.

Clinical evaluation
CTE subjects

Clinical data were obtained through online surveys and ret-
rospective telephone clinical interviews with informants, as
described previously, including head injury exposure and
neurodegenerative disease history [2, 27, 28]. To be con-
sidered a professional football player, a participant must
have played in at least 1 regular season NFL game. Addi-
tional demographic and clinical information was obtained
through review of medical records, and informant-reported
race was recorded. A neurologist and/or neuropsychologist
with expertise in neurodegenerative disorders conducted tel-
ephone clinical interviews with informants to obtain medical
and clinical histories, including the presence, nature, and
timeline of symptoms associated with cognition, behavior
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or mood, and daily functioning. A consensus diagnosis of
dementia was adjudicated based on modified Diagnostic and
Statistical Manual of Mental Disorders (Fourth Edition, Text
Revision) criteria.

Controls, Alzheimer’s disease (AD) and frontotemporal
lobar degeneration (FTLD)-tau subjects

Controls, subjects with Alzheimer’s disease (AD) and Fron-
totemporal Lobar Degeneration (FTLD)-tau were evaluated
by the Clinical Core of the Boston University Alzheimer’s
Disease Research Center (BU ADRC). A diagnosis of Con-
trol or Dementia was made by a BU ADRC multidisciplinary
diagnostic consensus panel, following presentation and dis-
cussion of all examination and test findings, neuropsycho-
logical test scores, functional measures, as well as social,
family, and medical history. Established criteria were used
to determine AD dementia [25, 26].

Neuropathological evaluation

Pathological processing and evaluation were conducted
using previously published methods [27, 28]. Brain volume
and macroscopic features were recorded. Twenty-two sec-
tions of paraffin-embedded tissue were stained for Luxol
fast blue, hematoxylin and eosin, Bielschowsky silver, phos-
phorylated tau (ptau) (ATS), a-synuclein, amyloid-f, and
phosphorylated transactive response DNA binding protein
43 kDa (pTDP-43) using methods described previously. In
some cases, large coronal slabs of the cerebral hemispheres
were also cut at 50 pm on a sledge microtome and stained
as free-floating sections using AT8 or CP-13.

A neuropathological diagnosis was made using crite-
ria for CTE [4, 21] and well-established criteria for other
neuropathological diseases, including AD, Lewy body dis-
ease, FTLD, and motor neuron disease. Neuropathological
criteria for CTE require at least 1 perivascular phospho-
tau lesion consisting of phosphorylated tau aggregates in
neurons, with or without astrocytes, around a small blood
vessel; these pathognomonic CTE lesions are most often
distributed at the depths of the sulci in the cerebral cortex
and are distinct from the lesions of aging-related tau astro-
gliopathy. Neuropathological diagnosis of AD was based
on National Institute on Aging-Alzheimer’s Association
guidelines [31].

Subject disease classification

Subjects for this study were chosen based on their neuro-
pathological diagnosis of CTE, AD, FTLD or controls.

Human tissue fixation and immunohistochemistry

Human tissue was fixed in periodate—lysine—paraformalde-
hyde (PLP) and stored at 4 °C. Blocks were paraffin-embed-
ded for sectioning. Serial 10 pm sections were cut for sub-
sequent experiments: sections 1-3 were stored in absolute
alcohol for tau seeding and section 4 was mounted for immu-
nohistochemistry. Mounted sections were incubated over-
night at 4 °C in primary antibody phosphorylated PHF-tau
(ATS; Pierce Endogen, Rockford, IL; 1:2000), then treated
with biotinylated secondary antibody and labeled with a
3-amino-9-ethylcarbazol HRP substrate kit (Vector Labora-
tories, Burlingame, CA). Sections were counterstained with
Gill’s hematoxylin (Vector Laboratories) and mounted with
Permount medium (Thermo Scientific, Rockford, IL). Slides
were scanned at 20X magnification using a Leica Aperio
Scanscope (Leica Biosystems, Richmond, IL).

Digital analysis of tau pathology

Analysis was conducted as previously described using
Aperio ImageScope (Leica Biosystems) [7]. Briefly, whole
sections were outlined to quantify the total AT8 + immuno-
reactivity and total number of phospho-tau-containing cells.
Automated image analysis algorithms for each measure were
created using Aperio default macros as a backbone. The
Aperio-positive pixel algorithm v9 was utilized to determine
the total amount of AT8 staining by counting the number of
positively stained pixels. The algorithm was designed to cap-
ture the overall total density of all AT8 staining in a given
area. The algorithm was optimized on negative and posi-
tive sections to distinguish background vs. immunopositive
staining. The number of positively stained pixels was then
standardized to the area measured and presented as “ATS8
positive pixels/mm?”.

The number of cells that contained phospho-tau was
counted using a modified version of the Aperio nuclear
algorithm v9. Using the AT8 stain, the nuclear algorithm
was trained to recognize aggregates of phospho-tau that
were consistent with a neuronal morphology. Roundness,
elongation, compactness, and size thresholds were all set to
capture neurons that contained tau. Although the algorithm
was optimized to identify phospho-tau positive neurons,
due to variable cellular morphology, it is likely that some
phospho-tau-positive astrocytes were also counted. The
counts were standardized to the area measured and reported

as “Tau + cell/mm?”.

Selection of tissue sections for seeding assay
Tissue blocks included the following brain regions: 1. mid-

brain at level of the red nucleus, 2. inferior parietal cortex,
3. anterior cingulate, 4. lateral frontal cortex, 5. superior
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temporal cortex, 6. amygdala/EC, 7. globus pallidus/puta-
men with insula, 8. hippocampus with LGN, 9. thalamus/
sub-thalamic nucleus, 10. Upper pons including the locus
coeruleus, 11. cerebellum. These blocks were selected based
on previous work that identified brain regions of interest in
CTE [24], and are the majority of regions included in the
consensus criteria recommendations for evaluation of CTE
[21].

Extraction of tau seeding

Brain sections taken immediately adjacent to those used
for histopathology were stored in 100% ethanol at 4 °C
until preparation for the seeding assay. Excess paraffin
was removed with heated 100% ethanol washes at 60 °C as
described previously [17]. Samples were then placed into
100 pL of 1 X TBS with protease inhibitors (Sigma-Aldrich
complete protease inhibitor, EDTA free), and water bath
sonicated in PCR tubes at 50% power at 4 °C for 120 min
(Qsonica Q700 power supply, 431MPX microplate horn,
with chiller). Samples were then diluted to 100 mm® of total
tissue per 1 mL of TBS with protease inhibitors (v/v).

Culture of biosensor cells

A previously published biosensor cell line expressing tau-
RD(P301S)-CFP and tau-RD(P301S)-YFP (ATCC CRL-
3275) was used to perform all seeding assays. HEK293
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) with 10% fetal bovine serum (Sigma) and
1% penicillin/streptomycin (Gibco). Cells were cultured at
37 °C, 5% CO, in a humidified incubator.

Transduction of biosensor cell lines

Biosensor cells were plated in 96-well plates as previously
described [10, 17], with 25,000 cells per plated per well.
At 18 h, cells were transduced with human tissue samples
using Lipofectamine 2000 (Thermo Fisher Scientific).
Homogenized human tissue samples were added to Opti-
MEM (Thermo Fisher Scientific) and incubated for 5 min
(3.3 pL lysate with 6.7 pL of Opti-MEM per well). Lipo-
fectamine 2000 was incubated with Opti-MEM (1.25 pL
Lipofectamine to 8.75 pL Opti-MEM per well) for five
minutes. Lipofectamine complexes were then mixed with
samples and incubated for 20 min prior to addition in trip-
licate to cells.

Biosensor cell preparation
All samples were assessed in triplicate. Cells were kept at

37 °C in a humidified incubator for 60 h, and subsequently
dissociated with trypsin and prepared for analysis by flow
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cytometry. Biosensor cell lines were harvested with 0.05%
trypsin, and quenched with media (DMEM + 50% FBS,
1% Pen/Strep, 1% Glutamax). Cells were spun at 500xg
and resuspended in 2% PFA in 1 X PBS. Cells were subse-
quently spun and resuspended in flow buffer (HBSS + 1%
FBS+1 mM EDTA) and stored for less than 24 h prior to
performing flow cytometry.

Flow cytometry FRET analysis of tau seeding

Flow cytometry for all samples was performed using a BD
Biosciences LSR Fortessa. Flow cytometry data were ana-
lyzed as previously described [10]. Seeding was calculated
as (percentage of FRET-positive cells) X (median fluores-
cence intensity), which was normalized to negative control
samples.

Statistical analysis

Flow cytometry and analysis of seeding in each sample was
performed in a blinded fashion. Thresholds were set based
on signal 5SD above baseline, as published in previous work
[18]. Statistical analysis and graphical representations were
performed using GraphPad PRISM.

Results

Table 1 provides a summary of the demographics, neuro-
pathological findings, dementia status, and cause of death
of the brain donors. Seven subjects with CTE had modest
numbers of diffuse plaques, none had neuritic plaques and
none were diagnosed with AD. None of the CTE subjects
had Lewy bodies. Two had vascular disease in the form of
3 or more remote cortical microinfarcts. Eight subjects with
CTE were also diagnosed with limbic-predominant age-
related TDP-43 encephalopathy (LATE) [32].

Tau histopathology

We provide examples of histopathology from CTE cases in
Stages I-IV (Figs. land 2). Mild CTE cases (CTE Stages
I/IT) were not readily scored by automated histopatho-
logic analysis and were classified by semi-quantitative
evaluation by a neuropathologist (A.C.M.). In Stages I/1I,
relatively small regions of positive phospho-tau pathol-
ogy were observed primarily at the depths of sulci. In
contrast, phospho-tau pathology was detected throughout
the brain in many cases of CTE Stages III/IV. Because of
low aggregate density, when quantified in an automated
fashion as previously described [7], only a small number
of samples in CTE Stages I/II displayed positive tau his-
topathology (“AT8 positive pixels/mm?”) and tau-positive
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Table 1 Characteristics of study subjects

Age G Race Sport Level of play Cause of death  Diagnosis AD AB as TDP Vas Dementia Y/N PMI
1 61 M White n/a n/a Cardiac Control 0 + 0 0 0 No 24
2 21 M White n/a n/a Suicide Control 0 0 0 0 0 No 15
3 63 M White n/a n/a Cancer Control 0 0 0 0 0 No 48
4 57 M White n/a n/a Cancer Control 0 0 0 0 0 No 24
5 69 F White n/a n/a Unknown Control 0 0 0 0 0 No 69
6 23 M Black Football Professional Suicide CTEI 0 0 0 0 0 No unk
7 24 M White Soccer College Suicide CTEI 0 0 0 0 0 No 36
8 24 M White Football HS MVA CTE1 0 0 0 0 0 No 48
9 25 M White Football HS Suicide CTEII 0 0 0 0 0 No 24
10 25 M Black Football Professional Suicide CTE I 0 0 0 0 0 No 76
11 30 M White Football Professional Overdose CTEI 0 0 0 0 0 No unk
12 26 M White Football College Suicide CTEII 0 0 0 0 0 No unk
13 28 M White Hockey Professional Overdose CTEII 0 0 0 0 0 No 24
14 32 M White Football College Suicide CTEII 0 0 0 0 0 No unk
15 25 M White Football College Infection CTEII 0 0 0 0 0 No 2
16 62 M White Football Professional Cardiac CTE I 0 + 0 0 + Yes 72
17 49 M Black Football Professional Cardiac CTE 111 0 0 0 0 0 No 48
18 46 M White Football Professional Cardiac CTE 111 0 + 0 0 0 No 72
19 50 M Black Football Professional Suicide CTE 111 0 0 0 + 0 No 24
20 52 M White Football Professional Encephalopathy CTE III 0 0 0 0 0 Yes 24
21 56 M Black Football Professional Cardiac CTE 1II 0 0 0 0 0 No 10
22 60 M Black Football Professional Cardiac CTE 1II 0 0 0 0 0 No unk
23 72 M White Football Professional Cancer CTE III 0 0 0 + + No 24
24 58 M White Football Professional Cardiac CTE 111 0 0 0 0 0 No 24
25 71 M White Football Professional Cancer CTE 11 0 0 0 0 0 No unk
26 61 M White Boxing Professional Liver disease CTE 1II 0 0 0 + 0 No unk
27 76 M Black Football Professional Cardiac CTE III 0 + 0 + 0 Yes 57
28 67 M White Football Professional Cardiac CTE III 0 + 0 + 0 No unk
29 69 M White Football Professional Cancer CTE I 0 0 0 + 0 No 36
30 78 M White Football Professional Suicide CTE III 0 ++ 0 + 0 No unk
31 68 M White Football Professional Cancer CTEIV 0 + 0 + 0 No 3
32 66 M White Football Professional Cardiac CTEIV 0 + 0 0 0 Yes 24
33 74 M White n/a n/a FTIT ADBraak VI AD +++ 0 0 0 Yes 9
34 72 M White n/a n/a FTT ADBraak VI AD +++ 0 0 0 Yes 17
35 67 M White n/a n/a FTIT ADBraak V. AD ++4++ 0 0 0 Yes 12
36 57 F White n/a n/a FTT ADBraakV. AD +++ 0 0 0 Yes 17
37 80 F White n/a n/a Cancer FTLD-tau 0 0 ++ 0 +++ Yes 7

n/a not applicable, HS high school, FTT failure to thrive, AD Alzheimer’s disease, A3 beta-amyloid diffuse plaques, as alpha-synuclein, TDP
transactive response DNA binding protein of 43 kDa (TDP-43), Vas vascular disease, PMI post-mortem interval (hours), FTLD-tau frontotempo-

ral lobar degeneration-tau, CTE chronic traumatic encephalopathy

cells (“Tau + cell/mm?”) above control samples (Fig. 3a,

b). We evaluated two cases of CTE Stage IV which had
distributions of ATS8 signal similar to Stage III (Fig. 3).
Results are displayed on a linear scale using a 5 standard
deviation (SD) cutoff for positive signal above the average
of negative control samples.

Tau seeding assay

Tau seeding distributes over a range of assembly sizes,
from monomer to multimer [29, 30]. To quantify this
activity we have previously developed a cellular biosensor
system in which cultured HEK293T cells express the amy-
loid forming tau RD containing a single disease-associated
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Fig. 1 Pathology of CTE, examples from the CTE cohort. 50 um
free-floating coronal sections were stained with mouse monoclo-
nal antibody (AT8; Pierce Endogen) for phosphorylated tau (p-tau).
For all microscopic images, 10 pm paraffin-embedded tissue sec-
tions were stained with ATS8. Positive p-tau staining appears dark
red, hematoxylin counterstain. Magnification is X400. Stage I: Case
6. 23-Year-old NFL player with isolated CTE lesion in frontal cor-
tex (red rectangle, top); corresponding perivascular CTE p-tau lesion
at the depths of the superior frontal sulcus (red rectangle, bottom).
Stage II: Case 13. 25-Year-old former college football player with 3
CTE lesions in frontal cortex (red rectangle, top); corresponding
perivascular CTE p-tau lesion at depth of the sulcus in dorsolateral

Fig.2 Regional density of ATS
immunoreactive neurofibrillary
tangles in CTE stages I-1V.
Anti-p-tau antibody (AT8) was
used to stain multiple CTE
brain regions at different disease
stages. In stage I, in addition

to isolated perivascular CTE
lesions in the cortex, there are
sparse neurofibrillary tangles )
(NFTs) in locus coeruleus but
no NFTs in substantia nigra,
amygdala or thalamus (case .

6). In stage II, in addition to

perivascular CTE lesions in the

cortex, sparse NFTs are found

in the substantia nigra and locus ]
coeruleus (case 12). In stage Stage Il

III CTE, moderate NFTs are

found in the substantia nigra,

locus coeruleus, amygdala and

thalamus (case 19). In stage Al Sy

IV CTE, frequent NFTs are LG T

found in the substantia nigra, £ >
locus coeruleus, amygdala and Stage IV, . A4
thalamus (case 32). All images ;
are X200 magnification .

Stage |

Stage |l
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Substantia Nigra

frontal cortex (red rectangle, bottom). Stage III: Case 19. 50-Year-
old former NFL player with multiple, large confluent CTE lesions in
the frontal, parietal and temporal cortices and diffuse neurofibrillary
degeneration of entorhinal cortex and amygdala (red rectangle, top);
corresponding perivascular CTE p-tau lesion at depths of the sulcus
in dorsolateral frontal cortex (red rectangle, bottom). Stage IV: Case
31. 68-Year-old former NFL player with large confluent CTE lesions
involving most of the frontal, insular and temporal cortex, there is
severe diffuse p-tau deposition in the amygdala and entorhinal cortex
(red rectangle, top); corresponding perivascular CTE p-tau lesion at
depths of the sulcus in dorsolateral frontal cortex (red rectangle, bot-
tom)
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Fig.3 Quantification of tau AT8 histopathology in CTE. a p-tau
pathology was quantified in specified tissue blocks by immunostain
(AT8). Whole sections were outlined to determine total area of
interest. White squares denote brain regions that were not available
for analysis. Tau positive cells/mm? is displayed using a 5 SD cut-
off above control samples and quantified on a linear scale in arbi-
trary units. Gray delineates samples that were below this threshold.
b Total ATS positive pixels/mm? were quantified in specified tissue

mutation (P301S) fused to cyan and yellow fluorescent
proteins (tau RD(P301S)CFP/YFP) [10, 14]. This cell line
is freely available (ATCC CRL-3275). Identical or simi-
larly constructed biosensors have been used by multiple
laboratories to quantify tau seeding [8, 37]. The cells func-
tion by reacting to pathogenic tau conformers, which, for
maximal sensitivity, are transduced using a cationic lipid
(Lipofectamine 2000). This initiates intracellular aggre-
gation of tau with very high specificity [14, 34], which
is detected with flow cytometry by counting many thou-
sands of individual cells within a 96- or 384-well plate.
The assay is sensitive to seeds into the femtomolar range
of tau monomer equivalent, and has a linear range over
several log orders both for tau input and signal output [14].
Importantly, the assay detects seeds in both fresh-frozen
[11] and formalin-fixed tissues [17, 18]. We have previ-
ously used this method to classify brains from AD cases,

blocks using image analysis and automated counting software as pre-
viously described [7]. Positive samples are displayed with a 5 SD
cutoff above control samples, and quantified on a linear scale. Tis-
sue blocks were selected based on previous work identifying brain
regions of interest in CTE [24]. Midbrain and pons data could not be
included in an automated assessment of AT8 histopathology due to
neuromelanin pigmentation present in the substantia nigra and locus
coeruleus, respectively

revealing seeding that anticipates AT8 positive signal
across multiple brain regions [11, 18].

We ensured blinded evaluation of CTE cases at all times
during tissue processing and analysis. The decode list was
used only after all samples had been analyzed by flow
cytometry. Samples were first processed with warm EtOH
washes to solubilize and remove paraffin. Samples were then
homogenized in a water bath sonicator. Since it is not fea-
sible to use standard chemical assays to measure total pro-
tein in formalin-fixed samples, we standardized our analy-
ses against total tissue volume per TBS volume. Biosensor
cells were plated in 96-well format and exposed in triplicate
to 3.3 puL of homogenized lysate per well, complexed with
Lipofectamine 2000. Cells were incubated for 60 h prior to
fixation and analysis on flow cytometry.
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Tau seeding in CTE

We scored the seeding on a normalized logarithmic scale. To
reduce false-positive samples, the threshold for tau seeding
activity was set at 5 SD above the mean signal derived from
several control samples without evident tauopathy (based
on the absence of ATS staining on histopathologic analysis),
as described previously [18]. We observed no appreciable
seeding in any CTE brain region at stage I/II (Fig. 4). This
indicates either that seeding in these samples is below the
threshold of detection in the biosensor system, or that the
ATS8-positive signal observed in sparsely populated neurons
does not represent seeding pathology. Seeding was strong
across multiple regions at stages III/IV. Seeding was most
consistently positive in the amygdala, thalamus, and basal
ganglia. We also noted positive signal across several other

Seeding Activity
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Fig.4 Tau seeding is readily detected at CTE stages III/IV especially
in limbic structures. Tau seeding was quantified in a blinded fashion
across CTE subjects, positive controls from AD and FTD subjects,
and negative control subjects. Tissue was homogenized and trans-
duced into biosensor cells. Tau seeding was quantified using flow
cytometry as the percentage of FRET-positive cells X median fluores-
cence intensity and normalized to negative control sample seeding.
Positive signal is displayed using a 5 SD cutoff above negative con-
trol samples, and quantified using a logarithmic scale. White squares
denote brain regions that were not available for analysis. Gray deline-
ates samples that were below this threshold
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brain regions, but no consistent signal across all subjects
for these regions. This contrasts with AT8, which scored
positive widely across the brain. This suggests that specific
brain regions may be more predisposed to developing tau
seeding in CTE despite widespread phospho-tau pathology.

Discussion

Chronic traumatic encephalopathy, described almost
100 years ago, is an emerging health concern. Its distinctive
patterns of phospho-tau deposition and fibrillar tau morphol-
ogies mark it as a unique disorder [21]. Prior studies have
identified tau seeding in extracts of CTE brain that transmit
pathology to experimental animals, suggesting tau seeding
underlies its progression [16, 37]. No systematic study of
CTE has previously categorized the prevalence of tau seed-
ing in relation to the phospho-tau pathology or examined
seeding in relation to pathological progression.

The development of a simple cell-based assay to quan-
tify pathological tau seeds in fixed brain tissues has created
new opportunities to determine their prevalence and their
relationship to classical measures of tau histopathology. In
previous studies of AD and progressive age-related tauopa-
thy, tau seeding in particular brain regions, including the
transentorhinal/entorhinal cortex, superior temporal gyrus,
and visual cortex was detected prior to phospho-tau pathol-
ogy [11, 18], whereas in other areas, especially the locus
coeruleus, phospho-tau pathology appeared before detect-
able tau seeding [18]. Hence, we tested the relationship of
tau seeding to phospho-tau pathology across multiple brain
regions and at various stages of CTE.

We quantified tau seeding in tissue samples from CTE
cases and controls, comparing adjacent tissue sections for
ATS staining and counts of cells with phospho-tau pathol-
ogy. We observed clear evidence of seeding in Stage III/IV
CTE cases, although this was relatively restricted in its dis-
tribution compared to AT8 signal and cellular phospho-tau
pathology. These findings are consistent with an observed
shift toward more widespread phospho-tau pathology that
occurs in Stage III/IV disease, whereas CTE Stage I/II cases
are characterized by multifocal, largely cortical, pathology
[1, 24]. We observed the strongest and most consistent
seeding in the amygdala, basal ganglia and thalamus/sub-
thalamic nucleus, with other regions showing more limited
positivity in a subset of subjects. These findings are in line
with the histopathological observations of increased tha-
lamic, basal ganglia and amygdala phospho-tau pathology
in stage III/IV disease [1, 24] as indicators of more severe
disease [4]. Also, in Stage III/IV CTE, beginning around age
60 years, astrocytes that accumulate 4R phospho-tau in the
CTE lesion increase in number [6]. There is a similar shift
toward an increased neuronal 3R phospho-tau in Stage III/IV
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disease. Elucidating the relationship between increased seed-
ing and increases in astrocytic 4R and neuronal 3R phospho-
tau in CTE are important subjects for future studies.

The findings in CTE contrast markedly with our prior
studies of the distribution of seeding in AD, which clearly
preceded the development of phospho-tau pathology in
regions important for NFT staging [11, 18]. AD is an age-
related tauopathy, whereas CTE is environmentally trig-
gered, affects younger individuals, and worsens with age.
A long latency divides cessation of head trauma and the
development of clinical symptoms [15, 22]. Our findings in
CTE suggest that the shift to progressive neurodegeneration
in midlife might be associated with increased tau seeding in
regions particularly vulnerable to these types of pathological
tau assembly, or “strains.”

We detected essentially no seeding in Stage I/II CTE.
There are many possible explanations. First, the seeding
assay itself may not have readily detected pathogenic forms
of tau in CTE as efficiently as in our prior AD studies. This
could be due to differences in embedding technique (poly-
ethylene glycol (PEG) versus paraffin). Alternatively, the
unique strain of tau assembly in CTE [16, 37], reflected in
its fibril structure [9], may not seed as efficiently onto the
P301S biosensors. Phospho-tau pathology in early CTE
stages is limited to discrete foci, often in a perivascular dis-
tribution and within sulcal depths of the cortex [24]. Given
paraffin samples were sectioned at 10 pm as compared to
thicker PEG sections used in prior work [18], their relative
fragility required a larger area of analysis. This may have
diluted areas of limited pathology in these early stages,
whereas our prior studies used PEG sections amenable to
punch-biopsy sampling of highly specific sites of tau pathol-
ogy [18]. Finally, phospho-tau signal in CTE may anticipate
or over-represent the distribution of fibrillar tau pathology
or seeding, reminiscent of our prior studies in AD in which
phospho-tau signal within the LC at early NFT stages did
not correlate with detectable seeding until later stages of the
disease [18]. The LC is also involved in early stages of CTE
[1], and no seeding was detected, although this finding is
subject to the technical limitations described above.

In contrast to AD and other sporadic tauopathies, CTE is
triggered by brain trauma, and the initial pathology (Stages
I/1I) is almost exclusively cortical. In this respect, it is
remarkable that CTE seeding predominated in the amyg-
dala, basal ganglia, and thalamus—brain regions involved
in severe CTE, Stages III/IV. This suggests CTE-derived
tau assemblies may be uniquely prone to amplify in these
brain areas, and is consistent with our prior observations
that tau strain identity governs regional brain vulnerability
following inoculation into mice [16]. Cognitive impairment,
behavior, mood and motor symptoms are common clinical
features of severe (Stages III/IV) CTE [27]. It remains to
be determined whether the clinical features of CTE reflect

involvement of specific brain regions that are preferentially
affected by specific tau aggregate conformation(s) generated
from the initiating brain trauma. Future work that extends
beyond these initial studies, including analysis of tau strains,
their biochemical composition, and perhaps development of
improved biosensors, could lead to a better understanding of
the molecular origins of this devastating condition.
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