
Evolution of neuronal and glial tau isoforms in chronic traumatic 
encephalopathy

Jonathan D. Cherry1,2,3,4,#, Soong Ho Kim5,#, Thor D. Stein1,3,4,6, Morgan J. Pothast3,4, 
Raymond Nicks3,4,6, Gaoyuan Meng6, Bertrand R. Huber3,4,6, Jesse Mez2,3,7, Michael L. 
Alosco2,3, Yorghos Tripodis8, Kurt Farrell5, Victor E. Alvarez3,4,6, Ann C. McKee1,2,3,4,6,*, 
John F. Crary5,*

1Department of Pathology and Laboratory Medicine, Boston University School of Medicine, 
Boston MA, USA

2Department of Neurology, Boston University School of Medicine, Boston MA, USA

3Boston University Alzheimer’s Disease and CTE Centers, Boston University School of Medicine, 
Boston MA, USA

4VA Boston Healthcare System, U.S. Department of Veteran Affairs, Boston, MA, USA

5Neuropathology Brain Bank & Research CoRE, Department of Pathology, Nash Family 
Department of Neuroscience, Ronald M. Loeb Center for Alzheimer’s Disease, Friedman Brain 
Institute, Icahn School of Medicine at Mount Sinai, New York, NY, USA.

6Department of Veterans Affairs Medical Center, Bedford, MA, USA

7Framingham Heart Study, Boston University School of Medicine, Boston, MA, USA

8Department of Biostatistics, School of Public Health, Boston University, Boston, MA, USA

Abstract

Chronic traumatic encephalopathy (CTE) is a neurodegenerative tauopathy characterized by 

accumulation of hyperphosphorylated tau (p-tau) in perivascular aggregates in neurons and glia at 

the depths of neocortical sulci and progresses to diffuse neocortical, allocortical and brainstem 

structures. The strongest risk factor is exposure to repetitive head impacts acquired most 

commonly through contact sports and military service. Given that CTE can only be definitively 

diagnosed after death, a better understanding of the cellular and molecular changes in CTE brains 
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may lead to identification of mechanisms that could be used for novel biomarkers, monitoring 

progression, or therapeutic development. Disruption of alternative pre-mRNA splicing of tau 

mRNA plays a pathogenic role in tauopathy, with multiple characteristic patterns of isoform 

accumulation varying among tauopathies. Limited data is available on CTE, particularly at early 

stages. Using biochemical and histological approaches, we performed a detailed characterization 

of tau isoform signatures in post-mortem human brain tissue from individuals with a range of CTE 

stages (n=99). In immunoblot analyses, severity was associated with decreased total monomeric 

tau and increased total oligomeric tau. Immunoblot with isoform specific antisera revealed that 

oligomeric tau with three and four microtubule binding domain repeats (3R and 4R) also increased 

with CTE severity. Similarly, immunohistochemical studies revealed p-tau accumulation 

consisting of both 3R and 4R in perivascular lesions. When the ratio of 4R:3R was analyzed, there 

was mixed expression throughout CTE stages, although 4R predominated in early CTE stages (I-

II), a 3R shift was observed in later stages (III-IV). While neurons were found to contain both 3R 

and 4R, astrocytes only contained 4R. These 4R-positive cells were exclusively neuronal at early 

stages. Overall, these findings demonstrate that CTE is a mixed 4R/3R tauopathy. Furthermore, 

histologic analysis reveals a progressive shift in tau isoforms that correlates with CTE stage and 

extent of neuronal pathology.
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INTRODUCTION

Tau is a microtubule-associated protein enriched in neuronal axons (55). Under normal 

conditions, tau is a critical regulator of microtubule stability and supports axonal transport 

among other functions (32, 55). Through pathogenetic mechanisms, tau becomes abnormally 

hyperphosphorylated, dissociates from microtubules, aggregates into pathological oligomers, 

and spreads in a prion-like fashion (21). The presence of hyperphosphorylated tau (p-tau) is 

a hallmark of several conditions collectively termed tauopathies. The clinical 

symptomatology, neuroanatomical pattern of disease progression, vulnerable cell types, and 

tau filament ultrastructure vary among tauopathies. The most common is Alzheimer disease 

(AD), which arises secondarily to amyloid-beta toxicity, but there are a number of primary 

tauopathies that include argyrophilic grain disease (AGD) (20), primary age-related 

tauopathy (PART) (11), and aging-related tau astrogliopathy (ARTAG) (26). A subset of 

these tauopathies are associated with alterations in the splicing of the tau pre-mRNA, 

including frontotemporal lobar degeneration (FTLD) with tau mutation (52), progressive 

supranuclear palsy (PSP) (47), corticobasal degeneration (CBD) (43), globular glial 

tauopathy (GGT) (1). Chronic traumatic encephalopathy (CTE), which arises following mild 

yet repetitive traumatic brain injury (34, 37), may have differences in the structure of tau 

inclusions, with recent work using cryo-electron microscopy demonstrating different 

conformational tau filament structures in AD, CTE, and Picks disease (18, 19). Obtaining a 

better understanding of the differences in accumulation of tau isoforms in aggregates 

between the tauopathies is critical because of its potential to serve as a diagnostic biomarker 
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and potential to reveal mechanisms that might serve as therapeutic targets. However, our 

understanding of the full complement and diversity of abnormal tau structural forms in CTE 

remains to be fully elucidated.

The microtubule-associated protein tau gene (MAPT) produces predominantly six isoforms 

through alternative pre-mRNA splicing of exons 2, 3, and 10 in the central nervous system 

(5). Inclusion of exon 10 results in isoforms with four microtubule-binding domains repeats 

(4R) while exclusion produces isoforms with three (3R) (28). During human brain 

development, 3R predominates but the levels of 4R undergo an abrupt perinatal surge 

resulting in roughly equal levels of 3R and 4R in adulthood (23, 39). In tauopathies, 

imbalances in the normal isoform ratio occur, with diseases displaying predominance of 3R, 

4R, or both. PSP, CBD, and AGD are 4R tauopathies while Pick’s disease displays 3R (6). 

AD, CTE and PART have aggregation of both 3R and 4R (11, 36, 53). While both 3R and 

4R tau can exert pathologic effects, differences in the overt toxicity have been noted, where 

4R tau is likely more pathogenic (45, 46).

Recent studies have advanced our ability to diagnose and stage CTE. The key pathologic 

feature that distinguishes and defines CTE as a unique neurodegenerative disease is a 

pathognomonic lesion that consists of perivascular accumulation of p-tau in neurons, 

neurites and astrocytes at the depths of cortical sulci (34). Cross-sectional studies have 

enabled delineation of the progression of tauopathy in the CTE brain, illustrating that the 

pathognomonic lesion is the earliest detectable p-tau abnormality in CTE (37). The earliest 

stages (I and II) represent mild CTE with scattered foci of perivascular p-tau throughout the 

cortex. In more advanced stages (III and IV), there is an increase in neocortical tau burden 

and p-tau pathology involving the medial temporal lobe, basal ganglia, and brainstem (37). 

Previous histological studies have identified accumulation of both 3R and 4R tau in CTE 

(36, 37) and a biochemical analysis of two severely affected boxers was consistent with this 

finding (44), however, it is unclear as to which tau isoforms accumulate in the earliest CTE 

stages and in which cell types.

Given the heterogeneity of tau isoforms in tauopathies and the need to better understand the 

cellular and molecular changes in CTE, we analyzed a series of post-mortem human brains 

from the largest collection of individuals with neuropathologically-confirmed CTE. 

Biochemical studies were performed to measure both monomeric and oligomeric p-tau and 

tau isoforms. Morphologic assessment and multiplex immunofluorescence were used to 

examine the relative ratio of 4R and 3R tau-containing astrocytes and neurons. Overall, we 

leveraged our emerging knowledge of CTE pathologic progression to pinpoint the spectrum 

of tau isoforms across disease and determine if unique expression patterns exist that in the 

future might improve neuropathological assessment and act as novel diagnostic biomarkers.

METHODS

Subjects

Post-mortem human brain tissue was obtained from 99 male former contact sport athletes 

following a comprehensive neuropathological workup (Table 1 and Supplementary table 1). 

Assessments included the NINDS criteria for the pathological diagnosis of CTE and the 
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McKee CTE staging of neuropathological severity (34, 37). Neuropathological criteria for 

CTE require at least one perivascular p-tau lesion consisting of aggregates in neurons, 

astrocytes, and cell processes around a small vessel; these pathognomonic 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 astrogliopathy (ARTAG) by the presence of neuronal tau 

pathology (35). Cases were also assessed for other neurodegenerative diseases using well-

established criteria for Alzheimer’s disease (AD) (24, 42), Lewy body disease (LBD) (38), 

frontotemporal lobar degeneration (FTLD) (8, 15, 30), and motor neuron disease (MND) (7, 

29). Neuropathological evaluation occurred blinded to the clinical evaluation and was 

reviewed by four neuropathologists (VA, BH, TS, AM); discrepancies in the 

neuropathological diagnosis were resolved by consensus conference. In addition to 

diagnoses, the density of neuritic amyloid beta plaques (CERAD score) was measured semi-

quantitatively (0 to 3; 3 most severe). Next-of-kin provided written consent for participation 

and brain donation. IRB approval for brain donation was obtained through the Boston 

University Alzheimer’s Disease Center (BU ADC) and CTE Center, Human Subjects 

Institutional Review Board of the Boston University School of Medicine, and Edith Nourse 

Rogers Memorial Veterans Hospital (Bedford, MA). Subjects were selected for inclusion 

into the study based on the presence of available tissue and a positive neuropathologic 

diagnosis of CTE. Cases that received a neuropathologic diagnosis of a neurodegenerative 

disease, including AD, PD, LBD, FTLD, and MND were excluded from the study in order 

to observe CTE specific tau isoform changes. Demographics, educational attainment, 

athletic history (type of sports played, level, position, age of first exposure to sports and 

years playing contact sports), military history (branch, location of service and duration of 

combat exposure), and traumatic brain injury (TBI) history (including number of 

concussions) were queried during a telephone interview as detailed previously (50). All 

clinicians were blinded to neuropathology. Of the total 99 cases, 94 individuals played 

American football, 2 were boxers, 2 played hockey, and 1 played Australian rules rugby.

Biochemistry

Fresh-frozen brain tissue from the dorsolateral prefrontal cortex was homogenized with a 

glass-Teflon homogenizer at 500 rpm in 10 volumes (wt/vol) of ice-cold tissue 

homogenization buffer containing 20 mM Tris, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 

mM EGTA and Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). 

For each sample, 30 μg of protein were boiled in Laemmili sample buffer (Bio-rad) for 5 

min, run with tau protein ladder (rPeptide) on 10% PROTEAN TGX Precast SDS-PAGE 

Gels (Bio-Rad), blotted to nitrocellulose membranes, and stained with anti-Tau (HT7) 

(1:3000, Invitrogen), anti-Tau (pSer202, pThr205, pS208 (31)) (AT8) (1:1000, Invitrogen), 

anti-3R tau (1:2000, clone 8E6/C11, Sigma-Aldrich), anti-4R tau (1:500, clone 1E1/A6, 

Sigma-Aldrich). HRP-labeled secondary anti-mouse antibody (1:20000, Vector Labs) was 

detected by Super Signal West Femto Maximum Sensitivity Substrate or Pierce ECL 

Western Blotting Substrate (ThermoFisher Scientific). To quantify and standardize protein 

levels without reliance on specific housekeeping proteins, total protein was detected with 

Amido Black as previously described (Sigma-Aldrich) (2). Chemiluminescence was 

measured in an LAS-4000 Intelligent Dark Box imager (Fuji Film), and relative optical 
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densities were determined by using Alpha EaseFC software, version 4.0.1 (Alpha Innotech), 

normalized to total protein loaded (Amido Black).

Immunoassay

Fresh frozen brain tissue was obtained from the dorsolateral prefrontal cortex was isolated, 

weighed, and placed on dry ice. Freshly prepared, ice cold 5M Guanidine Hydrochloride in 

Tris-buffered saline (20 mM Tris-HCl, 150 mM NaCl, pH 7.4 TBS) containing 1:100 Halt 

protease inhibitor cocktail (Thermo Scientific) and 1:100 Phosphatase inhibitor cocktail 2 & 

3 (Sigma) was added to the brain tissue at 5:1 and homogenized with Qiagen Tissue Lyser 

LT, at 50Hz for 5 minutes. The homogenate was then incubated while rocking overnight at 

room temperature. For Amyloid Beta (Aβ) 1-42 protein levels, lysates were applied to an 

Aβ1-42 immunoassay (MSD #K15200E-2) according to manufactures protocols and ran on 

MSD plate reader model 1250. Values were standardized to the amount of tissue used to 

generate lysates and expressed as pg/mg.

Immunohistochemistry

Brain tissue was taken from the dorsolateral frontal cortex (Broadmann area 9) (DLFC), 

embedded in paraffin and cut at 20 μm. Immunofluorescence staining was performed using 

Akoya Bioscience Opal Polaris 7 color manual IHC detection kit as per the manufacturer’s 

instructions. Briefly, the Opal multiplex method allows sequential staining of multiple 

antibodies irrespective of antibody species. A primary antibody, secondary antibody, and 

Opal reactive fluorophore are added in sequential staining steps to the tissue. Microwave 

treatment is used to remove the primary antibody, secondary antibody, but not the Opal 

fluorophore. Additional primary, secondary, and Opal fluorophore steps, followed by 

microwave treatment can then occur. Up to 7 targets can be visualized. Sections were 

incubated with antibodies to RD3 (3R tau) (generous gift of Rohan de Silva, 1:6000, clone 

8E6/C11), ET3 (4R tau) (generous gift from Peter Davis (17), 1:200), anti-PHF-tau (AT8) 

(Pierce Endogen, 1:2000) and DAPI. Section were visualized using an Akoya Bioscience 

Vectra Polaris Digital Slide Scanner. Automated deconvolution algorithms were created to 

remove background and spectral overlap using inForm (Akoya Bioscience). Images were 

analyzed in Halo (Indica Laboratory). The depth of the cortical sulcus (defined as the bottom 

third of two connecting gyri) was selected and highlighted. The white matter/gray matter 

boundary was used as the outer edge of the region of interest such that only gray matter was 

highlighted. The total amount of cells containing 3R and 4R tau was manually counted by a 

blinded observer. If multiple sulci were present on a section, each sulcus was counted and 

the results averaged. The number of 3R and 4R tau positive cells were standardized by the 

total area measured and expressed as the number of positive cells per mm2. To obtain 4R/3R 

positive cell ratios, the average amount of 4R cells were divided by the average amount of 

3R cells for each case. To determine the overall extent of tau deposition in the DLFC at the 

depth of the cortical sulcus, immunochromogenic staining using the AT8 antibody and DAB 

visualization was performed and analyzed using previously published methods (9, 10).

Neuronal and glial quantification

To determine whether 3R or 4R tau was present in neurons or astrocytes, morphologic 

assessments were performed. Neurofibrillary tangles were morphologically defined as 
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discreet and strong p-tau positive pyramidal shaped staining compatible with a 

somatodendritic compartment often in association with large neuronal nuclei whereas 

gliofibrillary tangles were defined as granular less defined cytoplasmic and glial process 

staining that was often radially oriented around a smaller nucleus. Morphologically 

ambiguous/indeterminant cells were not counted. Cell counts were restricted to a 0.5 mm2 

circle around individual CTE lesions which captured most lesion-associated cells while 

avoiding neighboring lesions. Lesions were identified in 6 cases of CTE stage I (all available 

cases), 10 stage II, 10, stage III, and 10 stage IV. The number of neurons or astrocytes that 

contained 3R or 4R were counted for each lesion present in the DLFC and averaged together 

for each individual. The final counts of tau containing neurons or astrocytes were divided by 

the total number of tau containing cells to create a percentage of neurons and astrocytes 

around the CTE lesion. To verify the morphologic assessment, a subset of cases were stained 

with the previously mentioned 3R, 4R, AT8 tau, and DAPI, in addition to GFAP (Millipore, 

1:2000), Iba1 (Wako, 1:1000), and MAP2 (Biolegends, 1:500) for preliminary cell type 

observations. Multispectral unmixing of the 7 color immunofluorescence images were 

performed using Phenochart and inForm (Akoya Bioscience). Images were compiled and 

viewed in Halo (Indica Laboratories).

Statistics

Statistical analysis was performed using SPSS (v.24; IBM, Inc. Armok, NY) and Prism (v.8, 

Graphpad Software, La Jolla, CA). To determine if increasing CTE stage correlated with the 

biochemical measures of tau and histologic counts of tau containing cells, ordinal 

regressions were used with CTE stage as the dependent variable in separate regressions. 

Analysis of variance (ANOVA) was also utilized to examine differences in the densities of 

3R tau, 4R tau, and protein levels of Aβ1-42 across CTE stages. As the data used for ANOVA 

analysis had a non-normal distribution, Kruskal Wallis post-tests were performed. For 

analysis of histologic counts of 4R/3R positive cell ratios, total AT8 p-tau staining density, 

and Aβ1-42 protein levels were log transformed to normalize for regression analysis. 

Multiple linear regression analysis was used to examine if 4R/3R ratios correlated with AT8 

p-tau staining density independently of age at death and CERAD neuritic amyloid plaque 

score. For the tau containing cell type analysis, the average number of p-tau containing 

neurons and astrocytes were divided by the total number of p-tau containing cells to 

establish the percentage of the total population that each cell type comprised. Analysis of 

covariance (ANCOVA) was utilized to determine if age at death was implicated in the tau 

containing neuron vs. astrocyte percentage results. The percentage of neurons that contained 

tau was corrected for age at death and compared across CTE stages.

RESULTS

Monomeric tau decreases while oligomeric and hyperphosphorylated tau increases with 
CTE severity

Given the progressive changes in the cellular and biochemical features of CTE and 

degenerative tauopathies in general, we first sought to characterize the quantitative burden of 

total normal and abnormal forms of tau in our case series biochemically. Immunoblot 

analysis of total brain homogenates using antisera recognizing total tau showed that low 
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stage cases display predominantly low molecular weight tau monomers (Figure 1A). High 

molecular weight oligomeric tau assemblies, above 75 kD, became progressively apparent as 

CTE stage increased. Unexpectedly, quantification revealed that total tau levels (combined 

monomeric and oligomeric) significantly decreased with increasing CTE stage (p = 0.018) 

(Figure 1B). Monomeric tau also significantly decreased with increasing CTE stage (p = 

0.004) (Figure 1C), but oligomeric tau increased (p = 0.032) (Figure 1D). Phosphorylated 

tau (AT8) also significantly increased with CTE stage (p = 0.021) (Figure 1E, 1F).

Oligomeric levels of 3R and 4R increase with CTE severity

Next, we examined the levels of 3R and 4R tau using immunoblots probed with tau isoform 

specific antisera (anti-3R tau (clone 8E6/C11) and anti-4R tau (clone 1E1/A6) respectively) 

to determine whether either was preferentially altered in the monomeric or oligomeric 

fractions with advancing CTE stage (Figure 2A, 2B). With respect to 3R, there was an 

increase in the total levels (combined monomers and oligomers) (p = 0.036) and oligomeric 

levels (p = 0.004), but no change was observed in monomeric levels (p = 0.634) (Figure 2C–

E). With respect to 4R, total (p = 0.868) and monomeric forms (p = 0.142) were unchanged, 

but oligomers were increased significantly (p = 0.025) in relation to stage (Figure 2F–H). 

There was no change in the ratio of total (p = 0.619), monomeric (p = 0.235) or oligomeric 

(p = 0.629) isoforms (Figure 2I–K).

The CTE sulcal lesion undergoes a progressive shift in tau isoform ratio

Next, we performed a series of histological studies to examine tau isoform accumulation at 

different CTE stages on the cellular level using immunofluorescence microscopy. The 

antibody RD3 (clone 8E6/C11) was used to detect 3R tau and the ET3 antibody was used to 

detect 4R tau. In cortical regions most susceptible to early CTE pathology (i.e., the depth of 

the sulcus in the neocortex), 3R and 4R tau immunopositivity were present within the 

perivascular CTE lesion in both mild CTE (stages I and II) and severe CTE (stage III and 

IV); Figure 3A). When quantifying the overall density of 3R or 4R tau positive cells at the 

depth of the cortical sulcus, similar to the biochemical analysis, an increase in 3R and 4R 

positive cells was observed during CTE disease progression (Figure 3B, C). Further, ordinal 

regression analysis demonstrated the levels of both 3R and 4R positive cells increased 

significantly with CTE stage (p = 0.029 for 3R, p = 0.021 for 4R). While the majority of 

cases showed more 4R cells compared to 3R cells at the depth of the cortical sulcus, 7.8% of 

stage III and 41.1% of stage IV cases showed greater 3R tau burden (Figure 3D). When the 

ratio of 4R/3R tau containing cells was plotted against the density of AT8 staining in the 

DLFC, a negative association between the 4R/3R ratio and AT8 density was observed (p = 

0.0023, Figure 3E). Multiple linear regression was used to determine whether other variables 

contribute to the observed ratio change. Although individuals with a high burden of Aβ and 

a positive neuropathologic diagnosis of AD were excluded from the study, many CTE case 

still have Aβ pathology which could confound results (48). Age at death, CERAD neuritic 

amyloid beta plaque score, and the AT8 staining density were used as covariates and 

demonstrated that AT8 staining density was significantly negatively correlated with the 

4R/3R ratio (β = −0.231, p = 0.002) and that this was independent of age at death (β = 0.03, 

p = 0.364) or CERAD neuritic amyloid plaque score (β = −0.047, p = 0.697). Finally, to 

further rule out amyloid as a contributing factor towards the 4R/3R ratio, protein levels of 
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the pathogenic oligomer Aβ1–42 were analyzed via immunoassay (Figure 4). Overall Aβ1-42 

protein levels were not significantly changed across CTE stage (p = 0.768) (Figure 4A). 

Additionally, no significant correlation between Aβ1–42 protein levels and the 4R/3R tau 

isoform ratio was observed (Figure 4B).

The early CTE perivascular lesion is composed of predominantly 3R and 4R containing 
neurons

To examine whether either astrocytes or neurons preferentially contain 3R or 4R tau, 

morphological analysis of cells around the perivascular lesion was performed. Overall, the 

primary cell type that contained p-tau around the perivascular lesion were neurons (Figure 

5A). In cells containing 4R tau in CTE stage I and II, 95.8% ± 10.2% and 96.1% ± 4.7% 

were neurons respectively. For CTE stage III and IV, 65.6% ± 28.7% and 69.7% ± 26.0% of 

cells containing 4R were neurons respectively. The remaining cells were morphologically 

identified as astrocytes. 3R was only detected in neurons. When the relative percentages of 

neurons and astrocytes were divided into decade of age at death, a trend towards increased 

astrocytes in the perivascular lesion was observed starting in individuals between 60–69 

years old and increased in each subsequent decade (Figure 5B). This observation was 

confirmed using an ANCOVA analysis demonstrating that CTE stage was not significantly 

correlated with the percentage of 4R astrocytes around the lesion (p = 0.31) when including 

age at death as a covariate in the model (p = 0.004). To confirm the morphologic analysis 

and further explore the different cell types that express various tau isoforms, 7 color 

multiplex immunofluorescent staining was utilized. In agreement with the morphologic 

assessment, in the sulcal lesions, 3R and 4R tau colocalized with MAP2+ neurons, and 

GFAP+ astrocytes only co-localized with 4R tau (Figure 5C, D). Neither 3R nor 4R tau 

colocalized with Iba1+ microglia.

DISCUSSION

Chronic traumatic encephalopathy (CTE) is a devastating, yet understudied, 

neurodegenerative disease. Like the other tauopathies, CTE is challenging to recognize 

clinically because of neuroanatomical vulnerability and resultant symptomatology that 

overlaps with other neurological and psychiatric conditions (12, 41). Thus, there is an urgent 

need to better understand the cellular and molecular degenerative changes in the CTE brain 

to pave the way towards better diagnostics and targeted therapeutics (27, 56). This study is 

the largest to date specifically measuring abnormal tau isoform accumulation biochemically 

in post-mortem human CTE brain tissues, building on the previous limited work (36, 44), in 

the context of disease progression. Using a large cohort with a range of ages and severity, we 

provide quantitative data indicating that the proposed neuropathological staging system 

correlates with biochemical measures of hyperphosphorylated tau aggregate (p-tau) burden 

and further demonstrate marked shifts in pools of tau with reduction of soluble total tau and 

tau monomers that coincides with increased abnormal insoluble p-tau correlating with 

disease stage. Our findings reinforce previous studies detecting pathological p-tau 

aggregates composed of both 3R and 4R, but further utilize multiplex immunofluorescence 

microscopy to spatially demonstrate early predominance of 4R tau in the perivascular 

regions in neurons, suggesting a potential mechanistic role for this isoform. Astrocyte 
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pathology manifests after neuronal pathology and is exclusively 4R tau. Together, these 

findings indicate that abnormalities in 4R tau in perivascular neurons are among the earliest 

demonstrable changes in human CTE post-mortem brain.

Identification of early pathological changes in CTE and other neurodegenerative diseases is 

a compelling approach to revealing causal mechanisms as the findings are less likely to be 

masked by secondary reactive changes, but this requires robust approaches to patient 

stratification and staging by disease severity for correlative studies. While recent questions 

as to whether neuropathological staging remains relevant have arisen (14), staging is 

essential for pinpointing early changes. The main challenge in post-mortem 

neuropathological staging is that autopsy studies are not longitudinal by design. The fact that 

patients cannot be followed precludes confirmation that subjects with low pathology burden 

represent the presymptomatic disease phase rather than a resilience phenotype. But unlike 

other neurodegenerative diseases, there is little ambiguity as to the initiating event in CTE, 

which is mechanical brain injury, enabling better predictive power as to outcomes in our 

cohort which is a high-risk population. Further, our unique cohort consists of a range of 

patients across the severity and aging spectrum, many being both relatively young and 

mildly affected, increasing our confidence in the findings. Further, with the exception of 2 

Stage I CTE cases with elevated Aβ1-42 protein levels, our early stage cases were mostly 

devoid of Aβ pathology, PART and ARTAG, common age-associated comorbidities that 

serve as confounding factors. We found that the proposed staging system (34, 37) performed 

well in this study, correlating with biochemical measures of p-tau burden, and enabling the 

observation of progressive decreases of soluble tau monomers and histological 4R 

predominance in perivascular lesions (see below). These findings are consistent with 

previous histological work demonstrating that the severity of p-tau lesion burden in CTE 

positively correlates with the magnitude and duration of exposure to repetitive head injury 

(3, 10, 40) and rodent models of impact and blast neurotrauma showing that repetitive head 

injury leads to tau hyperphosphorylation, dissociation from microtubules, and aggregation 

into pathological oligomers (51). Together this work provides further support for a direct 

mechanistic link between repetitive head injury and tau pathology.

Direct histological examination of the pathognomonic perivascular lesion in early stage 

cases provides a window into the earliest cellular changes that have been proposed to be 

critical drivers of tau pathology in CTE, including damage to the blood brain barrier, 

activation of chronic neuroinflammation, and injury to neurons and synapses (9, 10, 36, 51). 

Our analysis revealed that the tau isoform signature in CTE might not be static, but rather 

evolving over the course of the disease with differences depending on cellular compartment. 

While the perivascular lesion was comprised of both 3R and 4R positive neurons, we noted 

that there was a higher burden of 4R compared to 3R, confirmed through quantitative 

analysis. We also observed a neuron-specific shift at the perivascular lesion that may present 

an opportunity to monitor progression in the predominant isoform as stage increased with 

progressive enrichment of 3R tau. Shifts in isoform ratio at higher stages have been 

previously reported in AD (54). Notably, early pre-tangles are enriched for 4R tau and 

extracellular end-stage ghost tangles are preferentially labeled with 3R, which may provide a 

cellular context for this observation (22, 54). We also found that while neurons are the 

dominant p-tau containing cell type, astrocytic p-tau in perivascular lesion is predominantly 
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4R and the abundance is correlated with age. The nature of the astrocytes in CTE requires 

further clarification as to whether they are related to the thorn-shaped or fuzzy astrocytes in 

ARTAG which will help unravel their potential mechanistic function during pathogenesis. 

Additionally, the present study chose to focus on the CTE pathognomonic lesion and 

perivascular astrocytes. It is still unknown how astrocytic pathology in other brain regions 

such as white matter, non-perivascular regions of grey matter, or subpial surfaces evolves 

over the course of disease. Future work utilizing a diverse range of diseases and comorbid 

pathologies will be required. When comparing biochemical and immunofluorescence 

measurements, even though they are complementary approaches, certain discrepancies could 

be observed. Biochemical analysis is a global quantitative measure of total protein 

composition, while histology is less precise quantitatively yet allows assessment of 

incorporation within spatially defined cells in the perivascular lesion. Both methods also 

have inherent weaknesses, such as artifacts caused by fixation and masking of epitopes. 

Further, our histological analysis did not consider non-cellular structures (e.g., neuropil 

threads, grains, dot pathology, etc.). In summary, we interpret the histologic findings to 

indicate that CTE brain contains mixed levels of 3R and 4R isoforms and a shift to 3R 

positive cells (likely NFTs) occurs as the disease severity increases.

Evidence from patients with frontotemporal lobar degeneration with MAPT splice-site 

mutations that cause increased inclusion of exon 10 and elevated 4R isoforms suggests that 

differences in the levels of tau isoforms may be neurotoxic in CTE as well. How this might 

occur remains unclear, but the isoform imbalance may promote microtubule instability and 

drive the formation of toxic p-tau aggregates. The relative abundance of 4R isoforms we 

observed in the perivascular lesion in CTE may have a similar neurotoxic effect, being the 

primary cellular response to direct mechanical damage to neurons or secondary following 

vascular injury and breakdown of the blood brain barrier. Accumulation of p-tau in 

astrocytes may be secondary, perhaps arising through prion-like propagation, the phagocytic 

capabilities of astrocytes, or both. Another possibility is that astrocyte pathology is a 

primary result of injury, just taking longer to manifest. Differences in the expression of tau 

splicing factors, e.g., RNA-binding proteins such as TDP43, TIA1, or G3BP1 may play a 

role (33). Conversely, the resultant differences may occur independent of splicing changes, 

being the end result of differences in the relative abundance of cell populations following 

cell death and reactive changes, each with different inherent expression profiles. Finally, 

individuals with a predisposition to express high level of 3R tau, through perhaps genetic or 

environmental factors, may have a more severe CTE pathologic progression and are more 

likely to present as late stage disease. Genetic alterations have been shown to influence p-tau 

deposition and neuroinflammation in CTE (9). However, if this were true, we would expect 

to find early CTE cases with 3R predominant expression. Additional studies are required to 

clarify these issues.

There are several limitations to this study in addition to those discussed above. The cohort 

that we examined represents a convenience sample, limited to voluntary brain donors, and is 

neither population based nor prospective, which limits the ability to extrapolate to general 

populations. The immunoblots and immunofluorescence microscopy both rely on specificity 

of antisera and certain epitopes may be missed due to specific protein conformation and 

structures that influence antibody binding. Notably, there is evidence that the 4R tau antisera 

Cherry et al. Page 10

Brain Pathol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



we deployed recognizes an epitope that might become deaminated during AD (13, 16) and 

potentially obscure comparative results. Future studies looking at deamination of tau in CTE 

are warranted. Nevertheless, significant increases in 4R tau containing oligomers and tangles 

were observed with both the 4R antibodies which supports our interpretation. However, 

comparative analysis between each 4R antibody will be needed for further validation. 

Additional limitations were the subgroups of cases with biochemical and/or histological 

assessments did not completely overlap, but the sample characteristics were similar. Given 

that the CTE pathognomonic lesion is specific to CTE, a case only analysis was utilized for 

the present study. However, future work will be needed to determine if the observed changes 

in tau isoforms are similar or different to other tauopathies such as AD, PART, CBD, PSP, 

ARTAG, or even normal aging.

In conclusion, we found that CTE is a mixed tauopathy consisting of both 3R and 4R tau and 

demonstrated that pathogenic oligomers and p-tau positive cells for each isoform increases 

as CTE stage increases. Furthermore, a shift from 4R towards 3R tau isoforms was observed 

in the most severe cases suggesting that tau pathology evolves over time in CTE. While 

neurons within the perivascular lesion were the predominant p-tau containing cell population 

and colocalized with both 4R and 3R tau, astrocytes only contained 4R tau and their 

abundance correlated with age of death as opposed to disease severity. Future work is still 

needed to determine the mechanistic implications of each isoform or how 3R predominant 

cases might differ clinically or neuropathologically from 4R predominate cases. Currently, 

p-tau, among several other factors, is being used as a blood and cerebral spinal fluid-based 

biomarker target to identify CTE in living individuals (4, 49). Next-generation PET tracers 

and novel isoform seeding assays are beginning to be used to identify specific tau isoforms 

(25). Leveraging our findings may lead to novel biomarkers that can track progression of 

disease and help identify future preventative and therapeutic strategies.
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Figure 1. Biochemical analysis of total and hyperphosphorylated tau
A) Representative western blot images for total tau used to analyze 36 samples ranging from 

CTE stage I-IV. Oligomeric and monomeric species of tau are highlighted. B-D) 

Densitometry analysis to determine relative levels of total tau (B), total monomeric tau (C) 

and oligomeric tau (D) was performed. E) Representative image of western blot for AT8 

levels. F) Densitometry analysis to examine the amount of AT8 across CTE stage. P-values 

were obtained using ordinal regression analysis. Lines on each graph depict linear regression 
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analysis with 95% confidence intervals. Each dot is one case. For western blots, molecular 

ladder for each run is labeled on the right side.
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Figure 2. 4R and 3R tau oligomers are increased in CTE
A) Representative image for 3R tau western blots using the antibody anti-3R tau (clone 8E6/

C11). B) Representative image for 4R tau western blot using the antibody anti-4R tau (clone 

1E1/A6). C-E) Densitometry analysis to determine relative levels of total 3R tau (C), total 

3R monomeric tau (D) and 3R oligomeric tau (E) was performed. F-H) Densitometry 

analysis to determine relative levels of total 4R tau (F), total 4R monomeric tau (G) and 4R 

oligomeric tau (H) was performed. Ratio of 4R/3R was plotted for total tau (I), monomeric 

tau (J) and oligomeric tau (K). Ordinal regression was used to obtain p-values. Lines on each 
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graph depict linear regression analysis with 95% confidence intervals. Each dot is one case. 

For western blots, molecular ladder for each run is labeled on the right side. Oligomeric and 

monomeric species of tau are also highlighted on each blot.
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Figure 3. The p-tau containing cells present in CTE are a mix of 3R and 4R tau
A) Representative images of CTE pathognomonic lesions detected using p-tau antisera 

(AT8) in mild CTE (stage I&II) and severe CTE (stage III&IV). The cells in these lesions 

are variably positive for 3R, 4R, or both. The antibody RD3 (clone 8E6/C11) was used to 

detect 3R tau and the ET3 antibody was used to detect 4R tau. Representative images of 4R 

and 3R predominant lesion in severe CTE are included. * denotes a blood vessel where the 

lesions are centered around. Scale bar = 100 μm. B-C) Quantitative analysis of the overall 

density of 3R tau positive cells (B) and 4R tau positive cells (C) found at the depth of the 
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cortical sulcus across the stages of CTE. ANOVA analysis with a Kruskal Wallis post-tests 

were performed. Each dot represents one case. Errors bars represent standard error of the 

mean. D) Quantitative measurement of the relative ratios of 4R/3R tau present in the DLFC 

at the depth of the cortical sulcus across all stages of CTE. Data is log transformed to better 

visualize ratios with more 3R tau. Values over 0 contain more 4R tau while values under 0 

contain more 3R tau. E) Linear analysis of the 4R/3R ratio compared to the AT8 p-tau 

staining density in the DLFC. Linear regression analysis was used to obtain p-values. Data is 

log transformed. Each dot represents one case. *p < 0.05, **p < 0.01.
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Figure 4. Oligomeric Amyloid Beta 1-42 does not have an effect on the tau isoform ratio in CTE
A) Quantitative immunoassay measurement of the Aβ1-42 protein levels across CTE stage. 

ANOVA was used to demonstrate no significant difference between groups. Each dot 

represents one case. Error bar represents standard error of the mean. B) Analysis of the 

Aβ1-42 protein levels compared to the 4R/3R tau isoform ratio. Linear regression analysis 

was used to obtain p-value. Data is log transformed. Each dot represents on case.
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Figure 5. Neurons contain a mix of 3R and 4R tau while astrocytes contain 4R tau
A) Quantitative measurement of the relative percentages of neurons and astrocytes that 

contain tau found around a CTE lesion in the DLFC. Neurons contain both 3R and 4R while 

astrocytes only contain 4R tau. B) Relative percentages of neurons and astrocytes that 

contain 4R tau stratified by decade of age at death. Data is presented as mean ± SD. C) 

Overview image taken at the depth of the cortical sulcus from an individual with CTE. Scale 

bar represents 100 μm. A high powered representative images was obtained. D) Both 3R and 

4R were observed in depth of sulcus deep gray matter. MAP2+ neurons colocalized with 3R 
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and 4R tau. GFAP+ astrocytes colocalized with 4R tau. Iba1+ microglia did not colocalize 

with 3R or 4R. Scale bar represents 50 μm.
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Table 1

Patient data

CTE Stage

I II III IV p

n 9 23 42 25

Age at death (yr) 44.7 ± 16.4 48.3 ± 19.0 64.2 ± 13.1 73.2 ± 8.5 < 0.001

Contact sports exposure (yr) 10.1 ± 5.7 13.7 ± 6.3 15.9 ± 5.3 20.0 ± 7.7 < 0.001

Data expressed as Mean ± Standard Deviation. Age at death and years of exposure analyzed with a One-way ANOVA.
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