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Abstract

While a history of a single traumatic brain injury (TBI) is associated with the later develop-

ment of syndromes of cognitive impairment such as Alzheimer’s disease, the long-term

pathology evolving after single TBI is poorly understood. However, a progressive tauopathy,

chronic traumatic encephalopathy, is described in selected cohorts with a history of repeti-

tive concussive/mild head injury. Here, post-mortem brains from long-term survivors of just

a single TBI (1–47 years survival; n = 39) vs. uninjured, age-matched controls (n = 47) were

examined for neurofibrillary tangles (NFTs) and amyloid-b (Ab) plaques using immunohis-

tochemistry and thioflavine-S staining. Detailed maps of findings permitted classification of

pathology using semiquantitative scoring systems. NFTs were exceptionally rare in young,

uninjured controls, yet were abundant and widely distributed in approximately one-third of

TBI cases. In addition, Ab-plaques were found in a greater density following TBI vs.

controls. Moreover, thioflavine-S staining revealed that while all plaque-positive control

cases displayed predominantly diffuse plaques, 64% of plaque-positive TBI cases displayed

predominantly thioflavine-S-positive plaques or a mixed thioflavine-S-positive/diffuse

pattern. These data demonstrate that widespread NFT and Ab plaque pathologies are present

in up to a third of patients following survival of a year or more from a single TBI. This

suggests that a single TBI induces long-term neuropathological changes akin to those found

in neurodegenerative disease.
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INTRODUCTION

Representing a major health issue, 1.7 million people in the United

States suffer a traumatic brain injury (TBI) each year (9). In addi-

tion to the acute effects, there is growing concern that a single TBI

may initiate long-term processes that further damage the brain

(20). Indeed, in epidemiological studies, TBI is recognized as a

major risk factor for the later development of syndromes of cogni-

tive impairment, such as Alzheimer’s disease (AD) (14, 16, 26–28,

30, 33, 38, 39).

While a long-term pathological link between a single TBI and

neurodegenerative disease has not been identified, a tau pathology,

currently referred to as chronic traumatic encephalopathy (CTE;

formerly dementia pugilistica), has been described in the brains

of individuals exposed to repetitive, often mild or concussive, head

injury such as boxers (7, 8, 10, 35, 43) and, more recently, profes-

sional American football players (23, 24, 31, 32). In contrast, thus

far, neurofibrillary tangles (NFTs) have not been identified follow-

ing a single TBI in humans; although the only study examining this

was limited to patients dying within 4 weeks of injury (40). Thus, it

remains unclear whether tau pathology may appear as a late phe-

nomenon following a single TBI or if it is a manifestation unique to

repetitive injury.

In contrast to NFTs, amyloid-beta (Ab) plaques, a hallmark

pathology of AD, have been identified following a single TBI in

approximately 30% of patients (6, 18, 19, 36, 37, 41, 45). Notably,

plaques found acutely following TBI are typically diffuse in nature

and in contrast to the thioflavine-S-positive neuritic plaques char-

acteristic of advanced AD. While similarly diffuse plaques can be

observed as part of so called “normal aging” (12, 34, 37, 44), TBI

appears capable of inducing diffuse plaque formation within hours

of injury, even in children (13, 19, 37). However, few plaques are

observed following survival of several months from injury (6),

perhaps indicating that the plaques observed initially following

TBI may be a limited acute phase response. Alternatively, it is

possible that increased severity of injury associated with early mor-

tality is an important determinant of plaque pathology. Nonethe-

less, as with tau pathologies, Ab plaques have not been evaluated

years after a single TBI.

METHODS

We examined the brains of long-term survivors (1–47 years)

following a single TBI to evaluate the presence of NFTs and

Ab-plaques. Brains were selected from the comprehensive TBI

brain archive of the Department of Neuropathology, Southern
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General Hospital, Glasgow, UK. Approval for the use of tissue was

granted by the South Glasgow and Clyde Research Ethics Commit-

tee. Cases were selected with a history of a single TBI (n = 39) and

were compared to age-matched controls (n = 47). Detailed reports

from the diagnostic post-mortem and/or forensic reports were

available for all cases and confirmed a history of a single moderate

to severe TBI, which was confirmed at diagnostic post-mortem.

Following a single TBI, all cases were discharged from hospitaliza-

tion following recovery and, ultimately, died from causes of death

unrelated to TBI or trauma. None were in a persistent vegetative

state prior to death. Cases with a history of amateur or professional

boxing were excluded. From the same archive, age-matched con-

trols were selected with no documented history of neurological

disease, neurodegenerative disease or TBI, and no autopsy evi-

dence to support previous TBI (Table 1). All material was obtained

following routine diagnostic autopsy examination at the same insti-

tution serving a distinct regional location.

Brain tissue preparation

Whole brains were immersion fixed in 10% formol saline for

a minimum of 3 weeks then dissected, sampled following a

standardized block selection protocol and processed to paraffin

using standard techniques. Three blocks from the coronal plane

at midthalamic level were selected to include: (i) hippocampus at

the level of the lateral geniculate nucleus extending through the

entorhinal cortex including the inferior temporal gyrus; (ii) corpus

callosum and cingulate gyrus; and (iii) insula. Regions of analysis

were standardized based on the hypothesis that TBI is capable of

inducing widespread neuropathological changes long-term follow-

ing injury, regardless of the location of any focal lesion. Specific

regions were selected based on previous published observations of

acute plaque formation following injury and brain regions with

known vulnerability in both TBI and neurodegenerative disorders.

Immunohistochemistry

Following deparaffinization and rehydration to dH2O, sections

were immersed in 3% aqueous H2O2 (10 minutes) to quench

endogenous peroxidase activity. Antigen retrieval on all sections

(8 mm) was performed via microwave. Additional antigen retrieval

for Ab staining included 5 minutes immersion in 77% formic acid.

Blocking was then performed using one drop of normal horse

serum (Vector Labs, Burlingame, CA, USA) per 5 mL of Optimax

buffer (BioGenex, San Ramon, CA, USA) for 30 minutes. Incuba-

tion with the primary antibody was then performed for 20 h at 4°C.

Immunostaining for tau was performed with a polyclonal antibody

(Dako, Carpinteria, CA, USA; 1:7500) and for Ab, the antibody

6F3D specific for the N-terminal epitope of the peptide was used

(Dako; 1:500). Visualization was achieved using a DAB kit (Vector

Labs) and sections analyzed using a Leica DMRB light microscope

(Leica Microsystems, Wetzlar, Germany).

Thioflavine-S staining

To identify beta-pleated sheet conformations of tau and Ab, a

modified thioflavine-S staining technique was performed (15).

Briefly, 8-mm sections of tissue were deparaffinized, rehydrated to

dH2O and immersed in phosphate-buffered saline (PBS) for

5 minutes. Sections were then immersed in 0.05% KMnO4 in PBS

for 20 minutes. Following rinsing, tissue was destained in 0.2%

K2S2O5/0.2% Oxalic acid/PBS and subsequently immersed in

Table 1. Demographic and clinical data for cases. Abbreviations: PM = post-mortem; TBI = traumatic brain injury; SUDEP = sudden unexpected

death in epilepsy; GI = gastrointestinal; ARDS = acute respiratory distress syndrome; GSW = gun shot wound; MVC = motor vehicle collision; * = 3

unknown.

TBI cases (n = 39) Controls (n = 47)

Mean age (Range) (Years) 53 (19–89) 47 (14–92)

Males 35 (89.7%) 30 (64.8%)

Mean PM delay (Range) (Hours) 64 (12–184)* 57 (5–264)

Mean survival interval (Range) (Years) 8.2 (1–47) Not applicable

Cause of TBI Assault 8 (20.5%) Not applicable: controls had no known history of TBI

Fall 16 (41.0%)

MVC 8 (20.5%)

Unknown 7 (17.9%)

Cause of death Pulmonary (Including pneumonia) 9 (23.1%) SUDEP 14 (29.8%)

Chronic heart failure 6 (15.4%) Pulmonary (Including pneumonia) 9 (19.1%)

SUDEP 6 (15.4%) Acute cardiovascular 7 (14.9%)

Acute cardiovascular 4 (10.3%) Drug overdose 4 (8.5%)

GI disease (Including liver failure) 3 (7.7%) Chronic heart failure 4 (8.5%)

Renal disease (Including pyelonephritis) 3 (7.7%) Sepsis 2 (4.3%)

Unknown 3 (7.7%) Malignancy 2 (4.3%)

Malignancy 2 (5.1%) Hypothermia 1 (2.1%)

Acute intracerebral hemorrhage 1 (2.6%) Vasculitis 1 (2.1%)

ARDS 1 (2.6%) GSW—chest 1 (2.1%)

Hypothermia 1 (2.6%) GI disease (Including liver failure) 1 (2.1%)

Myasthenia gravis 1 (2.1%)
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0.0125% thioflavine-S (Sigma-Aldrich, St Louis, MO, USA; in

40% EtOH/60% PBS). Tissue was then differentiated in 50%

EtOH/50% PBS. Following rinsing, sections were cover-slipped

using a fluorescence mounting medium (Dako) and analyzed using

a Leitz Laberlux-K microscope (Leica Microsystems, Wetzlar,

Germany) using a fluorescein isothiocyanate filter.

Pathological classification of findings

Observations were conducted blind to the demographic and clinical

information for all cases. Detailed maps of NFTs and plaques were

generated for each region to classify each case in accordance with

standardized scoring systems.

NFTs

NFTs revealed by tau immunohistochemistry were semiquantita-

tively assessed and classified based on their extent and distribution.

Group 1 pathology comprised cases with NFTs of sparse to moder-

ate density in the transentorhinal cortex with or without small

numbers in the CA1 sector of the hippocampus. Group 2 pathology

included NFTs as described in Group 1 together with NFTs extend-

ing into the fusiform gyrus (lateral to entorhinal cortex) and sparse

tangles in the isocortex (cingulate/insular blocks). Group 3 pathol-

ogy contained NFTs in more widespread sectors of the hippocam-

pus and subiculum and with extensive isocortical involvement.

Ab plaques

Semiquantitative assessments of age-adjusted plaque density were

generated based on the mean plaque score across the three regions

assessed. Thus, using standard protocols for assessment of plaque

density with respect to age (25), sections with no (0), sparse (1),

moderate (2) and frequent (3) plaques were identified.

Statistical analysis

Statistical analysis comparing cohorts for the presence of pathol-

ogy was performed using the chi-square test.

Figure 1. Representative

immunohistochemical and thioflavine-S

staining for neurofibrillary tangles (NFTs). A.

NFTs in the parahippocampal gyrus of a

49-year-old male 1 year post-traumatic brain

injury (TBI). B. Representative thioflavine-

S-positive staining in the same case as A. C.

NFTs in the fusiform gyrus of a 27-year-old

male 1.5 years after TBI. D. NFTs in the frontal

lobe of a case of advanced Alzheimer’s disease

(positive control). E, G. Representative images

showing prevalent NFTs in the superficial

layers of the cortex of the medial temporal

lobe. F. Extensive neuropil threads and

occasional NFTs in a 53-year-old individual who

died 8 years following TBI. H, I. Representative

images showing isolated clusters of NFTs

within the depth of sulci. J. Uninjured control

case displaying no neurons positive for tau

immunostaining in the hippocampal region

CA1. All scale bars approximately 100 mm.
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RESULTS

NFT pathology

NFT pathology was observed more widely across the age spectrum

following TBI than in controls, being present in cases aged as

young as 27 years (Figures 1 and 2A). In addition, NFTs were more

common following TBI, with 18 of 39 (46%) cases containing

tangles compared with 16 of 47 (34%) controls (Figure 2A);

although in assessing the full cohort, including material from

individuals at all ages, this difference did not reach statistical sig-

nificance. However, in comparison with TBI cases, virtually all the

controls displaying NFT pathology were aged over 60 years. As

such, when material from patients aged greater than 60 is excluded

from analysis, a clear difference is observed in the presence of

NFTs following TBI vs. controls. Specifically, 11 of the 32 (34%)

TBI cases aged 60 years or younger displayed NFT pathology com-

pared with just three of the 32 (9%) controls (P = 0.015; chi-

square) (Figure 2A). Of these three control cases, two were aged 60

and one was aged 55.

Notably, following TBI, NFTs were commonly observed in the

superficial cortical layers, with clustering of NFTs among the

depths of the sulci and at points of geometric inflection. Indeed,

following TBI, well-defined clusters of NFTs could be found in the

cingulate gyrus extending through the superior frontal gyrus and

also within the insular cortex. This pattern was not observed in

controls who rarely displayed pathology outside the transentorhinal

cortex and CA1. In addition, in those cases with NFTs, glia immu-

noreactive for tau could also be observed following TBI and, to a

lesser extent, in control cases, although these were not indepen-

dently quantified.

The distribution of NFTs in both TBI cases and controls permit-

ted classification using a semiquantitative protocol reflecting the

density and distribution of tau pathology. Following TBI, cases

displayed more extensive pathology than controls (Figure 2B).

Specifically six of 18 (33%) cases met the criteria for Group 1, with

tangles in the transentorhinal cortex and CA1 of hippocampus;

eight of 18 (44%) were Group 2, with NFTs in the same regions as

Group 1, but with extension into the fusiform gyrus; the remaining

four of 18 (22%) were Group 3, with NFTs more widespread in the

hippocampus and subiculum and with more extensive isocortical

involvement. In comparison, the distribution of NFTs in controls

was consistent with the published literature for so called “normal

aging” (34, 44), with 13 of the 16 (81%) controls with NFTs dis-

playing Group 1 pathology, two cases (13%) with Group 2 pathol-

ogy and just a single example displaying Group 3 pathology. Thus,

in addition to being more prevalent at an earlier age, the extent and

distribution of NFTs, as assessed by this semiquantitative protocol,

is significantly greater in material from individuals surviving a year

or more post-TBI than in controls (P = 0.019; chi-square).

Ab plaque pathology

Ab plaques were observed in 13 of 47 (28%) controls vs. 11 of 39

(28%) TBI cases (Figure 3). While the incidence of plaque pathol-

ogy was not statistically different between controls and TBI cases,

the extent of plaques differed greatly. Specifically, following TBI,

age-adjusted plaque density was moderate (27%; three of 11 cases)

or, more commonly, high (73%; eight of 11 cases), whereas in

controls 31% (four of 13 cases) had sparse plaque, 31% (four of 13

cases) moderate and just 38% (five of 13 cases) high (Figure 4A).

While this observation failed to reach statistical significance

(P = 0.095; chi-square), there is a clear trend to a wider distribution

and a higher density of Ab plaques (either diffuse or thioflavine-S-

positive) following survival from TBI.

Figure 2. Graphical representation of findings regarding neurofibrillary

tangles (NFTs). A. Percentage of cases with NFTs in entire cohort/cohort

with those aged >60 excluded: traumatic brain injury (TBI) vs. controls. B.

Extent and distribution of NFTs in TBI positive cases vs. controls by

pathological group. Group 1 (minimal pathology): NFTs of sparse to mod-

erate density in the transentorhinal cortex with or without small

numbers in the CA1 sector of the hippocampus. Group 2 (moderate

pathology): as described in Group 1, together with NFTs extending into

the fusiform gyrus (lateral to entorhinal cortex) and sparse tangles in the

isocortex (cingulate/insular blocks). Group 3 (extensive pathology): NFTs

in more widespread sectors of the hippocampus and subiculum and with

extensive isocortical involvement.
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Typically cases could broadly be described as having either (i)

widespread and relatively evenly distributed plaques dispersed

throughout all layers of the cortex vs. (ii) isolated clusters of

plaques scattered throughout the cortex with interspersed, plaque-

free regions. Typically, following TBI, cases were less likely to

display smaller clustered regions of plaques and more likely to have

widespread plaques across the entire cortical region examined.

This was particularly true extending from the cingulate gyrus

through the superior frontal gyrus, which frequently displayed

extensive and widespread pathology after TBI.

However, while plaques could often be observed in the entorhi-

nal cortex, throughout the fusiform gyrus and the inferior temporal

gyrus, there were comparatively minimal plaques in the hippocam-

pus and subiculum. Cases demonstrating involvement of the hip-

pocampus and subiculum universally displayed extensive plaque

pathology throughout all other regions analyzed, potentially indi-

cating a relative sparing of this region in early disease.

In addition to an increased density of plaques revealed by immu-

nohistochemistry, thioflavine-S staining revealed that the nature

of Ab plaques following TBI also differed from controls. Specifi-

cally, while all 13 of the controls with Ab plaques displayed pre-

dominantly diffuse plaques with very occasional, isolated fibrillar

plaques, in seven of the 11 (64%) plaque-positive TBI cases,

plaques were predominantly fibrillar in nature or displayed a mixed

diffuse/fibrillar pattern (P = 0.003; chi-square) (Figure 4B).

DISCUSSION

This study demonstrates that NFTs are present at a higher density

and in a wider distribution in brains of patients surviving greater

than 1 year following just a single TBI when compared with age-

matched controls from the same archive. Similarly, there is evi-

dence of more extensive Ab plaque pathology, often fibrillary in

nature, in survivors of TBI. These observations raise the intriguing

possibility that the pathological mechanisms leading to neurode-

generative disease may be initiated or accelerated as part of the

chronic pathological milieu following survival post-TBI, with the

pathology emerging even in young adults.

Although a previous study failed to find NFTs following a single

TBI, analysis was limited to within 4 weeks of injury (40). By

extending the examination to years after injury, the present data

demonstrate that NFTs can indeed emerge following just a single

TBI. Appearing in over 30% of individuals aged less than 60 years,

NFTs were often regionally widespread and extensive. This finding

is in contrast to the minimal pathology observed in controls.

Indeed, NFTs observed in the control group were almost exclu-

sively observed in cases aged 60 or greater at a frequency highly

consistent with a large cohort of 2661 nonselected autopsy cases

reported by Braak and Braak (3). Specifically, according to this

large data set, 91.6% of cases over the age of 60 displayed NFT

pathology to some extent. For the control group presented here, this

number is 91.2% indicating a high level of consistency with the

largest series in the literature. Only one control case aged less than

60 (age 55) was determined to have NFTs, which again is consis-

tent with the comprehensive data by Braak and Braak (3). In con-

trast, following survival of a year or more from a moderate to

severe TBI, NFTs were observed in autopsy-derived brain material

from individuals dying in their third to fourth decade.

The apparent delayed appearance of NFTs after trauma suggests

that even a single TBI may, in the long term, be associated with

a neurodegenerative process. Moreover, this finding provides a

potential pathological substrate for the epidemiological observa-

tion of an increased risk of developing syndromes of cognitive

impairment, such as AD, following TBI (14, 16, 26–28, 30, 33, 38,

39). A similar tau pathology has been observed in autopsy-acquired

brains from athletes involved in contact sports, thought to be a

consequence of repetitive TBI (7, 8, 10, 23, 31, 32, 35, 43). NFTs

observed in the current, relatively large cohort of patients follow-

ing a single moderate/severe TBI suggest tau pathology may not be

exclusive to situations where there is a history of repetitive injury.

Figure 3. Representative

immunohistochemical and thioflavine-S

staining for amyloid-beta (Ab) plaques. A.

Plaques in the inferior temporal gyrus of a

55-year-old female 47 years post- traumatic

brain injury. B. Representative thioflavine-

S-positive staining in the same cases as A. C.

Plaques in the frontal lobe of a case of

advanced Alzheimer’s disease. D. Uninjured

control displaying no Ab immunostaining. All

scale bars approximately 50 mm.
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Of note, although cases with a known history of repetitive injury,

such as boxing, were excluded, it is difficult to determine with

complete certainty whether any of the cases within this study expe-

rienced repeat head injury because of the retrospective nature of the

archive and available clinical information. However, a large age

and demographically matched control group for which tissue was

accrued at the same institution was included for comparison and

failed to display pathology at the same frequency or extent.

The observation of NFTs in relatively young individuals long

after just a single TBI supports epidemiological studies suggesting

that TBI may act to accelerate the clinical onset of neurodegenera-

tive disease (11, 29, 39, 42). Notably, analysis of over 1200 TBI

survivors demonstrated that the time to onset of AD was signifi-

cantly reduced in those who sustained TBI (29). The median time

to onset from TBI to the development of AD in that cohort was

10 years—a finding that is consistent with the NFTs encountered

post-TBI in this study.

The regional distribution of NFTs observed post-trauma follows

a similar hierarchical progression to that of AD (1, 2). However,

in AD, the deep cortical layers are predominantly affected (2),

whereas in CTE it is the superficial layers (17). While NFT pathol-

ogy in our cohort was not uniformly superficial, this was a common

finding, possibly indicating a pattern of tau pathology specific to

trauma and common to both single and repetitive head injury. Fur-

thermore, at points of geometric inflection, such as the depths of

sulci, clustering of NFTs was frequently found. Although not

typical of AD, similar clustering has been demonstrated in

CTE (5, 23). Potentially unique to TBI, this may arise as the brain is

rapidly deformed, producing concentrations of mechanical stress at

inflection points that, ultimately, may lead to more severe cellular

pathology, such as the formation of NFTs. Interestingly, glial cells

immunoreactive for tau were also observed more commonly

following TBI, typically in regions where NFTs were observed.

Although not directly quantified, this is a finding worthy of further

exploration with regards to delineating the mechanisms of tau

accumulation and, possibly, clearance.

Previous investigations of the link between TBI and neurodegen-

erative disease primarily focused on Ab plaques as these were

found in approximately 30% of cases in the immediate period after

injury (20). However, the long-term Ab plaque pathology follow-

ing TBI had been in doubt as a consequence of the observation that,

in contrast to the acute phase, few plaques are seen in the months

following TBI (6). Plaque regression mediated by the Ab-clearing

enzyme neprilysin has been suggested as a potential mechanism

that may drive plaque clearance in the weeks following TBI

(6, 21).

In this study we observed Ab plaques in long-term TBI survivors

at a greater density than in age-matched controls. In contrast to

NFTs, plaques were evident in older cases, a feature previously

observed with plaques forming in the acute phase post-injury (12,

37). Furthermore, unlike Ab plaques encountered in both normal

aging and acutely post-TBI, which are almost universally diffuse in

nature in individuals aged less than 75 (12, 34, 37, 44), the plaques

observed in this cohort of survivors of a year or more post-TBI

were more often fibrillary.

While this work indicates a clear association between a history

of a single moderate to severe TBI and later development of Ab
and tau pathologies, the limitations inherent in a retrospective

study such as this based on archival tissue did not permit extensive

regional analyses or subanalyses with regard to correlating the

specific TBI-induced pathologies, mechanism of injury or thera-

peutic intervention with observed pathological findings. However,

the results do support the establishment of prospective studies with

suitably sampled brain tissue to explore these specific points. In

addition, detailed analysis of lesion location in relation to pathol-

ogy may also be of interest. Here, a standardized analysis over three

regions was performed to determine whether trauma is capable

of inducing a widespread pathology that might be associated with

neurodegenerative disease. Specific regions were sampled because

of their known vulnerability in both TBI and neurodegenerative

disorders, as well as reflecting previous observations of the acute

pathology following TBI, such as plaques (6, 18, 19, 36, 37).

Notably, previous data examining plaques following acute TBI

suggest the location of any focal lesion (e.g., cerebral contusion)

Figure 4. Graphical representation of findings regarding amyloid-beta

plaques. A. Age-adjusted plaque density in plaque-positive traumatic

brain injury (TBI) cases (11 of 39; 28%) vs. controls (13 of 47; 28%).

B. Percentage of plaque-positive cases displaying thioflavine-S-positive

staining in TBI cases vs. controls.
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does not influence the regional distribution of plaques, in other

words, it would appear it is the diffuse consequences of TBI that

may be mechanistically important (6). Again, however, larger

scale prospective studies may permit direct comparisons with the

pathologies identified here and those of both AD and following

repetitive TBI.

Collectively, these data demonstrating the presence of wide-

spread and extensive tau and Ab pathology many years after a

single moderate to severe TBI may, in part, represent a substrate for

the long-term development of neurodegenerative disease, such as

AD, known to be at increased incidence in long-term survivors of

TBI. There is undoubtedly a need for direct quantitation and explo-

ration of the mechanistic basis underpinning these observations,

including potential genetic determinants such as apolipoprotein E

genotype. However, these findings may indicate important poten-

tial therapeutic considerations for survivors of TBI, such as emerg-

ing anti-tau and anti-Ab drugs (4, 22).
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