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Abstract

Dementia pugilistica (DP), a suite of neuropathological and cognitive function declines after chronic traumatic brain injury
(TBI), is present in approximately 20% of retired boxers. Epidemiological studies indicate TBI is a risk factor for neuro-
degenerative disorders including Alzheimer disease (AD) and Parkinson disease (PD). Some biochemical alterations ob-
served in AD and PD may be recapitulated in DP and other TBI persons. In this report, we investigate long-term biochemical
changes in the brains of former boxers with neuropathologically confirmed DP. Our experiments revealed biochemical and
cellular alterations in DP that are complementary to and extend information already provided by histological methods.
ELISA and one-dimensional and two dimensional Western blot techniques revealed differential expression of select
molecules between three patients with DP and three age-matched non-demented control (NDC) persons without a history of
TBI. Structural changes such as disturbances in the expression and processing of glial fibrillary acidic protein, tau, and
o-synuclein were evident. The levels of the Af-degrading enzyme neprilysin were reduced in the patients with DP.
Amyloid-f} levels were elevated in the DP participant with the concomitant diagnosis of AD. In addition, the levels of brain-
derived neurotrophic factor and the axonal transport proteins kinesin and dynein were substantially decreased in DP relative
to NDC participants. Traumatic brain injury is a risk factor for dementia development, and our findings are consistent with
permanent structural and functional damage in the cerebral cortex and white matter of boxers. Understanding the precise

threshold of damage needed for the induction of pathology in DP and TBI is vital.
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Introduction

EMENTIA PUGILISTICA (DP), originally described as ‘‘punch

drunk syndrome” by Martland in 1928,' encompasses a suite
of deleterious neuropathological and cognitive function declines
resulting from chronic traumatic brain injury (TBI).> The name
evokes the fact that the syndrome has been strongly associated with
prizefighting.®> DP is manifested in approximately 20% of retired
boxers with incidence directly correlated to the number of boxing
matches and blows to the head. In mechanical terms, the blows to
the head can reach, on impact, speeds equal to or greater than 10 m/s,
resulting in a translational acceleration of the brain equivalent to
50 g that produces shearing and compression with grave structural,
biochemical, and functional consequences for the brain and other
facial, neck, and body vital organs. The severity of injuries is fur-
ther complicated by their cumulative nature and by the fact that
many prizefighters may experience hundreds of matches during

their careers.* In general, professional boxers often exhibit some
cognitive deficits and, in 10-20% of the cases, more serious neu-
ropsychiatric consequences occur involving deficiencies in motor
skills and behavior.*

Chronic traumatic encephalopathy (CTE) is a well-defined
neuropathological condition that results from TBI and has been
recently reviewed by McKee and colleagues.® CTE is not confined
to prizefighting but has been observed in the participants of other
dynamic and collision sports.”'® Sports participants exhibit the
suite of CTE-associated neurodegenerative changes and, in the case
of former National Football League players, are at elevated risk for
consequential morbidities such as Alzheimer disease (AD) and
amyotrophic lateral sclerosis.'' In addition, concussive head
injuries have an increased prevalence in Iraq and Afghanistan
military personnel,'>™'* heightening concerns over long-term re-
covery prospects and stimulating efforts to mitigate TBI in woun-
ded warriors.
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Epidemiological studies indicate that TBI is a risk factor for
neurodegenerative disorders'>™" including AD and Parkinson dis-
ease (PD). Some cases of DP harbor amyloid-beta (Af) peptide
deposits in the form of diffuse plaques and abundant TAR DNA
binding protein-43 kDa (TDP-43) inclusions in the brain and spinal
cord.**? In addition to the A deposits, other molecules strongly
associated with neurodegenerative disorders including amyloid-beta
precursor protein (APP), apolipoprotein E (ApoE), tau, ubiquitin,
and a-synuclein are also altered.***> Some of the biochemical dis-
turbances observed in AD and PD may be recapitulated in some DP
and other TBI persons. These include amyloid deposition in the
brain parenchyma and microvasculature, increased levels of APP
and enzymes responsible for Af peptide production, neurofibrillary
tangles (NFT) with abundant hyperphosphorylated tau as well as
elevated quantities of a-synuclein and TDP-43,%6-26-30

Studies of patients with TBI have revealed that APP, Af§ and tau
peptide levels increase immediately after blunt concussive dam-
age.?®>! In addition, increased levels of Af and tau were observed by
microdialysis of brain interstitial fluid in patients with acute TBI.***
Head trauma also induces an acute elevation of APP and Af42 in
cerebrospinal fluid (CSF) with rapid deposition of diffuse plaques in
gray matter (GM).>***=% In the swine experimental model of TBI,
there is a long-lasting increase in axonal APP, f-site APP-converting
enzyme, presenilin-1, and caspases.” These observations suggest
that Af§ and tau proteins are an acute phase response to brain injury.

Although numerous observational studies have examined the
structural and anatomic changes correlated with TBI, analogous
systematic and comparative analyses of the biochemical alterations
are also needed to understand the complex pathophysiology that
results from trauma.**~** Enzyme-linked immunosorbent assay
(ELISA) and one-dimensional (1D) and two-dimensional (2D)
Western blot techniques were combined to quantify a panel of key
proteins in unfixed, frozen GM and white matter (WM) from the
frontal lobe to reveal any patterns of differential expression of these
specific molecules between a cohort of three DP cases and three age-
matched non-demented control (NDC) cases without a history of TBI.

Methods
Clinical history and neuropathology

Cases #1 and #2 were provided by the Department of Veterans
Affairs and National Institute of Aging Boston University Alz-
heimer’s Disease Center and case #3 was provided by the Massa-
chusetts Alzheimer’s Disease Research Center. A brief summary of
the three cases is provided below. Macroscopic and microscopic
neuropathology of cases #1 and #2 (in the present study) and their
relationship to CTE were thoroughly described by McKee and
associates in 2009.° Case #1 in the present study corresponds to
case #3 in the article by McKee and colleagues® while case #2 has
the same designation in both the article by McKee and coworkers®
and the present study.

Case # 1 (DP). Case #1 was a male boxer with an ApoE ¢3/3
genotype. He died of pneumonia at age 73. In his 50s, he began
to be moody, restless, apathetic, withdrawn, irritable, agitated,
verbally and physically aggressive, confused, and paranoid with
episodes of dizziness and vertigo. Neurological and neuropsycho-
logical examination and testing revealed a visuospatially dis-
oriented and inattentive person with learning and immediate and
remote memory deficits and diminished executive function. Com-
puted tomography and magnetic resonance imaging demonstrated
generalized cortical atrophy with enlarged ventricles, cavum sep-
tum pellucidum, and a lacune in the right globus pallidus. Elec-
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troencephalography, magnetic resonance angiography, and carotid
duplex ultrasonography demonstrated no detectable anomalies. In
his younger years there was a history of occasional alcohol and
tobacco use.

Physical and psychological testing at ages 67 and 70 showed a
person with global deficits, prominent memory decline with swal-
lowing difficulties, decreased up-gaze, masked facies, garbled
speech, and slow shuffling gait. Several months before his death,
the mini-mental status examination was as low as 7. Family history
notes that dementia developed in one cousin and three uncles.

Neuropathology. The brain weight at autopsy was 1220 g.
Frontal, parietal and temporal lobes as well as hypothalamus,
thalamus, mammillary bodies entorhinal cortex, hippocampus, and
amygdala were atrophic. There was thinning of the corpus callosum
with large and fenestrated cavum septum pellucidum. Lateral and
third ventricles were enlarged. Visible dilation of the perivascular
spaces in frontal and temporal WM was observed. There was one
cm lacune in the right globus pallidus. The substantia nigra and
locus ceruleus were overly pale with discoloration and atrophy of
frontopontine fibers in the cerebellar peduncle. NFT, glial tangles
(GT), and neuropil neurites (NN) were observed as patches in the
frontal parietal, temporal, and occipital cortex. The hippocampus,
amygdala ,and entorhinal cortex revealed abundant NFT, including
ghost NFT and severe neuronal loss. Abundant tau positive glial
and NN were seen in the subcortical WM U-fibers, anterior and
posterior commissures, and the thalamic and external and extreme
capsules. High density of NFT and glial tangles were observed in
the olfactory bulbs, thalamus, hypothalamus, striatum, globus
pallidus, substantia nigra, locus ceruleus, nucleus basalis, inferior
olives and the raphe, oculomotor and dentate nuclei as well as the
midline tracts in the medulla.®

Case #2 (DP+AD). Case #2 was a male boxer with an ApoE
£3/4 genotype. He died at age 80 from septic shock. After his
retirement, he became confused, disoriented, cognitively deficient,
and with tendency to fall. In his late 70s, paranoia developed with
increased memory loss and slow speech, agitation, and aggressive
behavior and unstable gait with frequent falling necessitating
multiple hospitalizations. In his younger years, he abused alcohol,
smoked for 20 years, but exercised and was in excellent physical
condition. Computed tomography scans 2 and 3 years before his
death showed progressive cerebral and cerebellar atrophy with
enlargement of ventricles. In terms of family history, his grandfa-
ther had cognitive decline and a brother had AD.

Neuropathology. The brain weight at autopsy was 1360 g.
Partial discoloration of leptomeninges, moderate atrophy of frontal,
parietal, and temporal lobes and marked atrophy of the hippo-
campus, amygdala, entorhinal cortex, hypothalamus, thalamus,
mammillary bodies, and corpus callosum were observed. Lateral
and third ventricles were enlarged with cavum septum pellucidum.
The substantia nigra and locus ceruleus were manifestly pale. In the
cerebral cortex, there were abundant NFT, GT, and spindle NN
positive for tau affecting a patchy pattern around blood vessels.
Dense concentrations of NFT, GT, and NN were observed in the
olfactory bulb, hippocampus, entorhinal cortex, thalamus, hypo-
thalamus nucleus basalis, striatum, globus pallidus, substantia ni-
gra, raphe, periventricular gray locus ceruleus and oculomotor, red,
reticular, and dentate nuclei as well as in the pontine base, teg-
mentum, and inferior olives. There were tau positive glia and NN in
WM, being more evident in the midline tracts of the brainstem.
Besides NFT, some other features of AD such as Af deposition (an
inconsistent trait of CTE) were observed in this case as diffuse
plaques in moderate quantities in frontal, parietal, and temporal
cortices with few neuritic plaques, but interestingly, there were no
amyloid deposits in the cerebral vasculature. These observations
supported the secondary diagnosis of AD.°
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Case # 3 (DP+PD). Case #3 was a male boxer with the
concurrent diagnoses of DP and PD. His ApoE genotype was ¢3/3.
He passed away at age 78. No further information on the clinical
history of this person was available.

Neuropathology. The brain weight at autopsy was 1480 g.
The CSF appeared normal. There was mild atherosclerosis of the
internal carotid arteries and moderate atherosclerosis of the circle
of Willis. Diffuse mild atrophy of the cerebral hemispheres with
moderate frontal polar atrophy, slight atrophy of hippocampi, and
moderate enlargement of ventricles was observed. The GM had
normal width with unremarkable WM. The corpus callosum was
markedly thin in the posterior portion of the body. There was a
fenestrated septum pellucidum commonly observed in DP. There
were vast numbers of NFT in the medial temporal lobe and hip-
pocampus (Fig. 1A,B) and scattered NFT in the brainstem struc-
tures, amygdala, and deep nuclei typical of DP. Neuritic plaques
were absent. In addition, this person also had histological evidence
of PD with abundant Lewy bodies in the substantia nigra. Lewy
bodies, however, were not observed in the cerebral cortex. In some
areas, there was clear evidence of corpora amylacea around some of
the cortical areas close to the bottom of sulci (Fig. 1C).

Control cases. Three NDC cases were selected from our
Brain and Body Donation Program at Banner Sun Health Research
Institute.** The operations of the Brain and Body Donation Pro-
gram have been approved by the Banner Health Institutional Re-
view Board. All persons enrolled in the Brain and Body Donation
Program sign an informed consent approved by the Banner Health
Institutional Review Board. These persons were age- and sex-
matched to the three DP subjects and selected because they were
not demented and did not harbor any neuropathological features
associated with neurological disorders, including history of TBI.
Table 1 shows the demographics and neuropathology of the NDC
participants. These three persons were Caucasian males and had an
average age of 75 years, and all three carried the ApoE ¢3/3 ge-
notype. In addition, they were classified as not having AD ac-
cording to the Consortium to Establish a Registry for Alzheimer’s
Disease criteria. A detailed description of the neuropathological
scoring procedures is given elsewhere.*?

1D-Western blot analysis in 5% sodium dodecyl sulfate
(SDS) buffer

All materials were obtained from Life Technologies Corp.
(Carlsbad, CA) and chemicals from Sigma (St. Louis, MO) unless
otherwise noted. A detailed protocol has been published else-
where.*® Briefly, unfixed, frozen GM or WM from the frontal lobe
was homogenized in 5% SDS, 5 mM Ethylenediaminetetraacetic
acid (EDTA), 20 mM Tris-HCI, pH 7.8 with an Omni TH homo-
genizer and centrifuged. The supernatant was recovered and total
protein measured with a Micro bicinchoninic acid (BCA) protein
assay kit (Pierce, Rockford, IL). Proteins were separated on 4-12%
Bis-Tris gels and transferred onto nitrocellulose membranes. De-
scriptions of all primary and secondary antibodies are shown in
Table 2. All membranes were re-probed with anti-mouse or anti-
rabbit actin antibody to serve as a total protein loading control. The
trace quantity feature in Quantity One (Bio-Rad, Hercules, CA)
was used to measure the density of each band and corresponds to
the measured area under each band’s intensity profile curve. The
units are in optical density X mm.

1D- and 2D-Western blot analysis in strongly
chaotropic buffer

Fifty mg of unfixed, frozen GM or WM from the frontal lobe was
homogenized in 700 pL of a strongly chaotropic buffer (7 M urea,

FIG. 1.

Silver-stained (Bielschkowsky) sections depicting neu-
rofibrillary tangles (NFT) and corpora amylacea of dementia
pugilistica case # 3. (A) Medial temporal lobe and (B) hippo-
campus CAl region showing numerous neurofibrillary tangles.
(C) Abundant perivascular corpora amylacea in gray matter at the
bottom of a temporal sulcus. Magnification of A, B, and C is
100X. Scale bar in A also applies to B and C.
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TABLE 1. DEMOGRAPHICS AND NEUROPATHOLOGICAL SCORES FOR NON-DEMENTED CONTROL SUBJECTS
Expired Brain ApoE Total Total Braak Total Total
NDC age (y) Sex weight (g) genotype plaque score NFT score stage CAA score WMR score
A 71 M 1300 3/3 0 0 I 0 0
B 75 M 1262 3/3 0 0.5 I 0 3
C 79 M 1260 3/3 0 3 II NA 0

NDC, non-demented control; ApoE, apolipoprotein E; NFT, neurofibrillary tangles; CAA, cerebral amyloid angiopathy; WMR, white matter

rarefaction; NA, not available.

2 M thiourea, 4% CHAPS, 50 mM DTT, 40 mM Trizma pH 8.0)
supplemented with a protease inhibitor cocktail (Roche Diag-
nostics, Mannheim, Germany) using a Teflon homogenizer. The
homogenates were sonicated then incubated for 1h at room tem-
perature (RT) and subjected to a second round of sonication. After
centrifugation for 20 min, 10,000 X relative centrifugal force at 4°C
(Beckman Coulter 22R, Brea, CA), the supernatant was collected
and total protein measured with the 2D Quant kit (GE Lifesciences,
Pittsburgh, PA). For 1D-Western analysis, 10 ug of total protein
was placed in equilibration buffer (see below) and loaded onto 10%
Bis-Tris gels (Life Technology Corp.). Proteins were separated by
electrophoresis using NuPage 1XMOPS run buffer containing
NuPage antioxidant. The remaining protocol was completed as
described above and elsewhere*® for the 1D-Western blot using 5%
SDS homogenates.

For 2D-Western analysis, 100 ug of total protein was collected
from the chaotropic buffer homogenates and prepared for analysis
using a G-Biosciences (St. Louis, MO) Perfect-FOCUS sample
clean-up kit following the manufacturer’s instructions. Protein
pellets were reconstituted in 200 uL. of rehydration buffer (7M
urea, 2 M thiourea, 4% CHAPS, 50 mM DTT, 1.25% IPG buffer pH
3-10 [GE Lifesciences, Piscataway NJ] with 0.002% bromophenol
blue) and shaken for 1h at RT. Immobiline DryStrip 11 cm, pH
3-10 gel strips were rehydrated overnight at RT in the above
sample using a re-swelling tray (GE Lifesciences). Isoelectric
focusing was performed as follows with an Ettan IPGphor system
(GE Lifesciences): 50V for 1h, 100V for 1h, 200V for 1 h, 400V
for 1h, 800V for 1h, 1600V for 1 h, and 6000V for 1.5 h. Each strip
was then incubated for 15min in SmL of equilibration buffer
6 M urea, 2% SDS, 50mM Tris pH 8.8, 30% glycerol, 0.002%

bromophenol blue, and 65 mM DTT for 15 min at RT followed by
equilibration in the same buffer with 125 mM iodoacetamide re-
placing DTT for 15 min at RT. Second-dimension electrophoresis
was performed in Criterion® Tris-HCI, 4-20% gels (Bio-Rad) in
1X Tris/glycine/SDS run buffer (Bio-Rad) supplemented with
NuPage antioxidant. Kaleidoscope prestained protein molecular
weight standards (Bio-Rad) were loaded onto each gel. Once
electrophoresis was complete, the gels were equilibrated for 15 min
in 1X Tris/glycine transfer buffer containing 20% methanol and the
proteins transferred onto 0.45 um nitrocellulose membranes (Bio-
Rad) at 60 V for 1 h. Pierce’s MemCode™ Reversible Protein Stain
Kit was used to stain all proteins on each membrane to assess for
equal protein load. Blocking, antibody incubation and detection
were performed as previously described.*®

Ap, tau and a-synuclein ELISA quantification. All steps
were performed at 4°C. For a detailed protocol, see Maarouf and
associates.*® Frozen, unfixed GM and WM (100 mg), taken from
the frontal lobe, were gently homogenized in 600 L of 20 mM
Tris-HCl, 5SmM EDTA, pH 7.8, protease inhibitor cocktail
(Roche), and centrifuged. The pellet was re-homogenized in
600 uL of 90% glass distilled formic acid (GDFA) and centri-
fuged. The recovered supernatant was dialyzed to remove the
GDFA, lyophilized, and then reconstituted in 500 uL. 5 M guani-
dine hydrochloride (GHCl), 50mM Tris-HCl, pH 8.0, PIC
(Roche). The total protein in the Tris- and GDFA/GHCI-soluble
fractions were measured using Pierce’s Micro BCA kit. ELISA
kits from Life Technologies Corp. were used to quantify Ap40,
Ap42, tau, and a-synuclein according to the manufacturer’s in-
structions.

TABLE 2. ANTIBODIES USED IN WESTERN BLOTS

Primary antibody

Antigen specificity or immunogen

Secondary antibody

Company/Catalog #

CT20APP Last 20 aa of APP

Neprilysin Rat neprilysin

Tau (HT7) Tau aa 159-163

BDNF/proBDNF  Internal region of BDNF

GFAP Recombinant GFAP

o-tubulin Synthetic peptide of human «-tubulin

f-tubulin N-terminal synthetic peptide of human f-tubulin
Kinesin 5A Synthetic peptide: aa 1007-1027

Dynein cytoplasmic dynein from chicken embryo brain
MBP aa 119-131

CNPase Clone 11-5B

Myelin PLP Synthetic C-terminal peptide

Actin Ab-5 Clone C4

Actin N-terminus of human «-actin

=

RZ ZZZRRRRAEZ

Covance/SIG-39152
Millipore/AB5458
Pierce/MN1000
Santa Cruz/sc-546
Abcam/ab7260

Cell Signaling/2144S
Cell Signaling/2128S
Pierce/PA1-642
Sigma/D5167
Millipore/MAB381
Sigma/C5922
Millipore/MAB388
BD TransductionLaboratories/A65020
Abcam/Ab37063

CT, C-terminal; APP, amyloid-f§ precursor protein; aa, amino acid; BDNF, brain-derived neurotrophic factor; GFAP, glial acidic fibrillary protein;
MBP, myelin basic protein; CNPase, 2’3’-cyclic nucleotide 3’-phosphodiesterase; PLP, proteolipid protein; M, HRP conjugated AffiniPure goat-anti
mouse IgG (catalog # 111-035-144, Jackson Laboratory); R, HRP conjugated AffiniPure goat-anti rabbit IgG, (catalog # 111-035-146 Jackson
Laboratory); G, HRP conjugated AffiniPure bovine-anti goat IgG (catalog #805-035-180).
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Statistical analyses

Group comparisons were analyzed using the non-parametric
Kruskall-Wallis (KW) test. This method was used given the small
sample size. All values were adjusted with the KW algorithm. To
account for corrections for multiple testing, a Bonferroni-adjusted
significance level of 0.001 was used for the 35 comparisons that
were performed (0.05/35-0.001).

Results and Discussion

We investigated the levels of protein and peptide markers in the
GM and WM of three elderly demented persons who had sustained
multiple head concussions resulting from professional boxing ca-
reers. Three age- and sex-matched NDC subjects exhibiting no
visible amyloid plaques and harboring low levels of NFT (Table 1)
served as controls for this study. The most prevalent neuropatho-
logical lesions detected in the DP brains were NFT (Fig. 1A,B and
McKee and colleagues®) that could be a direct consequence of, or
aggravated by, sustained TBI. In case #3, an abundant amount of
corpora amylacea was observed close to the pial surfaces and
around blood vessels (Fig. 1C). The origin of these lesions has been
related to neuronal loss and severe central nervous system (CNS)
trauma,*’~>°

We launched an extensive international search for frozen, un-
fixed brain tissue, suitable for protein chemistry studies, from
professional boxers who died with the clinical diagnosis of DP and
were able to acquire brain tissue from three cases. Therefore,
procurement of suitable DP brain specimens limited the scope of
this study. Further, distinguishing long-term lesions specifically
ascribable to sustained and severe head trauma is hampered in the
elderly by the prevalence of overlapping signs and symptoms of
widespread neurodegenerative disorders. It is indisputable, how-
ever, that some of the cumulative physical effects of repetitive head
trauma in collision sports result in permanent neuropathological
lesions and increased risk of cognitive/behavioral consequences
decades later. Our study reveals the enormous need for gathering
more suitable postmortem brain specimens, from both young and
elderly persons, to qualitatively identify the molecular substrates
that are damaged by TBI and quantitatively assess the extension of
these injuries.

APP, neprilysin, and Af

Increases in APP and Aff have been observed in the acute phases
of TBL,'*%3'"53 put no direct information is available regarding
the functional and structural effects of long-term alterations in the
levels of APP in DP. Accumulation of Af}, however, a surrogate
molecule for APP, has been reported in TBI in which diffuse pla-
ques, neuritic plaques, and cerebral amyloid angiopathy have been
observed.®

The CT20APP antibody identifies the 110kDa APP as well as
APP C-terminal (CT) peptides CT99 and CT83 (Fig. 2A), the
substrates for Aff peptides and the APP intracellular domain tran-
scription factor. There were no significant differences in CT99/
CT83 levels in the GM or WM between NDC and DP subjects
(Fig. 2A). The mean APP holoprotein levels were significantly
increased in the GM of the NDC cases (p=0.05), but there were no
overall significant changes in this molecule in the WM (Fig. 2A).

In DP subjects, the amount of neprilysin was significantly de-
creased in the GM (p=0.05) as well as in the WM (p=0.05)
relative to the NDC cases (Fig. 2B). The ~ 86 kDa neprilysin is one
of the major A f-degrading enzymes.>*>” It has been suggested that
the failure of amyloid plaques to develop in some long-term sur-
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vivors of TBI may be because of the action of neprilysin clearing
the overproduced Af after damage.>® Interestingly, the levels of
GT repeats in the neprilysin promoter apparently regulate the ex-
pression of this enzyme, suggesting that the amount of neprilysin is
responsive to physiological conditions and may control whether A8
plaques will develop in persons with TBIL.>’

Brain tissue samples were prepared for Af3, a-synuclein, and tau
ELISAs as described in and summarized in the flowchart (Fig. 3A).
With the exception of DP case #2, ELISA quantification of Tris-
soluble and GDFA/GHCl-soluble A 840 and A 42 levels in the GM
of DP and NDC cases revealed no differences between these two
groups (Fig. 3B-F). No Af40 was detected in the GDFA/GHCI-
soluble WM extract in any of the cases under study (data not
shown). Case #2 demonstrated high levels of Af peptides in the
GM and WM, when compared with the other boxers and the NDC
cases, as shown in Fig. 3C—F. The results are even more intriguing
because the WM A 342 was high in this boxer (908 pg/mg of total
protein), probably related to the fact that this region of the brain is
greatly affected in boxing (see below). This is in agreement with the
occurrence of amyloid plaques and the presence of an ApoE &4
allele, which accompany the secondary diagnosis of AD. Intrigu-
ingly, persons with TBI are more susceptible to having negative
outcomes if they are carriers of the ApoE &4 allele,”®*® and AD is
more likely to develop in boxers with an ApoE 4 allele.®'%* Hence,
the presence of ApoE ¢4 alleles apparently modulates A} levels and
is a decisive factor in the development of AD/amyloid deposit
neuropathology. It also suggests that in some boxers, the acute
increase in Aff can regress while in others the accumulation of
these peptides is more likely to become permanent. Although TBI
clearly results in the acute elevation of APP and A f§ expression, not
all ApoE &4 carriers ultimately exhibit chronic deposition of Af
and AD.

An interesting conundrum of TBI pathology is that it causes the
immediate neuronal accumulation of APP/Af at the lesion
sites,”*%? which suggests an acute phase pro-inflammatory reac-
tion. This response has made APP the most sensitive and reliable
immunostaining test for axonal damage in TBL.®* Studies in a series
of surgical specimens undergoing neuropathological examination
between 2 to 74 h after post-traumatic events have revealed rapid
development of AD-like pathology.>* In approximately one-third
of these patients, there was abundant diffuse amyloid deposits
mainly composed of Af42. The rapid deposition of Af in diffuse
plaques in TBI is probably associated with the generation of
soluble APPu considered to be a neuroprotective factor.®* A
concomitant byproduct of this proteolysis will be the production
of Af17-42, which, together with Af1-42, are the main com-
ponents of diffuse plaques.®® A property of the insoluble Af17-42
is its ability to rapidly aggregate, which may explain the ex-
traordinarily fast appearance of diffuse plaques in some cases of
acute TBIL.

The transient elevation of A31-42 in severe brain injury may be
a response that aids in the sealing of broken axonal membranes.
Likewise, vascular amyloid deposits could serve as hemostatic
patches that halt blood-brain barrier leakages and contain micro-
hemorrhages.®® Af peptides may also act as metal-sequestering
molecules, thus preventing the generation of noxious reactive
species and free divalent cations, such as calcium, and extravasated
iron-bound hemoglobin.’~"* Further, the capacity of Af to pro-
duce vasoconstriction,”>* together with its potent anti-angiogenic
activity’”> and microglia-mediated proinflammatory activity,’®
suggest these peptides play a major role during acute injury as brain
rescue functions.
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Alpha-synuclein

Our immunoassays demonstrated that total a-synuclein (Tris-
plus GDFA/GHCl-extracted [Fig. 3A]) was significantly decreased
in DP GM when compared with the NDC group (p =0.05; Fig. 4A),
while the WM mean levels of this protein were equal in DP and
NDC groups (Fig. 4B). Alpha-synuclein is a neuron-specific 140
amino acid-long molecule localized to the nucleus and to presyn-
aptic terminals in which it probably functions in synaptic vesicle
release and trafficking. Alpha-synuclein has an unstable and dis-
ordered structure that can assume monomeric and polymeric forms,
adopt alternative conformations that range from amorphous
aggregates to ordered filamentous structures and is capable of
interacting with membranes.”’ It has been recently suggested that
o-synuclein can be transmitted from neuron to neuron via endo-
cytosis.”® Alpha-synuclein deposition has been linked to familial
and sporadic PD, where it is present in aggregated and phosphor-
ylated insoluble forms in the Lewy bodies and Lewy neurites.
In acute TBI, o-synuclein is present in axonal swellings®’® and
detectable in CSF.%° Similar to the results with tau (see below),
o-synuclein may be decreased in DP subjects because it is con-
verted to insoluble forms that evade ELISA detection. In addition,
our assays were performed on frontal lobe samples which may have
yielded artefactually low values.

Tau

Immunoassays of total tau (Tris- plus GDFA/GHCl-extracted,
Fig. 3A) demonstrated a substantial reduction of these proteins in
the GM and WM in DP cases relative to the levels observed in the
NDC that did not reach statistical significance (Fig. 4C,D). Simi-
larly, 1D-Western blot scanning densitometry of DP GM urea-
soluble tau demonstrated a significant decrease in tau isoforms
when compared with NDC cases (p=0.05) (Fig. 5A). A compa-
rable pattern was also observed for WM tau (Fig. 5A), where the
mean tau levels were largely decreased in the DP cohort relative to
NDC subjects, although it did not reach significance. Interestingly,
DP case #2, who also had the concomitant diagnosis of AD,
had increased levels of tau relative to the other two DP subjects
(Fig. 4A). To this respect, Schmidt and coworkers'® have suggested
that recurrent TBI may activate pathological mechanisms that
promote accumulation of tau similar to that observed in AD.'°

Alternative splicing generates six tau isoforms containing 441,
412, 410, 383, 381, and 352 amino acid residues.®! Aging and
neurodegenerative diseases produce extensive phosphorylation of
tau resulting in the accumulation of highly insoluble NFT that are
associated with glycolipids and probably heavily cross-linked.®*
Recently, methylation of tau at residue K254, a competing site for
ubiquitination, has been added to the post-translational modifica-
tions exhibited by these proteins.®® To assess the various isoforms

FIG. 2. Western blots of APP and its C-terminal peptides and
neprilysin from gray matter (GM) and white matter (WM) ho-
mogenates. All cases were quantified by scanning densitometry.
The dementia pugilistica (DP) cases are represented as: squares=
case # 1; diamonds=case # 2; triangles =case # 3. The mean of the
DP and non-demented control (NDC) cases is indicated by a hor-
izontal line. Molecular weights in kDa are reported of the left side
of each blot. The actin loading control is below each blot. (A)
CT20APP antibody demonstrates the 110kDa APP holoprotein and
the two CT-APP fragments CT99 (~ 11kDa) and CT83 (~9kDa).
(B) The amyloid-f# degrading enzyme, neprilysin, is shown at
~100kDa. CT, C-terminal; APP, amyloid-beta precursor protein.
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FIG. 3. Enzyme-linked immunosorbent assay (ELISA) scatter plots of Af40 and Af342 levels detected in gray matter (GM) and white
matter (WM) of the frontal lobe. (A) Flow chart summarizes GM and WM preparation for ELISA quantification. (B) GM Tris-soluble
Ap40. (C) GM Tris-soluble Af42. (D) GM GDFA/GHCl-soluble Af40. (E) GM GDFA/GHCl-soluble Af42. (F) WM GDFA/GHCI-
soluble Af42. The WM of all dementia pugilistica and non-demented control (NDC) cases had no detectable levels of Ap40 (data not
shown). Notice that case #2, the only ApoE &4 carrier, had the largest amount of A40 and Af42 in the GM and WM and the concurrent
diagnosis of Alzheimer disease. See Figure 2 for shape codes. GDFA/GHCI, glass-distilled formic acid/5 M guanidine hydrochloride.

of tau in DP and NDC subjects, urea/thiourea/CHAPS homogenates
of the GM and WM were subjected to 2D-Western blotting. More
isoforms of tau were present in the 2D Western blots of GM DP
subjects as shown in Figure 5B. This probably represents the more
soluble, less modified microtubule associated tau in the NDC pool,
because these persons were classified as Braak stage I with corre-
spondingly low NFT scores (Table 1). Major differences were
evident in DP subjects relative to NDC in which cathodic proteins
were elevated in a complex pattern of tau isoforms. Proteins
with pl between 7.4-8 as well as a strong bias toward highly
phosphorylated anodic species (pI<7.4) were, in general, more
abundant in the persons with DP compared with the NDC pool. A
2D-Western blot of the WM tau, shown in Figure 5C, exhibited an
increase in the lower molecular weight isoforms of tau in DP cases
#1 and #3.

The quantitative differences in ELISA/1D-Western and 2D-
Western blots of tau can be explained by the differential effects of
the harsher solvent conditions and extended isoelectric separation
in 2D-Western techniques. It is important to recognize that the
urea-extracted brain homogenates only reveal soluble tau mole-
cules and do not reflect the detergent and chaotropic agent-
resistant tau/paired helical filaments (PHF) species present in situ.
This approach, however, did reveal that while tau is primarily
present in a free form or associated with microtubules in NDC
subjects, DP cases exhibit a far greater abundance of insoluble,
heavily post-translationally modified tau isoforms.®® In TBI, tau
appears to be specifically concentrated in swollen areas of
wounded axons.?> In contrast, chronic repetitive TBI, such as that
incurred by boxers, induces the characteristic generation of NFT
and neuropil threads similar to those observed in AD. The histo-
logical distribution of tau immunoreactivity in acute TBI also
suggests damage to blood vessels and perivascular associated
structures.'*8

Brain derived neurotrophic factor (BDNF)

In the GM, the mature form of BDNF (~ 15kDa) was signifi-
cantly reduced in subjects with DP versus NDC (p=0.05) (Fig.
6A). BDNF was below the limit of detection in the WM. This
neurotrophin modulates synaptic plasticity and neural transmission
and is essential for both CNS development and maintenance of cell
survival. BDNF is produced as a proneurotrophin ( ~ 30 kDa) that is
hydrolyzed by furin to yield an active peptide of ~15kDa.%” In
experimental animals, BDNF provision restores learning and
memory capability and prevents or delays neuronal death.®® In
rodents that undergo TBI, voluntary exercise enhances BDNF se-
cretion improving recovery.®” Recent observations suggest that
administration or induction of BDNF expression is useful for the
treatment of those with TBI and post-traumatic stress disorder.”
This therapeutic approach can be achieved by the transplantation of
neural stem cells genetically modified to produce BDNE.”!

Glial fibrillary acidic protein (GFAP)

GFAP-antibody reactive material was resolved into heteroge-
neous bands ranging from 52-40 kDa (Fig. 6B). Close inspection of
the gel patterns reveal substantial differences in the banding pat-
terns between DP and NDC subjects, with lower molecular weight
bands significantly under-represented in the NDC cases (labeled as
S, short exposure) relative to DP (p=0.05 for both GM and WM).
There were no significant differences in the heavier molecular
weight bands between NDC and DP groups. Long exposure time
(labeled as L) revealed additional low M, protein GFAP bands
(~25-20kDa) predominantly in the WM of DP cases. It is unclear
if these truncated forms result from caspase cleavage.”” This ob-
servation suggests that in DP, in addition to gliosis, biochemical
alterations after injury result in the permanent production of lower
molecular weight GFAP species.
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FIG. 4. Enzyme-linked immunosorbent assay (ELISA) analysis of a-synuclein and tau in the gray matter (GM) and white matter
(WM) of dementia puglistica (DP) and non-demented control (NDC) persons. (A) GM and (B) WM a-synuclein. The brain was first
homogenized in Tris-buffer and the remaining pellet homogenized in GDFA/GHCI (Fig. 3A). Both ELISAs were run independently and
their results added to generate the scatter plots shown in Figures A and B. Therefore, the numbers given in the figure probably reflect the
soluble a-synuclein and not the insoluble molecules associated to the Lewy bodies. Notice that the neuropathological analysis only
reported Lewy bodies in the substantia nigra of boxer #3 who also had a concurrent neuropathological diagnosis of Parkinson disease.
The frontal GM of this person showed an a-synuclein level similar to the other DP and NDC. (C) GM and (D) WM total tau ELISA. The
brain was homogenized as described in the Figure 3A. Both ELISAs were run independently and their results added to generate the
scatter plots shown in Figures C and D. See Figure 2 for shape codes. GDFA/GHCI, glass-distilled formic acid/5M guanidine
hydrochloride.

GFAP is present in the astrocytes, where it modulates motility  isoforms resulting from post-translational modifications mainly
and structural shape. Differential DNA splicing generates four  from phosphorylation, N- and O-glycosylations, as well as pro-
different species of mRNA resulting in proteins of 432, 387, 366,  teolytic cleavage.”**> Assembly of GFAP into filamentous struc-
and 347 amino acids.”® Proteomic analysis of GFAP in AD and tures is partially modulated by the degree of phosphorylation.”®
older control persons reveals a complex pattern of up to 46 soluble ~ TBI and diffuse axonal injury can cause widespread neuronal and

>

FIG. 5. One-dimensional (1D) and two-dimensional (2D) Western blot analyses of tau in the gray matter (GM) and white matter
(WM) of dementia puglistica (DP) and non-demented control (NDC) persons. (A) 1D-Western blots of GM and WM of urea/thiourea/
CHAPS soluble homogenates detected with the HT7 tau antibody. Ten ug of total protein was loaded in each lane. See Figure 2 for
shape codes and Western blot notes. (B) GM and (C) WM 2D-Western blot patterns (shown in green and red) as revealed by the HT7 tau
antibody. A total of 100 ug of total protein was used for each blot. The numbers at the top of the blots relate to the pl, and the molecular
weights are indicated at the left vertical axes. The top blots belong to a pool of the three NDC cases. The bottom three blots belong to
each of the three DP cases as indicated at the left margin. The diversity of results and patterns shown in these figures are mainly because
of the relative solubility of tau and the extreme insolubility of NFT in the used solvents and also because of the different physical
partition techniques. Nonetheless, they demonstrate important isoform differences between DP and NDC cases. As a reference for total
protein load, the membranes were stained with the MemCode protein stain after transfer. These blots are shown to the right of each HT7
Western blot.
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axonal destruction eliciting extensive glial scarring,”” which may
explain the increase in GFAP observed in our experiments and by
other groups.”®1% Axonal re-growth may also be hindered by
molecules present within the glial scar'®"*'%% that may interfere with
neuronal regeneration and create long-lasting neuropsychological
deficiencies. Previous neuropathological studies have demon-
strated that astrogliosis is associated with neurodegenerative dis-
orders and TBI.®97-103-105

Serum GFAP levels in persons with acute TBI serve as a tool for
assessment of CNS damage and prognosis.'®'%® A recent system-
atic study of the CSF of Olympic boxers showed significant increases
in the levels of GFAP, neurofilament-light chain, total-tau, and
S100B after 1-6 and 14 days after their fights.'® A similar study of
boxers also demonstrated a significant elevation of GFAP, neurofi-
lament-light chain, and total-tau in CSF 7-10 days after a match."'°
These data suggest that significant damage is inflicted early, perhaps
immediately, in the careers of boxers with degenerative changes
accumulating steadily with continued participation in the sport.

Fast axonal transport proteins: o-tubulin, -tubulin,
kinesin, and dynein

DP cases contained similar average amounts of GM o-tubulin
and f-tubulin in comparison with the NDC cases (Fig. 6C,D). In
contrast, the WM of the boxers demonstrated a significant decline

KOKJOHN ET AL.

in both molecular classes (a-tubulin: p=0.05 and f-tubulin:
p=0.05) (Fig. 6C,D). In the GM, kinesin was significantly de-
creased in the DP group compared with the NDC subjects, and
dynein levels fell below the limit of detection in all three DP cases
(p=0.05 and p =0.05, respectively) (Fig. 6E,F). The WM exhibited
significant reductions in kinesin and dynein in DP relative to the
NDC cohort (p=0.05 and p =0.05, respectively) (Fig. 6E,F).
Proteins and organelles necessary for neuronal development
and structural and functional maintenance are transported bi-
directionally along microtubules by the molecular motors kinesin
and dynein.''" Our data suggest that boxing may produce widespread
mechanical damage to axonal transport resulting in chronic meta-
bolic and neuropsychological deficits.''® The stresses generated by
violent rotational concussive forces produce axonal injury resulting
in complete axonal discontinuity, axonal retraction, and Wallerian
degeneration."'® The dynamic stretching of axons translates into
axonal undulating deformation with distortion/separation of myelin
lamellae, vacuolization, and breakage of the axonal membrane and
toxic calcium uptake.'"* These structural and ionic changes are ac-
companied by concurrent clumping and granular disintegration of
microtubules and neurofilaments. The disrupted microtubules in-
terrupt both anterograde and retrograde axonal flow, leading to cargo
accumulation and axonal swellings in which mitochondria and other
organelles conglomerate.' '*~'?° These axonal dysfunctions could be
aggravated by hemorrhagic and ischemia lesions.'*' Interestingly,
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FIG. 6. Western blots from gray matter brain-derived neurotrophic factor (BDNF) and gray matter (GM) and white matter (WM) glial
acidic fibrillary protein (GFAP), o-tubulin, -tubulin, kinesin 5A, and dynein. (A) The average amounts of the active form of the BDNF
(~15kDa) were decreased in the dementia pugilistica (DP) cases when compared with the non-demented controls (NDC). (B) The
GFAP demonstrated a substantive quantitative increase of lighter molecular weight isoforms in the DP persons relative to NDC and
different banding patterns as well as a large amount of degraded GFAP on a longer exposure time. For the purposes of quantification, we
arbitrarily divided the GFAP pattern into two different groups as indicated by the horizontal line. Relative to the NDC average levels:
(C) the mean o-tubulin was decreased in both GM and WM; (D) the f-tubulin was increased in the GM and decreased in the WM.
Larger deviations were found in the cargo proteins, (E) kinesin SA mean values were decreased in the GM and WM, (F) the dynein
mean levels were also decreased, to values below the level of detection by Western blot analysis in GM and more modestly in WM. See
Figure 2 for shape codes and Western blot notes. MW, molecular weight; S, short exposure; L, long exposure.
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unmyelinated axons are more vulnerable to trauma and have a more
arduous recovery after TBI.'*

Myelin-associated proteins

Western blots were used to quantify WM myelin-associated
proteins: myelin basic protein (MBP) (Fig. 7A), 2’,3’-cyclic nu-
cleotide 3’-phosphodiesterase (Fig. 7B), and myelin proteolipid
protein (PLP) (Fig. 7C) in our two groups. With the exception of
MBP, which was increased in DP relative to NDC and reached
significant levels (p=0.05), the remaining myelin protein levels
did not differ between the two cohorts. There is extensive evidence
of myelin pathology in both AD'?*'?* and in TBI, which has been
recently reviewed and elegantly synthesized by George Bartzo-
kis.'® It is possible that increased MBP levels in the WM of DP
subjects represent an attempt to specifically repair traumatically
injured axons. Alternatively, it might simply reflect the accumu-
lation of dysfunctional molecules.

It has been recently discovered that MBP is capable of inhibiting
Ap fibrillization'*® and can degrade Af peptides.'”” This enzy-
matic activity may aid in controlling the sudden outburst of APP/
Af characteristic of the acute phases of TBI, and this might par-
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tially explain why DP cases are commonly found without much
amyloid deposited.

Conclusions

We examined alterations in a suite of molecular biomarkers
associated with all phases of TBI, from acute to chronic, in three
neuropathologically confirmed DP subjects, and a summary of
our observations is presented in Table 3. Although our investi-
gation was limited in number by the extreme scarcity of unfixed
DP brain samples suitable for biochemical analysis, our experi-
ments clearly revealed deleterious transformations and marked
deficiencies of critical functional proteins such as the neuro-
trophin BDNF.

Our investigation suggests the biochemical responses associ-
ated with DP are long-lasting and permanent. Changes in key
WM molecules suggest wide-ranging dysmyelination/defective
re-myelination that may result in faulty transmission of action
potentials with ultimately global deleterious impacts on cognitive
function. In addition, neuritic alterations are also revealed by
the decreased levels of critical cargo proteins such as kinesin and
dynein with potentially ominous implications for synaptic
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FIG.7. Western blots from white matter homogenates of myelin-associated proteins. The mean myelin basic protein (MBP) (A) levels
were discretely elevated in the dementia pugilistica (DP) cases when compared with the non-demented controls (NDC). The average
CNPase (B) had nearly identical mean values between the two diagnostic groups. Both myelin proteolipid protein (PLP) (C) isoforms
were slightly decreased in the DP cases relative to the NDC. See Figure 2 for shape codes and Western blot notes. CNPase, 2°3’-cyclic

nucleotide 3’-phosphodiesterase.
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transmission. An apparently permanent astrogliosis was present in
both GM and WM, which was associated with a uniquely modified
biochemical profile of enhanced GFAP accumulation in both
compartments.

TBI results in an array of pathophysiological responses and
clinical consequences similar to a subset of those observed in AD and
PD including an acute increase in APP and Af levels and distur-
bances in the metabolism of tau and a-synuclein. It is unclear whe-
ther CTE represents a true risk factor for the precipitation of AD
pathology or is an aggravating comorbidity for dementia emergence.
The lack of amyloid deposits in a majority of DP cases suggests that
either the trauma was insufficient to induce APP/Af; expression or
the acute phase increase is reversible. In sharp contrast, a number of
biochemical and cellular reactions to chronic damage are extensive
and permanent in DP. Tau deposition is widespread, and the post-
translational processing of this molecule remains altered decades
after subjects had retired from prizefighting. This observation sug-
gests that the physical damage sufficient to provoke pathological tau
processing cannot be remediated, and once a threshold is reached,
pathological conversion of tau proceeds relentlessly. Studies of
boxers at comparatively early points in their careers'®"''® have re-
vealed that alterations in the levels of CSF tau and other signal
molecules of brain damage are clearly detectable. Although DP has
been linked to chronic damage, these observations raise the concern
that despite apparently complete recovery after bouts, the threshold
for irreversible pathology induction remains unknown.

It is now recognized that thousands of participants in collision
sports such as football are at risk for development of CTE and
consequent dementia. Augmenting histological forensics with
sensitive biochemical/proteomic analyses may reveal signs of in-
cipient CTE in cases exhibiting only minimal physical alterations.
The critical need to accurately quantify, and possibly mitigate, the
risks involved with sports participation makes it vital to understand
the precise conditions that instigate consequential reactive brain
pathology. Proactive efforts to secure suitable brain specimens
from persons of all ages for detailed histological and biochemical
analyses are essential to qualitatively identify the key molecular
substrates impacted by TBI and quantitatively assess the extent and
evolution of these injuries.
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